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Abstract
Recently, major achievements in creating decellularized whole tissue scaffolds have drawn
considerable attention to decellularization as a promising approach for tissue engineering.
Decellularized tissues are expected to have mechanical strength and structure similar to the native
tissues from which they are derived. However, numerous studies have shown that mechanical
properties change after decellularization. Often, tissue structure is observed by histology and electron
microscopy, but the structural alterations that may have occurred are not always evident. Here, a
variety of techniques were used to investigate changes in tissue structure and relate them to altered
mechanical behavior in decellularized rabbit carotid arteries. Histology and scanning electrom
microscopy revealed that major extracellular matrix components were preserved and fibers appeared
intact, although collagen appeared looser and less crimped after decellularization. Transmission
electrom microscopy confirmed the presence of proteoglycans (PG), but there was decreased PG
density and increased spacing between collagen fibrils. Mechanical testing and opening angle
measurements showed that decellularized arteries had significantly increased stiffness, decreased
extensibility and decreased residual stress compared with native arteries. Small-angle light scattering
revealed that fibers had increased mobility and that structural integrity was compromised in
decellularized arteries. Taken together, these studies revealed structural alterations that could be
related to changes in mechanical properties. Further studies are warranted to determine the specific
effects of different decellularization methods on the structure and performance of decellularized
arteries used as vascular grafts.
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1. Introduction
Decellularized tissues have gained significant attention in the field of tissue engineering,
especially for their promise in whole organ transplant and grafting [1,2]. Although most
applications are still far from clinical use, numerous tissue types have been successfully
decellularized, including heart [3], heart valve [4–7], bladder [1,8], blood vessel [9–11],
skeletal muscle [12,13], tendon [14] and ligament [15,16]. A major motivation for using
decellularized tissues is that they are expected to mimic closely the complex 3D structure and
mechanical properties of the native tissues from which they are derived [17,18]. It is well
established that the mechanical properties of a tissue are intimately linked to its structure
[19], and this relationship is especially important for load-bearing tissues such as the artery
[20].

Decellularized blood vessels have been studied extensively [9–11,21–34], mostly for their
potential as scaffolds for small diameter vascular grafts (SDVG). There is a great need for
tissue-engineered SDVG, as many patients do not have autologous vessels available and
synthetic grafts are prone to failure in small diameter applications [35]; in many cases, this has
been linked to inappropriate structure and/or mechanical performance [36,37]. If decellularized
vessels do indeed maintain native tissue architecture and mechanical properties, these
challenges could be overcome.

A majority of the literature regarding decellularized vessels tends to focus on cell seeding and
implantation; while such studies are important and encouraging, there is still a lack of
fundamental study of decellularized vessel structure–function relationships. Interestingly,
many studies have reported that decellularized vessels have significantly altered mechanical
characteristics compared with native vessels [10,11,21–23,29]. Histology and/or electron
microscopy images are often included, but changes (or similarities) in extracellular matrix
(ECM) structure are not necessarily evident. While these imaging techniques are commonly
used and do provide some useful information on structure, they have limitations: specifically,
they do not reveal whether fiber–fiber interactions, fiber orientation or fiber mobility changes
as a result of decellularization, which are important to the structural integrity of tissue.

Preservation of ECM does not necessarily correspond to preservation of tissue architecture.
Although the intention of most decellularization procedures is to minimize disruption to the
ECM, the removal of cells inevitably results in changes to native ECM structure [17].
Therefore, the goal of the present study was to use a variety of characterization techniques to
investigate tissue structure in decellularized rabbit carotid arteries and to relate structural
changes to altered mechanical properties. Histology, transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) were used to confirm removal of cells and to assess
qualitatively ECM composition and ultrastructure. Mechanical properties were determined
using stress–strain analysis and stress relaxation tests; additionally, opening angle studies were
used as a measure of residual stress in the vessel wall. Finally, small-angle light scattering
(SALS), a quantitative technique that measures the average local fiber orientation throughout
the tissue thickness [38], was used to determine gross fiber architecture and changes in ECM
fiber kinematics (e.g., fiber mobility and organization). SALS was included to elucidate
changes in structural integrity that would not be revealed from histology and EM alone.
Together, these data provided insight into how altered structural properties could be related to
changes in mechanical properties as a result of decellularization.
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2. Materials and methods
2.1. Tissue harvest

All procedures were performed in accordance with the Institutional Animal Care and Use
Committee at Boston University and the NIH Guide for the Care and Use of Laboratory
Animals. Healthy male New Zealand white rabbits (2.5–3 kg, Pine Acres Rabbitry, Brattleboro,
VT) were euthanized, and carotid arteries were harvested using sterile tools. Vessels were
immediately placed in cold Hanks’ Balanced Salt Solution (HBSS: 137 mM NaCl, 5.4 mM
KCl, 0.42 mM Na2HPO4, 0.44 mM KH2PO4, 4.17 mM NaHCO3, 10 mM HEPES, 5.55 mM
glucose; 1% penicillin–streptomycin; pH 7.4) and stored on ice until use. For several samples,
the length of the artery segment to be harvested was measured in vivo using digital calipers.
The length was again measured after harvest, with the vessel in the unloaded state. The ratio
of in vivo length to post-harvest length was determined (~1.7) and used for adjusting pressure-
fixed samples to approximate in vivo length for the SALS studies described below.

