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Abstract
In vivo the vasculature provides an effective delivery system for cellular nutrients; however,
artificial scaffolds have no such mechanism, and the ensuing limitations in mass transfer result in
limited regeneration. In these investigations, the regional mass transfer properties that occur
through a model scaffold derived from the human umbilical vein (HUV) were assessed. Our aim
was to define the heterogeneous behavior associated with these regional variations, and to
establish if different decellularization technologies can modulate transport conditions to improve
microenvironmental conditions that enhance cell integration. The effect of three decellularization
methods [Triton X-100 (TX100), sodium dodecyl sulfate (SDS), and acetone/ethanol (ACE/
EtOH)] on mass transfer, cellular migration, proliferation, and metabolic activity were assessed.
Results show that regional variation in tissue structure and composition significantly affects both
mass transfer and cell function. ACE/EtOH decellularization was shown to increase albumin mass
flux through the intima and proximate-medial region (0–250 μm) when compared with sections
decellularized with TX100 or SDS; although, mass flux remained constant over all regions of the
full tissue thickness when using TX100. Scaffolds decellularized with TX100 were shown to
promote cell migration up to 146% further relative to SDS decellularized samples. These results
show that depending on scaffold derivation and expectations for cellular integration, specificities
of the decellularization chemistry affect the scaffold molecular architecture resulting in variable
effects on mass transfer and cellular response.
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INTRODUCTION
Molecular architecture of decellularized tissue scaffolds is important, because it directly
affects the diffusion of nutrients to and from cells seeded within the extracellular matrix. Ex
vivo tissue implants must be decellularized to reduce immune complications; however, the
harsh surfactants and solvents used for this process alter the ECM and its molecular
architecture.1,2 While some degree of modification is unavoidable, as the process aims to
remove soluble components and will by default modify the structural ECM, the extent of
alteration is dependent on the approach of the decellularization process. Inherently, mass
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transfer through heterogeneous native tissues is complex, and the decellularization process
further complicates diffusion kinetics. Development of ex vivo-derived tissue implants
requires an understanding of the physical barriers and other tissue specific mass transfer
limitations to optimize conditions such as decellularization and nutrient delivery to improve
cellular integration and function.3

The specificities of the decellularization process are complex and have effects on the
scaffold molecular architecture resulting in variable effects on mass transfer and cellular
response.4,5 Many current studies have shown that cell migration is limited to ~200 microns
in most tissue scaffolds, with inadequate mass flux of nutrients, wastes, growth factors, and
other signaling molecules shown to be the limiting factor in full thickness tissue
regeneration.6 Thus, a more comprehensive understanding of the mass flux kinetics and
ECM alterations resulting from both decellularization and natural scaffold architecture is
essential.

Cell response to the scaffold environment is dependent on many factors, including pressure,
scaffold architecture, growth factors, and scaffold composition.7–9 In addition, the cell type
seeded onto a scaffold will influence its probability to become cell dense because some cell
types may be more suited for one particular scaffold composition over another.10 Besides
changes in scaffold architecture and composition, the decellularization process can lead to
changes in cell response, which if understood can aid in forming cell dense tissue scaffolds.

Aside from the compositional changes brought about by decellularization, the removal of
extracellular matrix proteins, lipids, and sugars also alleviates the physical obstructions
which impede nutrients from arriving at the cell surface.1 While arterial endothelial cells are
directly exposed to nutrient rich solutions, cells more distant from the blood interface
encounter mass flux limitations such as the extracellular matrix and the endothelial cell
layer, which acts as a barrier prior to diffusion toward inner layer cells. Architectural
features affecting mass flux include scaffold tortuosity, pore size, scaffold charge, and pore
shape.3 Scaffold architecture has been also shown to have a significant impact on oxygen
gradients within forming tissue.11 As such, scaffold architecture changes resulting from
decellularization will have a significant effect on the mass flux rates of other molecules.