2.2. Decellularization of carotid arteries
The decellularization procedure was modified from a previously published protocol [10]. First,
carotid arteries were cleaned of blood and excess surrounding tissue. Vessels were then
immersed in distilled water for 24 h at 4 °C to rupture cell membranes. Next, the vessels were
treated with 0.025% trypsin (Gibco) diluted in Dulbecco’s phosphate buffered saline (PBS;
Gibco) for 24 h at 37 °C. After removal of trypsin, the vessels were treated with a solution of
1% TritonX-100 (Sigma) and 0.1% ammonium hydroxide (EM Science, Gibbstown, NJ) in
distilled water for 72 h at 4 °C to remove nuclear components and lyse cell membranes and
cytoplasmic proteins. Vessels were then transferred to a solution of Dulbecco’s Modified Eagle
Medium (DMEM; Gibco) with 5% bovine calf serum (BCS) to deactivate any residual trypsin
for 24 h at 37 °C. Vessels were washed in distilled water for 24 h at 4 °C and, lastly, were
washed overnight in PBS at 4 °C. All steps of the procedure were performed with mechanical
agitation using a rotating platform.

2.3. Histology
For histological analysis, samples were fixed in 4% glutaraldehyde in PBS for 4 h, dehydrated
with graduated concentrations of ethanol and embedded in paraffin. Cross-sections of the artery
were cut to 5 μm thick. To elucidate changes in tissue components, Movat’s Pentachrome stain
was used to identify cells, collagen, elastin and PG with red, yellow, black and blue color,
respectively. Stained tissue sections were imaged using bright field microscopy (Nikon
EC600).

2.4. Transmission electron microscopy
Samples for TEM studies were fixed in 2% glutaraldehyde diluted in PBS overnight at 4 °C.
For staining of PG, the specimens were fixed overnight in 1% Cupromeronic Blue (CB) under
critical electrolyte concentration (CEC) conditions [39,40]. The 1% CB was in solution with
0.2 M acetate buffer (pH 5.6) containing 0.3 M MgCl2. The specimen was then rinsed in a
similar solution, excluding the CB stain. Following this rinse, the sample was immersed in
0.5% Na2WO4 in acetate buffer for 1 h, and overnight in 0.5% Na2WO4 in 30% ethanol. The
specimens were rinsed in distilled water, stained with 1% uranyl acetate in 0.1 M acetate buffer
for 1 h to reveal collagen fibrils. After being rinsed in 0.1 M maleate buffer and then in distilled
water, the specimens were dehydrated with graduated concentration of ethanol and propylene
oxide. Afterwards, the specimens were infiltrated and embedded in Epon, polymerized at 60
°C for 48 h. Ultra-thin sections (85 nm) were cut with a diamond knife and mounted on uncoated
grids. Samples were then observed by TEM (JEOL JEM 100CXII).
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2.5. Scanning electron microscopy
For SEM, a portion of the artery was cut open and two square sections were trimmed off in
order to examine both the intimal and adventitial surfaces. Each section was fixed with 2.5%
glutaraldehyde for 24 h, followed by three 15 min washes in PBS. Then, each section was
subjected to sequential washes of 30, 50, 70, 90 and 100% ethanol. The specimens were left
in each wash for 15 min and the 100% wash was performed three times. Next, specimens were
subjected to critical point drying and gold sputter coating. Finally, SEM (JEOL 9335) was used
to view the ultrastructure of the intimal and adventitial surfaces of the samples.