The goal of these investigations was to understand further the mass transfer properties of
key nutrients through a model ex vivo derived vascular scaffold, namely the human
umbilical vein (HUV). These data are important in our understanding of critical transfer
conditions that modulate cell function to help design improved materials. The HUV was
chosen because it shares architectural and structural components such as a tightly woven
intimal region and an adjacent less tightly woven layer of collagen that are common to other
ex vivo scaffolds.12–14 In addition, if mass transfer conditions of the HUV can be optimized
to provide adequate nutrient delivery during early implantation, then it has immense clinical
potential as a tissue engineering scaffold.15

The HUV was decellularized using three different methods with distinct chemistries: (1) a
nonionic surfactant, (2) an ionic surfactant, and (3) a combination of organic solvents and
alcohol with acetone/ethanol (ACE/EtOH) as a solubilizing agent. Each method alters the
composition and architecture of the scaffold in a different way. Sodium dodecyl sulfate
(SDS) is an ionic surfactant that tends to disrupt protein-protein interactions, and solubilizes
nuclear remnants and cytoplasmic proteins.1,16 ACE/EtOH decellularization methods cause
protein denaturation, cell lysis, lipid solubilization, and dehydration. This method also leads
to a degree of collagen fiber crosslinking.1,17,18 By comparison, Triton X-100 (TX100) is a
nonionic detergent that disrupts lipid-lipid and lipid-protein interactions of cells while
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leaving protein-protein interactions intact. TX100 has also been shown to extract near total
glycosaminoglycan content as well as decreasing laminin and fibronectin content.1,16

In addition to the decellularization by each of these three solutions, a modified mechanical
dissection technique was used to isolate different zones of the vascular scaffold (1) the
intima and proximate media region, (2) the medial and adventitial regions, and (3) a full-
thickness region. Using albumin as a marker molecule, we quantified the mass flux through
each zone to understand the relative mass transfer barrier that each region presents (Fig. 1).
Our hypothesis was that regional differences in mass transfer would be associated with each
of the layers due to variation in the molecular components and architecture of this
heterogeneous material. For example, basement membranes typically contain tightly woven
type IV collagen, glycoproteins, and heparin sulfate proteoglycans.19 By comparison, the
adventitial region contains mostly loose connective tissue and is surrounded by Wharton’s
jelly, whose principal components are hyaluronic acid, low-solubility type III collagen.20

Furthermore, the medial region is largely composed of a thick layer of transversely oriented
collagen fibers intermixed with elastic fibers and glycosaminoglycans.21,22

The effect on scaffold architecture and changes in molecular composition due to these
aggressive decellularizing agents is likely to alter cell interactions, and thus the phenotypic
response that cells have towards the scaffolds will also vary.23–25 As such, in conjunction
with our analysis of the effect on decellularization on mass transfer, the effects on cell
migration, metabolism, and proliferation were also assessed.

MATERIALS AND METHODS
HUV isolation

HUVs were isolated from placentas collected at Shands Hospital at the University of Florida
(Gainesville, FL) using an automated dissection method as previously described.15 Briefly,
100 mm segments of 1-day-old human umbilical cords were collected and mounted onto
stainless steel mandrels and frozen to −80°C overnight. Frozen vessels were then loaded into
a 10″ CNC bench lathe (MicroKinetics, Kennesaw, GA), and cut to the desired thickness
(below) at a rotational speed of 2800 RPM with an axial cutting rate of 5 mm/s. Samples
were lathed to create 750 μm thick (full thickness) and 250 μm thick (intima and proximate-
media region) scaffolds. For samples needing the intimal region removed, the veins were
inverted so the lumenal side was facing out, then re-lathed, under the same procedure
described above. This removed the basement membrane by dissecting away 250 μm from
the lumenal wall (Fig. 1). Finally, freshly lathed cords were placed in a fridge at 5°C for 4 h
before decellularization.