2.6. Mechanical testing
Uniaxial mechanical testing was carried out to assess the effect of decellularization on tissue
mechanical properties using a Microforce Testing System (Tytron 250, Minneapolis, MN).
The force and displacement resolutions of the device were 0.001 N and 0.0001 mm,
respectively. Uniaxial tests were chosen as they have been frequently used to determine
material properties of tissues and allow for straightforward calculation of the tangential
modulus [10,20,21,32,41,42]. Native samples were stored frozen at −20 °C until use; frozen
storage does not significantly affect artery mechanics [43]. Note that samples were not fixed
in glutaraldehyde for mechanical tests. Experiments were carried out in a PBS bath at room
temperature, as it has been shown that mechanical properties are not significantly different at
room and body temperature [44]. Samples were tested in the axial direction and mounted on
the testing device with two stainless steel grips cushioned with emery paper. The failure load
for decellularized arteries was estimated in the pilot study. Approximately 10% of the failure
load was then applied as the peak load for 10 cycles of preconditioning. All samples
(decellularized n=4; native n=5) were then elongated to 0.6 N at a ramp speed of 0.1 mm s−1.
Tissue samples were kept slightly slack at the reference status. Gauge length, where the force
increase initiated, was determined by analyzing the first derivatives of the force–displacement
curve. Grip-to-grip strain normalized to gauge length was used to determine the Lagrangian
strain for data analysis. Engineering stress was calculated by normalizing the force to initial
cross-sectional area. Average artery diameter was estimated by imaging the specimens at load-
free status, and wall thickness was estimated using a Mitutoyo gauge. Plotting the second
derivative of the stress–strain curve revealed points corresponding to the onset of the linear
region. Experimental data in the linear region were fit with linear regression. The tissue
extensibility was defined as the intersecting point made by the extrapolation of the linear
portion with the strain axis, and tensile modulus was the tangent of the linear fit. Hysteresis, a
parameter that reflects energy dissipation, was measured by normalizing the enclosed area of
the loading and unloading curves to the area underneath the loading curve. After stress–strain
testing, each specimen was loaded to 0.6 N at a rate of 0.1 mm s−1 and held at this strain level
for 1 h. Force decay over time was monitored, and the data were used to estimate the total
amount of stress relaxation.

2.7. Opening angle measurements
Opening angles were used as a measurement of residual stress and strain in the arterial wall
[45–49]. Experiments were performed at room temperature, as it has been shown that
temperature in the range 20–37 °C does not significantly affect the opening angle [50]. Fresh
native and decellularized samples (n=5 for each case) were cut into ring segments and
equilibrated in physiological saline solution (119 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4,
25 mM NaHCO3, 1.2 mM MgSO4, 2.5 mM CaCl2, 10 mM glucose; pH=7.4) for 30 min. A
single radial cut was made in each sample to relieve residual stresses, and the samples were
again allowed to equilibrate for 30 min. Images of each sample in the zero stress state were
then acquired at 5× magnification using an Axiovert-25 microscope (Carl Zeiss, Inc.) and
Photron Fastcam Viewer software (version 2.4.3.8). When the sample did not fit in a single
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image field, multiple images were taken with overlapping fields and later overlaid to form a
single full image of each sample. The opening angle was defined as the angle formed between
two lines extending from the tips of the opened sample to the midpoint of the inner arc of the
sample and was measured using ImageJ 1.37.

2.8. Pressurized fixing of decellularized carotid arteries
For SALS studies, samples were prepared for both non-pressurized and pressurized conditions.
For non-pressurized samples, the vessels were immersed in 4% glutaraldehyde (Polysciences,
Inc., Warrington, PA) diluted in PBS overnight at 4 °C. For samples fixed at physiological
length and pressure, a new protocol was developed due to the delicate and porous nature of
decellularized arteries. After the first wash in distilled water, each end of the artery was
cannulated onto a 1/16 in. female luer lock with tapered nozzle (Ark Plas Products, Flippin,
AR) and carefully secured with epoxy. The vessel was kept moist while the epoxy set, and then
the decellularization procedure resumed, continuing to completion. Native vessels were
prepared the same day of harvest. For pressure fixing, the samples were connected to a tube
system passing through a 100 mm Petri dish (Falcon) and stretched to approximate in vivo
length. A CyQ 301 pressure display, CyQ 103 bridge–transducer interface, and Deltran blood
pressure transducer (Utah Medical Products, Inc., Midvale, UT) were used to monitor pressure
during the fixing procedure. A solution of 4% glutaraldehyde in glycerol (EM Science) was
used to fix native and decellularized arteries under pressure. Glycerol was chosen because its
high viscosity slowed down leakage from the decellularized arteries, which could not maintain
pressure with PBS solution. Vessels were injected with the fixing solution, and pressure was
increased to ~80 mmHg. The vessels were then covered with the fixing solution, and the
pressure was monitored every 5 min for 2 h, and adjusted if necessary. Vessels were then rinsed
well with PBS and stored in fresh PBS at 4 °C until use. Two decellularized and two native
arteries were fixed in this manner.