Decellularization
Dissected HUV samples were placed into 100 mL KIMAX media storage bottles along with
a primary solvent to obtain a solvent/tissue mass of 20:1 (w:v). Phosphate buffered saline
(PBS) at a pH 7.4 was used for all necessary steps in the decellularization process. The three
individual primary solvents were: (1) 1% SDS (Thermo Scientific, Rockford, IL) solution
diluted into PBS, (2) 1% TX100 (Thermo Scientific, Rockford, IL) solution diluted into
PBS, and (3) a 20:80 ACE/EtOH (Fisher Scientific, Waltham, MA) Solution. Dissected
tissue sections were placed on an orbital shaker plate at 100 rpm for 24 h. Samples were
then washed with PBS at 30 min, 1, 3, 6, 12, and 24 h. Samples were incubated overnight at
37°C in a 70 U/mL DNase I solution (Sigma-Aldrich, St. Louis, MO) in PBS. Next, they
were rinsed in PBS at 1, 6, 12, and 24 h. Finally, samples were sterilized using a 0.2%
peracetic acid/4% ethanol (Sigma- Aldrich, St. Louis, MO) solution for 2 h and then pH
balanced (7.4) using multiple washes of PBS.
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Determination of molecular mass flux rates and effective diffusion coefficients using BSA
Mass flux rates were measured using albumin stained with Coomossie Brilliant Blue G-250
as a traceable marker over the experimental time course. A two-chambered isolation setup
was used with the HUV scaffold acting as a permeable membrane between the two
chambers. Chamber 1 contained 250 mL of a 2 mg/mL solution of bovine serum albumin
(BSA; Sigma-Aldrich, St. Louis, MO) in PBS solution, and chamber 2 contained 250 mL of
PBS (Fig. 2). For the first 2 weeks, 1 mL of solution was taken daily from chamber 2, and
then buffer solution in chamber 2 was changed with fresh PBS. During the remainder of the
experimental period, samples were taken and buffers were changed every 3 days.

Mass flux of the BSA protein was calculated by quantifying the formation of the protein-
Coomassie G250 dye-complex (Thermo Scientific, Rockford, IL), as per manufactures
instructions. Briefly, 150 μL of Bradford reagent was added to each of the sample solutions,
and then incubated at 25°C for 10 min. The protein-dye complex was measured at 595 nm
using a Synergy II microplate reader (BioTek, Winooski, VT). Albumin mass flux rates
were calculated as the average grams of albumin diffused into chamber 2 over 24 h, and
measurements were taken over a period of 28 days. Diffusion coefficients are included to
extrapolate the relationship between mass flux and tissue thickness. The effective diffusion
coefficients (Deffective) were calculated as D* φ for each day based on the assumption of
quasi-steady transport across the membrane26:

(1)

where D is the diffusion of albumin in tissue and φ is the partition coefficient. V is the
chamber volume (V = V1 = V2), tissue thickness (L), cross-sectional area of the membrane
(Am), time (t = 24 h), the initial concentration on the albumin containing side (C1), and the
concentration in V2 after time t (C2). The partition coefficient is equal to the ratio of the
concentration of albumin in the tissue to the concentration of albumin in the equilibrated
solution.27 Among samples, we assume a negligible difference for the ratio of the albumin
concentration in the tissue to the concentration of albumin in the equilibrated solution,
therefore, φ is approximately equivalent for all samples. Thus, even though φ is not
determined, the lumped parameter D * φ allows a relatively accurate comparison of albumin
diffusion trends among the samples. Mass flux and Deffective were calculated using data
collected after mass flow rate reached steady state.

Albumin degradation was assessed over 7 days to ensure that decellularized samples did not
contain metalloproteinases or residual decellularization solution that may interfere with the
BSA assay. Known quantities of albumin were mixed in PBS with the decellularized HUV,
and assays were performed daily to ensure no decrease (or increase) in absorbance reading
due to unknown molecular interferences. The effect of multiple freezes on scaffold
architecture (which is part of the lathing procedure described above) was assessed to verify
that it did not significantly affect molecular diffusion. To assess the effects of freezing,
scaffolds were processed through one, two, or three freeze thaw cycles going from 25 to
−85°C over a 12 h period. No significant differences occurred between the one, two, and
three freeze/thaw cycle groups with respect to BSA diffusion rate, data not shown. Diffusion
in nonprocessed tissues was negligible (zero values) over 28 days (data not shown), as such
data is presented as a direct comparison of the three decellularization methods.