2.9. Characterization of fiber architecture by SALS
SALS was used to reveal the fiber architecture in soft tissues [7,38,51,52]. Each sample was
cut open longitudinally and dehydrated in graded solutions of glycerol/saline of 50, 75, 87 and
100% for 1 h each to clear the specimen, permitting an accurate light scattering measurement.
Note that glycerol treatment did not cause distortion of the tissue’s shape or structure [51,53].
The samples were then unfolded and SALS measurements were conducted over the entire tissue
by raster scanning. A 5mW helium–neon continuous unpolarized wave laser (λ=632.8 nm) was
passed through the tissue specimen, scattering light according to the internal planar fiber
structure within the light beam envelope. The resulting angular distribution of scattered light
intensity about the laser axis represented the distribution of fiber angles within the light beam
envelope at the current tissue location. The preferred fiber direction was defined as the centroid
of the fiber orientation distribution, so that equal areas (hence equal numbers of fibers) lay on
either side of the centroid. The width of the intensity distribution was indicative of the degree
of local fiber alignment: highly oriented fiber networks resulted in a very narrow peak, while
more randomly distributed fibers yielded a broader peak. A physically intuitive orientation
index (OI) was defined as the angle that contained half the total area under the intensity
distribution, representing 50% of the total number of fibers. Thus, highly oriented fiber
networks had low OI values, while more randomly oriented networks had larger values. The
resulting data are presented as an overlaid vector map and color map, representing preferred
fiber orientations and the degree of fiber alignment (i.e., OI), respectively, to show gross fiber
architecture over the entire sample.
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3. Results
3.1. Histology reveals the presence of PG and altered structure of adventitial collagen

Native carotid arteries showed characteristic arterial organization of cells and ECM with
distinction between intimal, medial and adventitial layers (Fig. 1A); decellularized arteries also
had distinct layers but contained no evidence of cells, and images showed that major ECM
components were retained (Fig. 1B). At the magnifications shown, the endothelial cell layer
that normally lines the native vessel lumen was not evident, but the internal elastic lamina was
clearly observed in both native and decellularized arteries. The native media had alternating
vascular smooth muscle cells (VSMC) and elastin-rich laminae (Fig. 1C). The elastic laminae
of the decellularized artery appeared intact and morphologically similar to native vessels (Fig.
1D). Interestingly, the removal of cells revealed the presence of PG ground substance in the
medial wall. The evidence of PG was surprising, as treatments with trypsin and TritonX-100
have been found to cause loss of PG [5,6,23,29]. Perhaps owing to the apparent preservation
of PG, the thickness of the medial layer was not significantly reduced, as found with other
decellularization methods [17,29]. Native adventitia contained many dense, wavy collagen
fibers (Fig. 1C). Adventitial collagen was preserved in the decellularized artery, but appeared
less compact and more extended compared with native (Fig. 1D), showing that loosening and
uncrimping of the collagen fiber network occurred as a result of decellularization.

3.2. TEM confirms that PG are preserved after decellularization
To follow up on the histological evidence of PG, a TEM protocol that stains for PG and collagen
fibrils was used (Fig. 2). TEM corroborated the presence of PG in both native and decellularized
tissues, showing that the decellularization method used preserves PG, at least to some extent,
in rabbit carotid arteries. Native samples had dense regions of collagen fibrils (Fig. 2A), but
fibrils appeared less dense in decellularized tissue (Fig. 2B). In both native and decellularized
arteries, PG decorated collagen fibrils at regular intervals (Fig. 2C, D). In the native artery,
fibrils appeared to be closely associated in bundles, and PG appeared to interact with nearby
fibrils. However, in the decellularized artery, spacing between fibrils seemed to be increased,
along with a loss of PG density, suggesting decreased interaction between fibrils.

3.3. SEM shows fiber ultrastructure on intimal and adventitial surfaces
SEM further confirmed removal of cells and showed ECM ultrastructure on the intimal and
adventitial surfaces of the vessels (Fig. 3). In the native artery, an intact layer of endothelial
cells was present; note the corrugated surface due to wrinkling of the internal elastic lamina,
and a small tear exposing basement membrane fibers underneath the cells (Fig. 3A). After
decellularization, the cells were no longer present, and a network of fibers was revealed (Fig.
3B). Higher magnification showed detailed pore structures which appeared to be distinct holes
that were previously occupied by cells; the fibers and pores suggested alignment, presumably
in the same direction of endothelial cell alignment (Fig. 3C). Images of the adventitia confirmed
histological observations: the native artery had a dense network of crimped, wavy collagen
fibers (Fig. 3D), while the decellularized adventitia surface appeared almost smooth in places
(Fig. 3E), with only shallow pores (Fig. 3F), suggesting significant uncrimping and extension
of fibers. Of additional note, fibers appeared intact on both the intimal and adventitial surfaces
of decellularized arteries, which may give the impression that the decellularization procedure
did not damage the ECM; however, it is not evident from SEM whether fiber–fiber interactions
were disrupted.

3.4. Changes in the mechanical properties and residual stresses of decellularized arteries
The mechanical properties of native and decellularized arteries were determined using uniaxial
tests. Representative stress–strain curves are shown in Fig. 4A, and the mechanical
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characteristics are summarized in Table 1. The tensile modulus for native arteries was
significantly lower (2.29±0.24 MPa) than for decellularized arteries (3.48±0.72 MPa), showing
that arteries became stiffer after decellularization. Additionally, native arteries had
significantly greater extensibility (79.18±5.70%) compared with decellularized arteries (8.25
±0.95%). However, hysteresis and stress relaxation (representative curves not shown) were
not significantly different between native and decellularized arteries (31.55±12.60% vs 40.49
±3.94% and 45.96±9.31% vs 52.91±6.35%, respectively). Mechanical testing showed that,
although decellularized arteries demonstrated some viscoelastic behaviors similar to native
tissue, there were also significant changes.

Native arteries had significantly greater opening angles compared with decellularized arteries
(107±7.5° and 66.7±5.4°, respectively) (Fig. 4B–D), indicating that residual stress in the vessel
wall decreased as a result of decellularization. Despite the apparent preservation of ECM
components by histology, TEM and SEM, increased stiffness, decreased extensibility and
decreased residual stress implies that significant fiber network disruptions had occurred.

3.5. Fiber kinematics of decellularized arteries
SALS was used to investigate fiber kinematics (changes in orientation and mobility) in
decellularized vessels. At 0 mmHg, the native vessel fiber architecture map (Fig. 5A) showed
that the preferred local fiber orientation (indicated by vectors) in many regions of the sample
was toward the circumferential direction, and a prevalence of warm colors (low OI) indicated
a high degree of alignment. The decellularized artery architecture map showed more random
orientation of fibers and generally a lower degree of alignment (Fig. 5B). When samples were
stretched to in vivo length and fixed at 80 mmHg, native vessel architecture maps showed
swirling or S-shaped patterns of vectors (Fig. 6A, B), suggestive of a helical arrangement of
fibers. Architecture maps of pressure-fixed decellularized arteries revealed that most fibers
rotated towards the circumferential direction and became highly aligned (Fig. 6C, D).

Fig. 7 shows examples of fiber angular distribution plots for samples fixed at 0 and 80 mmHg.
Note that fiber angular distribution plot examples are shown to illustrate differences in local
alignment between decellularized and native arteries at 0 and 80 mmHg; global tissue
organization can only be inferred from architecture maps in Figs. 4 and 5. At 0 mmHg, native
artery distribution plots generally had narrow, symmetric peaks indicating high local
alignment, while decellularized arteries typically had wide, multi-peaked distributions,
indicating low local alignment and multiple preferred orientations (Fig. 7A). When pressurized
to 80 mmHg, the shape of the fiber angular distribution for native arteries was similar to 0
mmHg, though slightly wider; however, the distribution for decellularized arteries became
narrow and symmetric, indicating a high degree of local alignment (Fig. 7B). All together,
SALS data showed that structural integrity was compromised in decellularized vessels, as
highly mobile fibers were able to rotate easily towards the direction of applied strain. These
structural changes are most likely attributed to high porosity and disruption to the ECM network
as a result of decellularization.

4. Discussion
Decellularized vessels show potential as scaffolds for SDVG in clinical procedures, but often
have altered mechanical properties compared with native arteries. Despite the importance of
tissue structure to function, few studies have focused on decellularized vessel structure, even
though removal of cells is certain to alter the native architecture of the ECM. This study sought
to investigate and relate the changes in structural and mechanical properties of decellularized
rabbit carotid arteries. Although the present study focuses on one type of vessel and a specific
decellularization protocol, elucidating the altered structure–function relationship in
decellularized tissues is of general interest. Determining what structural changes occur in
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tissues will lead to greater understanding and predictability of their mechanical function [38];
furthermore, such knowledge would also be useful in predicting scaffold performance and in
designing SDVG that more closely mimic the native artery.

4.1. Relating changes in mechanical properties to altered structure in decellularized arteries
Histology, TEM and SEM revealed several notable aspects of decellularized tissue structure,
summarized as follows: (1) major ECM components were preserved, including PG; (2) elastic
laminae of the media and fibers on the luminal and adventitial surfaces appeared intact; (3)
there was a loosening and uncrimping of collagen fibers in the adventitia; and (4) spacing
between collagen fibrils increased, with some loss of PG density. The first two points of
interest, while initially encouraging from the perspective of SDVG design, did not allow the
conclusion that no changes occurred in ECM interactions. The two latter observations showed
that changes in structure had occurred and further implied that fiber interactions had been
altered; however, the implications for gross tissue structural stability were not clear. SALS
studies revealed an additional critical property of decellularized tissue structure: (5) fiber
mobility was increased, allowing fibers to rotate easily towards the direction of applied strain.
SALS data, therefore, were able to show that fiber–fiber interactions were changed or disrupted,
leading to compromised structural integrity in decellularized arteries. In addition to these
structural alterations, mechanical tests and opening angle studies demonstrated that
decellularized vessels had increased stiffness, decreased extensibility and decreased residual
stress compared with native arteries. The study now seeks to elucidate how changes in
mechanical properties can be related to changes in structure for this particular study of
decellularized rabbit carotid arteries.