Determination of O2, glucose, and K+ diffusion rates
Using the same isolation chambers containing a total solution volume of 250 mL (Fig. 2), a
BioProfile 400 Nutrient Analyzer, (Nova Biomedical, Waltham, MA) was used to analyze 1
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mL aliquots at appropriate time intervals. For sampling oxygen diffusion rates each chamber
was filled with 1% FBS (Gibco, Carlsbad, CA) supplemented low-glucose DMEM
(HyClone, Rockford, IL). Then, one of the airtight chambers was equilibrated to 1% oxygen
while the other was equilibrated to 21% oxygen. After 24 h of exposure to each respective
oxygen condition, creating an oxygen gradient across the tissue, the chamber exposed to 1%
Oxygen was closed (airtight) so that oxygen could diffuse from the other chamber through
the HUV sample. For sampling of glucose and potassium diffusion rates, 1% FBS
supplemented low-glucose DMEM was put into one chamber while PBS was put into the
other chamber (to create a gradient). The amount of glucose, potassium, and oxygen was
recorded in grams per liter, milimoles per liter, and moles per hour, respectively.

Histology
Standard hematoxylin (Richard-Alan Scientific, Kalamazoo, MI) and eosin (Richard-Alan
Scientific, Kalamazoo, MI; H&E) staining was used for histology. Samples were cut into 10
mm by 10 mm squares from our tubular decellularized scaffolds. After experiment
termination, tissue samples were embedded in Neg-50 frozen section medium and then
sectioned into 5 μm sections using a Microm HM550 cryostat (Thermo Scientific, Waltham,
MA). Sections were fixed, stained, and dehydrated, and then images were captured using an
Imager M2 light microscope (Zeiss, Oberkochen, Germany) with a Axiocam HRm digital
camera (Zeiss, Oberkochen, Germany).

Cell culture and seeding
Decellularized HUV sections were immersed in 10% FBS (Gibco, Carlsbad, CA)
supplemented low-glucose DMEM (HyClone, Rockford, IL). Human smooth muscle cells,
CRL-1999, were used between passages 5 and 10 (ATCC, Manasses, VA) and cultured
under standard conditions at 37°C and 5% CO2. Cells were detached from cell culture plates
using Accutase (Thermo Scientific, Waltham, MA), centrifuged, then the cell pellet was
resuspended in media, and 2 mL of the 500,000 cell/mL solution was pipetted onto each
presoaked 10 mm by 10 mm tissue sample.28,29 Samples were incubated for 10 days, and
cell culture media was changed every other day.

Cell proliferation and metabolism
Immediately at the conclusion of experimentation, samples were cut into two halves. One-
half was frozen for cryosectioning and histology, and the other half was used immediately
for analysis of cell metabolism and proliferation. Samples were weighed then cell
metabolism was quantified using an AlamarBlue (AB) reduction assay (Invitrogen,
Carlsbad, CA), according to manufactures instructions. Final values were given as the
percent reduction (AB) per gram of tissue for each sample. Following this nondestructive
cellular assay, DNA per gram of tissue was quantified using the PicoGreen (Invitrogen,
Carlsbad, CA) assay as per manufactures instructions. Assuming an average of 6 pg DNA
per cell (determined experimentally), results were represented as cells per milligram tissue.