Decellularized arteries became significantly stiffer than native arteries, which can be explained,
at least in part, by the loosening and uncrimping of the collagen fiber network of the adventitia.
In native arteries, a mixture of ECM components, particularly elastin and collagen, collectively
contribute to mechanical behavior [20], resulting in a lower tensile modulus. It seems that the
uncrimping of collagen in the decellularized artery leads to a more dominant collagen
contribution to its mechanical behavior. Indeed, uncrimping of collagen fibers has been
associated with increased stiffness in tissues [54]. Additionally, increased fiber mobility in
decellularized arteries allowed fibers to reorient easily towards the direction of applied strain,
which would lead to increased stiffness. Native arteries had greater structural integrity: higher
numbers of fiber–fiber interactions and cell–fiber interactions could hinder fiber recruitment
toward the direction of strain, resulting in a less stiff tissue.

Decellularized arteries experienced a significant decrease in extensibility compared with native
arteries. The combination of highly extensible elastin and waviness of collagen fibers is
responsible for high extensibility in native arteries [20,54]. In stress–strain curves (Fig. 4A),
this is evident in the long toe region, which corresponds to increasing fiber recruitment as
crimped collagen fibers extend and align in the direction of strain [54]. The short toe region in
the stress–strain curve of decellularized vessels is related to the observation that fibers were
already substantially uncrimped, and thus were rapidly recruited to the direction of applied
strain at low values.

A decreased opening angle in decellularized arteries demonstrated that residual stresses were
relieved, and is consistent with other findings in decellularized arteries [29]. It is unlikely that
uncrimping of collagen significantly contributed to decreased opening angle, as residual
stresses are generally attributed to elastin [55] and VSMC which can actively modulate stress
in the vessel wall [56]. As elastic laminae in decellularized arteries appeared intact and wavy,
similar to native arteries, the decreased opening angle is most likely due to removal of cells,
resulting in increased porosity and disruption of cell–fiber interactions that allowed residual
stresses to be released. This is also supported by SALS, which demonstrated a loss of structural
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stability after decellularization. Additionally, there is evidence for PG function in residual
stress in the vessel wall [57]; thus, loss of PG density could have contributed to decreased
opening angles in decellularized arteries.

It is possible that structural changes not apparent from these studies occurred which affected
the mechanical behavior in decellularized arteries. For example, the combination of
decellularization reagents and 1-week processing time could have led to damage or
calcification of elastin [17,34], which would have contributed to increased stiffness, decreased
extensibility and decreased opening angle [46,55,58,59]. Note, however, that these possible
changes are only speculative and are offered for the sake of thorough discussion, as histology
did not reveal any morphological differences between the elastic laminae of native and
decellularized arteries.

Finally, the similarities found in viscoelastic characteristics of native and decellularized arteries
were surprising and worth discussing. Hysteresis was not significantly affected by
decellularization. This result was interesting because increased fiber mobility in decellularized
arteries might be expected to correlate with increased hysteresis. The lack of difference in
hysteresis might be the result of decreased ECM interactions after decellularization. Although
decellularized arteries had higher fiber mobility than native tissue, they also had looser collagen
fiber networks and loss of PG density, leading to greater freedom of movement with less contact
between fibers. However, native arteries had a dense, crimped collagen network and high
density of PG which most likely resulted in more points of frictional contact. Additionally,
native arteries contained VSMC, which are highly viscoelastic and known to contribute
significantly to hysteresis [60]. Decellularized vessels also showed similar stress relaxation
behavior compared with native arteries, despite the loss of VSMC, which are thought to play
a major role in the stress relaxation phenomenon [20]. However, VSMC modulation of stress
relaxation depends on contractile activity [61]; therefore, in the absence of VSMC stimulation,
the stress relaxation response in both native and decellularized arteries was probably due to
passive reorganization of ECM.

4.2. Compromised structural integrity in decellularized arteries
Altered fiber kinematics merits further attention, as SALS data revealed that the structural
stability of decellularized vessels was compromised (Figs. 5–7). At 0 mmHg, native arteries
showed a high degree of fiber alignment in the circumferential direction (Fig. 5A). As the
vessel contracted to nearly half its original length upon harvest, it is not surprising that most
of the fibers throughout the wall thickness would assume circumferential orientation, including
adventitial fibers, which tend to have a more disorganized or longitudinal orientation in vivo
[62,63]. However, decellularized vessels demonstrated a lower degree of alignment and more
random orientation of fibers, despite being in a similar unloaded state (Fig. 5B). However, this
is consistent with the argument that looser fibers with a disrupted network would be more
disorganized in the absence of physiological pressure and tension. This finding alone indicated
a loss of structural integrity resulting from increased porosity and loss of cell–fiber and fiber–
fiber interactions during the decellularization process.

Increased fiber mobility in decellularized arteries was demonstrated when samples were fixed
at physiological length and pressure. In native arteries, swirling or S-shaped patterns in
architecture maps suggested a helical organization of fibers (Fig. 6A, B). Helical structure has
been found in pig carotid artery, and evidence suggests that it exists to varying degrees in other
vessels and species [62]. However, it is also possible that the helical pattern represented two
populations of fiber orientation: the circumferential organization typically seen in the media
and the longitudinal organization often characteristic of the adventitia [63]. Nonetheless, the
change from circumferential to helical organization in native arteries represents a stable
structure, similar to a coiled spring that can expand and retract. However, this structural stability
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was compromised in decellularized arteries, as most fibers throughout the vessel wall became
oriented toward the circumferential direction and were highly aligned (Fig. 6C, D). The high
mobility of fibers in decellularized arteries further showed that ECM network associations
were disrupted. Increased fiber mobility would allow for significant reorientation of fibers at
low strains, and is consistent with mechanical data (e.g., the short toe region of the stress–
strain). This is less true for the native artery, which has been shown to have stable structure
over a range of physiological pressures [64]. Thus, the change from randomly oriented to highly
aligned fibers in decellularized arteries indicates that the structure is unstable and highly
dependent on applied strains.

Although SALS did not reveal what specific fiber network interactions were altered or
destroyed, TEM points to changes in collagen fibril interactions mediated by PG. Decreased
PG density and increased spacing between collagen fibrils implies that interaction between
fibrils would be less in decellularized arteries compared with native ones. PG are known to
serve as cross-linking agents in collagen micro-fibril assembly, associating with collagen
primarily at D period banding sites [54]. Studies suggest that PG help transfer load between
collagen fibrils [40,65] and/or provide stability to fiber networks [66]. Therefore, decreased
PG-mediated interaction between collagen fibrils most likely contributes to increased fiber
mobility and loss of structural stability in decellularized arteries.

4.3. Limitations of study
Although it is hoped that the present study may shed light on improving SDVG design, the
goal was not to develop a scaffold suitable for implantation as a vascular graft. Rather, the aim
was to elucidate how the structure–function relationship is altered in decellularized arteries.
Therefore, studies of endothelial cell adhesion or anti-thrombogenetic properties of
decellularized vessels were not included. Further, no biomechanical tests were performed that
required inflation of the intact vessel (e.g., pressure–diameter, burst pressure). Although such
tests are important for engineered vascular grafts, they could not be done with the decellularized
arteries. This was because the vessels became highly porous after decellularization and could
not hold steady pressure, as noted during pressurized fixing. Uniaxial tests were therefore used
to determine material properties of interest.

Rabbit carotid arteries and a specific decellularization protocol were used as the model system.
This is a limitation, because it would be valuable to investigate several decellularization
methods and determine which is “ideal” for a vascular graft. Several studies have already
compared the effects of different decellularization techniques on tissues [7,23], although surely
there is more work to be done in this area. Nevertheless, as the changes that occur during
decellularization are highly dependent on species, vessel (or other tissue) type and method
[17], it would be difficult to compare the present results with other studies, regardless of
whether one method was investigated or several. Instead, the authors were interested in
studying one model system in depth to highlight what changes can occur in structure and
mechanical properties as a result of decellularization. It is hoped that these results, though
specific, will motivate further studies of other tissues and decellularization protocols in general.

Although SALS is a powerful technique for investigating gross tissue architecture, it has several
limitations. Of primary concern was the need to cut samples open, as the SALS system requires
planar samples. While this action changes the geometry of the vessels, fiber organization should
remain unaffected as a result of fixing the samples in glutaraldehyde. While the effects of
glutaraldehyde fixation are complex and not fully understood, it has been shown to preserve
ultrastructure well. The results for native samples appeared consistent with what is known
about native artery structure, and the findings for decellularized samples agreed with what was
learned from histology, TEM, SEM and mechanical studies. Therefore, it is felt that sample
preparation for SALS did not confound the results. Additionally, SALS reveals average fiber

Williams et al. Page 10

Acta Biomater. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



structure throughout the whole tissue thickness; therefore, contributions from individual layers
could not be determined. Finally, SALS could not reveal the degree to which changes in
porosity, cell–ECM interactions and fiber–fiber interactions specifically contributed to altered
structural and mechanical properties in decellularized arteries. Determining the individual
contributions of these factors to altered structure–function relationships is therefore of interest
for future work.