Cell migration
Cell migration data was collected using sections from H&E histology in conjunction with
computer analysis. Sections of 5 × 5 μm from each tissue sample were collected with a
distance of 20 μm between each consecutive slice and stained with H&E. Images of each
section were analyzed for cell migration using ImageJ (NIH, Bethesda, MD) by quantifying
the shortest distance of migration from the seeded ablumenal surface to the center of each
cell (all visible cells) and then averaged to obtain the average distance of cell migration at a
magnification of 5× using a light microscope (Zeiss, Axio Imager M2, Germany).
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Statistics
Results are reported as mean ± standard deviation. Data analysis was performed using SPSS
(IBM, Somers, NY). To determine differences between time points for each sample-type, a
one-way analysis of variance (ANOVA) or a nonparametric ANOVA (Kruskal-Wallis Test)
was performed to determine statistical significance (p < 0.05) within each data set. When the
analysis of variance detected significance, a Tukey’s Multiple Comparison Test (one-way
ANOVA) or a Dunn’s Multiple Comparison Test (Kruskal-Wallis Test) was used at a 95%
confidence level. To determine differences between different sample-types at the two time
points, we performed a t-test or a Mann-Whitney Rank Sum Test to determine statistical
significance (p < 0.05). While n = 3 is a small sample size, the low standard deviations and
narrow data ranges gives confidence in the results.

RESULTS
Histology

Hematoxylin and eosin staining of differentially decellularized scaffolds show significant
differences in morphology throughout all regions of the scaffold (Fig. 3). SDS treated tissue
samples had more clumped collagen fibers in the intima, relative to either TX100 or ACE/
EtOH decellularization. ACE/EtOH decellularization produced the most visible modification
of the native scaffold, with the intimal, medial, and the ablumenal zones all displaying
clumped collagen fibers. Qualitatively, the SDS decellularization treatment led to the second
most harshly altered scaffold morphology. While the intimal region appeared largely intact,
the medial and adventitial regions had clumped collagen fibers; however, the degree of
collagen fiber clumping was much less than that of the ACE/EtOH decellularized samples.
Finally, TX100 samples appeared to have a morphology almost unaltered from the native
tissue, although a negligible amount of clumped collagen fibers were visible.

BSA diffusion through regions
The mass flux of albumin through tested HUVs was constant after the first 2 days with a
minor burst effect exhibited in the preceding days. This trend is observed in Figures 4–6 in
which the percent albumin transported across the membrane has an approximately constant
slope after the burst effect, which occurs during the first few days. The intima and proximate
media region was shown to be the primary mass transfer limitation of albumin irrespective
of decellularization method as seen by comparing the effective diffusion coefficient in the
MAR 1.16 × 10−6 ± 0.06 × 10−6 cm2/s with that in the IMR at 0.64 × 10−6 ± 0.15 × 10−6

cm2/s (Table I).

Choice of decellularization method had variable effects on each of the dissected regions. For
example, in the MAR and the FTR regions, no differences were seen in the mass flux of
BSA with respect to each of the three-decellularization methods (Table I). However, in the
IMR the mass flux varies depending on decellularization method. Specifically, the BSA
mass flux rate increases from 7.80 ± 0.47 to 9.75 ± 2.82 μg/h with the SDS and TX100
samples to 15.20 ± 2.66 μg/h in the ACE/EtOH samples (Table I). At 14 days, a noticeable
change in mass flux (slope) occurs because, as detailed in the methods section, the osmotic
gradient was reset daily during the first 2 weeks, but every third day subsequently (Figs. 4–
6).

Oxygen, glucose, and potassium flux
Studies of oxygen, glucose, and potassium flux rates, showed that decellularization
technique affects the diffusion kinetics of molecules on a predominantly individual basis.
Oxygen was found to diffuse fastest through ACE/EtOH decellularized samples, at a rate of

Moore et al. Page 6

J Biomed Mater Res A. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



0.0006 mol/h, whereas the rate was 0.0003 and 0.0002 mol/h in the TX100 and SDS
samples, respectively (Fig. 7).

Glucose flux followed a similar trend displaying increased diffusion across the ACE/EtOH
samples relative to the TX100 samples, specifically 2 g/L/h more. No difference was seen
between SDS and the other sample groups. Overall, glucose flux was affected by the
specific decellularization process (Fig. 8). Finally, no difference in the potassium flux rate
was noted between the three-decellularization sample groups (Fig. 9).

Cell seeded scaffolds
Cell migration and proliferation studies showed that HUVs decellularized with TX100 had
the most cell migration. After 10 days, the migration in 1% SDS decellularized samples was
46% less than that of the TX100 samples, with migration distances from the albumen of 61
± 22 μm (Fig. 10). Migration in SDS samples after 10 days was 27 ± 14 and 42 ± 11 μm in
ACE/EtOH samples.

Metabolic activity in the TX100 decellularized samples was significantly greater than in the
ACE/EtOH samples despite having less cells per gram of tissue when compared with the
ACE/EtOH decellularized samples (Fig. 10). The lowest metabolic activity among sample
groups was 44 ± 10% reduction of AB per gram tissue, whereas the highest rate was 64 ±
14% reduction of AB per gram tissue with TX100. The amount of cells per milligram tissue
was highest in ACE/EtOH samples, at 4.33 ± 0.50 million cells/mg tissue, and lowest in
SDS samples, at 3.00 ± 0.33 million cells/mg tissue.

DISCUSSION
Specificities of the decellularization chemistry have significant effects on the scaffold
molecular architecture that result in variable effects on mass transfer and cellular response.
While decellularization affects both mass transfer and cellular response, it does not do so in
an easily predictable manner. Although some decellularization protocols encourage the
cellular migration response, they decrease the overall mass transfer properties. For example,
histological analysis showed that treatment using ACE/EtOH to decellularize the tissue
resulted in collagen fibers displaying a more clumped morphology in the intimal region,
relative to either TX100 or ACE/EtOH decellularization treatments. The clumping of
collagen, which occurs in the tightly woven intimal layer of the ACE/EtOH decellularized
samples, leads to higher porosity and higher mass flux rates. However, ACE/EtOH
decellularized scaffolds also had low cell migration and metabolic activity when compared
with TX100 decellularized samples, confirming that nutrient transfer is only one of many
parameters that modulate cell function.

While the overall mass flux rates of albumin through each zone (IMR, MAR, and FTR) were
similar, these regions display significant differences in the effective diffusion coefficient
where the tightly woven IMR region is the primary limitation to mass transfer irrespective of
decellularization method. The significance of these regional variations in scaffold
architecture is the location of the diffusion limiting zone relative to the nutrient source,
where cells in regions distal to the nutrient source will be more nutrient deprived. Similarly,
the FTR region had an overall mass flux rate similar to the individual dissected components;
however, the region had a higher effective diffusion coefficient than either the IMR or
MAR. The hypothesis is that this is due to variation in the layer structure between the
dissected component layers, where changes to the tissue architecture that result from
decellularization may be dependent on how surrounding tissue structures affect the final
architecture. In other words, the two zones of the FTR may have provided structural support

Moore et al. Page 7

J Biomed Mater Res A. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for one another during the decellularization process, which was not present in the dissected
component regions.

Creation of a uniformly cell dense scaffold is important in many tissue engineering
applications. These studies have also shown that due to the heterogeneous structure and
composition of ex vivo materials, regional variations in mass transport occur in a manner
that is dependent on the decellularization protocol. When decellularizing a tissue,
consideration must be made about how a solution can affect two separate zones of a single
scaffold differently; for example, a decellularization solution might cause more architectural
changes to an intimal region, with type IV collagen, relative to a medial region, with more
collagen type III. Thus, optimizing the decellularization method to create the least regional
variations can aid in the formation of uniformly cell dense scaffolds. These investigations
have shown that different decellularization methods affect the mass flux in direct relation to
the treatment chemistry and the specified nutrient. This is more obvious in the IMR region
where albumin mass flux rates vary significantly as a function of the decellularization
method. This is an important consideration if the limiting nutrient of a developing construct
can be identified, so that the initial decellularization techniques can be tailored to the
material of choice.

Analysis of oxygen, glucose, and potassium flux rates also reveals the complex nature of
these transport conditions as a function of decellularization method. Oxygen diffusion was
found to be the fastest through the ACE/EtOH samples, having an average flux rate that was
three times faster than in SDS decellularized samples and two times faster than TX100
decellularized samples. Increased oxygen flux though the ACE/EtOH samples correspond to
increased albumin diffusion through the intimal/proximate medial regions.