5. Conclusion
It was found that decellularized arteries had a looser, uncrimped collagen network, which could
explain increased stiffness and decreased extensibility compared with native arteries.
Additionally, increased fiber mobility in decellularized arteries was related to increased
stiffness, as fibers could easily rotate toward the direction of strain. High fiber mobility also
led to disrupted structural stability due to increased porosity from removal of cells, as well as
altered collagen interaction suggested by increased fibril spacing and decreased PG density.
Altered structural and mechanical properties as a result of decellularization have important
implications for vascular tissue engineering. Compliance mismatch is a common mode of
failure in vascular grafts [67] and cell behavior, including adhesion, migration and
proliferation, is affected by altered matrix, fiber organization and tissue stiffness [68–70]. The
present study has focused on one decellularization method and one type of blood vessel; the
authors acknowledge that the effects of decellularization on structure–function relationships
will change significantly, depending on method and even vessel type. Future studies are
warranted to elucidate the specific effects of altered structure–function relationships on the
overall fate of decellularized vessels used in vascular tissue engineering applications.
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Fig. 1.
Histology of native and decellularized carotid arteries. Whole cross-section of (A) native and
(B) decellularized arteries with Movat’s pentachrome stain showing cells (red/pink), elastin
(black), collagen (yellow) and proteoglycans (blue). Higher magnification images of (C) native
and (D) decellularized samples show in greater detail that the decellularization procedure
removed cells from the vessel wall while preserving major ECM components; however, there
appears to be loosening and uncrimping of collagen in the adventitia after decellularization. A
and C: 4× magnification; B and D: 10× magnification.
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Fig. 2.
TEM of decellularized and native arteries. Example images are shown for (A) native and (B)
decellularized arteries stained for PG. Native tissue appears denser than decellularized.
Zoomed-in images of (C) native and (D) decellularized samples show details of PG (open
arrows) decorating collagen fibrils (solid arrows). Although decellularization preserved PG,
there appears to be some loss in density.
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Fig. 3.
SEM of intimal and adventitial surfaces of native and decellularized arteries. (A) The intima
of the native vessel shows a corrugated endothelial layer; a small tear shows exposed basement
membrane underneath (arrows). (B) The intima of the decellularized artery shows exposed
ECM. (C) Higher magnification reveals detailed pore structure. (D) The adventitial surface of
the native artery has thick bundles of crimped collagen fibers. (E) The adventitia of the
decellularized artery has a smoother surface, suggesting uncrimping of fibers. (F) Higher
magnification of the decellularized adventitial surface shows detail of shallow pores and fibers.

Williams et al. Page 17

Acta Biomater. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Mechanical properties and opening angles for native and decellularized carotid arteries. (A)
Representative stress–strain curves for native (black) and decellularized (gray) arteries.
Decellularized arteries were significantly stiffer and less extensible than native arteries.
Mechanical properties are summarized in Table 1. Representative images for (B) native and
(C) decellularized arteries cut for opening angle measurements. (D) Opening angles were
significantly greater in native arteries compared with decellularized ones, indicating a
significant decrease in residual stresses after decellularization. * Indicates significantly
different from native for P<0.05.
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Fig. 5.
Fiber kinematics for non-pressurized arteries. Fiber architecture maps for (A) native and (B)
decellularized arteries fixed at 0 mmHg. Black vectors represent the preferred local fiber
orientations, and colors represent OI; warmer colors represent lower OI, which indicates a
higher degree of alignment. Native arteries showed a high degree of fiber alignment towards
the circumferential direction. Decellularized arteries had more random fiber orientation and
lower alignment (higher prevalence of cooler OI colors), suggesting structural interruption.
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Fig. 6.
Fiber kinematics for pressure-fixed arteries. (A, B) Native and (C, D) decellularized arteries
were stretched to approximate in vivo length and fixed at a pressure of 80 mmHg. Native vessel
architecture maps indicate a helical, evidenced by the swirling pattern of vectors. In
decellularized arteries, the fiber orientation maps show that most fibers throughout the vessel
wall rotated towards the circumferential direction and became highly aligned, indicating high
fiber mobility.
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Fig. 7.
Changes in fiber organization in native and decellularized vessels. Example fiber angular
distribution plots are shown for native (solid circles) and decellularized (open circles) arteries
at 0 mmHg (A) and 80 mmHg (B). Note that the distribution plots are shown to illustrate local
fiber alignment; global structure must be inferred from architecture maps. (A) At 0 mmHg, the
native vessel generally had a narrow, symmetric distribution, showing a high degree of
alignment, while decellularized vessels typically had a wider, multi-peaked distribution,
demonstrating less overall alignment and multi-directional orientation of fibers. (B) At 80
mmHg, native vessels had a slightly wider distribution, while the distribution for decellularized
arteries became narrow and symmetric, showing higher local fiber alignment.
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Table 1
Mechanical properties of native and decellularized arteriesa

Extensibility (%) Tensile modulus (MPa) Hysteresis (%) Stress relaxation (%)

Native 79.18±5.70 2.29±0.24 31.55±12.60 45.96±9.31

Decellularizeda 8.25±0.95* 3.48±0.72* 40.49±3.94 52.91±6.35

a
Data show mean±standard deviation.

*
Significantly different from native for P<0.05.
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