As a positively charged small molecule, it is interesting that no difference is noted in
potassium flux rates among sample groups. While differences are seen in the flux rates of
negatively charged oxygen, the lack of differences in the flux rate of this positively charged
molecule can likely be attributed to either its higher solubility in cell culture media or its
positive charge and charge effects within the ECM. Scaffold charge effects would also be
imparted by residual SDS, which was not removed during the decellularization wash steps
resulting in a net negative charge; likewise, TX100 have no charge and would not alter the
overall charge on scaffold surfaces.

In addition to modifying scaffold architecture, the decellularization solvents and surfactants
also led to changes in the cellular response. These changes were caused by the variable
modification of the native ECM molecules that was dependent on the specific
decellularization solution. These investigations show that samples decellularized with
TX100 promoted the farthest cell migration and the highest metabolic activity by
comparison to either ACE/EtOH or SDS decellularized samples. However, cells seeded on
TX100 samples did not have the highest cell densities relative to other treatments. The high
migration and metabolic activity in conjunction with the low cell density with TX100
samples indicates that the phenotype of cells seeded onto these scaffolds became more
metabolically active yet less proliferative when compared to cells cultured on either SDS or
ACE/EtOH treated samples. Scaffolds with the slowest recellularization response were
decellularized with SDS, based on reduced cell migration and cell density. Interestingly, by
comparison to the other methods tested, SDS decellularization resulted in improved
retention of the native HUVs scaffold architecture as seen by mass flux rates, effective
diffusion coefficient values, and histological analysis, even though it displayed suboptimal
cell responses. Despite the expected cellular benefits of a scaffold, which retains more of its
native molecular architecture, these suboptimal cell responses noted with SDS treated
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constructs could be caused by residual SDS or changes in surface chemistry caused during
decellularization.30

The significance of mass transfer is important initially for cell migration and then during
maturation as cellular phenotypes revert, ideally to a more quiescent state with restored
functionality. The rate at which a scaffold remodels will vary based on the rate of cell
migration, and this rate will in part be regulated by the transport conditions within the
scaffold. It is also important that a scaffold regenerate rapidly particularly when exposed to
constant physiological stress or biologically sensitive conditions that may result in overt
scaffold degradation or failure. As such, poor transport conditions will result in slower
migration and proliferation rates that ultimately increase the probability of graft failure.
These results have shown that the regional mass transfer variation that occurs with respect to
each decellularization method could cause the recellularization response to occur at different
rates from one region to another. Where the IMR shows improved transport conditions when
decellularized with ACE/EtOH relative to decellularization with TX100 and SDS, the MAR
shows no improvement when comparing each of the three-decellularization methods.

Creation of an effective vasculature network in ex vivo materials can be aided by selective
decellularization to optimize mass transfer and cellular integration characteristics; however,
the creation of an effective vasculature remains the primary goal to support effectively cell
dense materials. With the different approaches taken to decellularize ex vivo materials, it is
clear that these processes have a significant impact not only on cell removal but also on
ECM architecture, which in turn affects transport conditions and cell function. Further
investigation is required to understand the molecular mechanisms that drive differential cell
function in order to produce clinically functional materials.
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FIGURE 1.
Representative HUV demarcated with dissection zones and HUV in process of dissection.
A: The native HUV was dissected into three different architectural regions including the
intima and proximate-media region (IMR), the medial/adventitial region (MAR), and the full
tissue region (FTR). The thickness of the FTR was 750 μm, while the thickness of the MAR
and IMR was 500 and 250 μm, respectively. B: The zones were dissected using an HUV
mounted onto a mandrel. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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FIGURE 2.
A: Computer numerical controlled (CNC) dissection lathe, (B) diffusion chamber and (C)
setup-schematic, and (D) representative oxygen diffusion rate graph. To determine the
average gas flux values through the tissue, the air in one chamber was turned from the off to
the on position, and then the time to reach the atmospheric air concentrations was measured
in the other chamber.
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FIGURE 3.
Representative H&E Histology of native and acellular HUVs. H&E stained samples of the
HUV were lathed to 750 μm thicknesses. The (A) native HUV is shown in addition to
samples decellularized with (B) 1% SDS solution, (C) 1% Triton X-100 solution, and (D)
ACE/EtOH solution. Tissue orientation is indicated with a “l” for the lumenal side and an
“a” for the ablumenal side. n = 3 for each decellularization method.
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FIGURE 4.
Percent total albumin calculated as the percent from reservoir V1 transported across the
FTR. The mass flux of albumin across full thickness (750 μm) vessels was the same among
decellularization methods. n = 3 for each decellularization method.
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FIGURE 5.
Percent total albumin calculated as the percent from reservoir V1 transported across the
MAR. The mass flux of albumin across the medial/adventitial region of (500 μm) vessels
was the same among decellularization methods. n = 3 for each decellularization method.
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FIGURE 6.
Percent total albumin calculated as the percent from reservoir V1 transported across the
IMR. The mass flux of albumin across the intimal and proximate-media region (<250 μm)
was greatest among ACE/EtOH decellularized samples. ***Indicates p < 0.001 between
groups. n = 3 for each decellularization method.
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FIGURE 7.
Oxygen flux across the FTR region with respect to decellularization solution. Flux of
oxygen was through the full thickness HUV samples decellularized with SDS, Triton X-100,
and ACE/EtOH. For each given decellularization method, the data presented is the average
of three experiments (n = 3).
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FIGURE 8.
Glucose mass flux across the FTR region with respect to decellularization solution. Mass
flux rate of glucose was through the full thickness HUV decellularized with SDS, Triton
X-100, and ACE/EtOH. n = 3 for each decellularization method. Between Tx-100 and Ac/Et
sample, p = 0.01 at a 95% confidence level.
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FIGURE 9.
Potassium flux across the FTR region with respect to decellularization solution. Flux of
potassium was through the full thickness HUV decellularized with SDS (dashed), Triton
X-100 (dotted), and ACE/EtOH (solid); n = 3.
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FIGURE 10.
Cell migration, proliferation, and metabolic activity. Average distances migrated from the
ablumen after 10 days. To determine metabolic activity, the percent reduction of
AlamarBlue per gram of tissue was calculated and to determine the amount of DNA per mg
tissue a Pico Green Assay was used. One-Way ANOVA was used to determine statistical
significance, when the analysis of variance detected significance, a Tukey’s multiple
comparison test (one-way ANOVA) or a Dunn’s multiple comparison test (Kruskal-Wallis
Test) was run with a confidence level of 95%. Between SDS and TX100 samples p = 0.0168
and between ACE/EtOH and SDS p = 0.025; n = 3.
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TABLE I

Average Albumin Mass Flux Rate and Effective Diffusion Coefficient by Region and Decellularization
Method

Sample Region
Decellularization

Method
Mass

Flux (μg/h)
Effective Diffusion Coefficient

(Deff × 10−6 cm2/s)

Intimal and Proximate-Media SDS 7.80 ± 0.47b 0.53 ± 0.31

    Region (IMR)a 250 μm thickness TX100 9.75 ± 2.81b 0.60 ± 0.29

Et/Ac 15.20 ± 2.65b 0.81 ± 0.35

Media/Adventitial Region (MAR)a SDS 8.91 ± 1.95 1.22 ± 0.19

    500 μm thickness TX100 8.52 ± 1.96 1.12 ± 0.49

Et/Ac 8.70 ± 0.63 1.13 ± 0.57

Full Thickness Region (FTR)a SDS 7.83 ± 0.73 1.51 ± 0.67

    750 μm thickness TX100 8.34 ± 0.21 1.75 ± 0.83

Et/Ac 8.05 ± 0.38 1.63 ± 0.80

Average mass flux rate for all decellularization sample types are represented as mean mg albumin per h ± std dev.

a
p < 0.001 when comparing between the FTR, IMR, and MAR mass flux data and effective diffusion coefficient values, respectively. Analysis was

performed using a one-way ANOVA at 95% confidence level. n = 3 for each sample type.

b
A statistical significance of mass flux rate of p ≤ 0.017 among samples types within the same region.
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