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Introduction
Cardiovascular disease is the leading cause of death in the United 

States, of which coronary artery disease claims more lives than any 
other [1]. When angioplasty and stenting is not possible, coronary 
artery disease is treated by bypass surgery, for which vessel autografts 
remain the standard of care [2]. However, 1 in 3 patients lack suitable 
autografts due to vascular disease or previous harvest [3], and 
autografting requires additional surgery and causes donor site morbidity 
[4,5]. Tissue engineered arteries produced from autologous cells can 
potentially replace autografts for bypass grafting. However, there are 
still major challenges including maintaining antithrombogenicity, 
matching arterial mechanical properties, and reducing production cost 
and time [4,5]. 

Engineering arteries entirely from autologous cells and secreted 
matrix, often referred to as “self-assembly”, is an attractive approach 
because it avoids potential interference of scaffold materials with the 
mechanical and biological properties of the constructed tissue [6,7]. 
Recent advances in cell sheet engineering [8] and bioprinting [6,9] 
attest to the technical feasibility of this approach, but clinical feasibility 
could be greatly improved by reducing culture time and equipment 
costs. Self-assembly of vascular cells by seeding into rapidly degrading 
scaffolds [10] could improve translatability by employing inexpensive 
seeding techniques and using simple equipment.

Vascular smooth muscle cells (SMC) are the primary cellular 
component of the vascular tunica media, which is crucial for arterial 

mechanical properties and vascular tone [11-13]. Fibrin gel can be 
rapidly degraded in vitro, but typically fibrinolysis inhibitors are used 
to prevent fibrin degradation in fibrin-based tissue engineering [14-16]. 
We hypothesized that SMCs entrapped in fibrin gel without fibrinolysis 
inhibitor could self-assemble into tubular tissues comprised entirely of 
SMCs and the matrix they produce. These engineered media layers 
(EMLs) could serve as the basis for a completely autologous arterial 
graft that could rapidly remodel and integrate with host tissue in vivo. 
Here we report for the first time the rapid assembly of a tubular EML 
from fibrin entrapped SMCs without the use of a fibrinolysis inhibitor. 

Methods
Cell isolation and culture 

Baboon SMCs were obtained from fresh carotid arteries of 17–20 
kg juvenile male baboons as described previously [17]. Briefly, arteries 
were denuded of connective tissue and adventitia, and endothelial cells 
were removed by filling the artery lumen with 600 U/mL collagenase 
for 5 min, then rinsing. Arteries were subsequently digested in 300 U/
mL collagenase in SMC culture medium for 10 hours to release SMCs. 
SMCs were plated on tissue culture plastic with medium changes every 
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Abstract
Background: Tissue engineered blood vessels could address the large clinical need for small caliber vascular 

grafts. Self-assembly approaches that employ transient scaffolds to form tissues from only cells and secreted matrix 
could form completely autologous vascular grafts that rapidly remodel and integrate with host tissue in vivo. The 
objective of this study was to develop a simple and rapid method to self-assemble vascular cells into vascular grafts. 

Hypothesis: We hypothesized that entrapment in rapidly degrading fibrin gels could facilitate self-assembly of 
vascular smooth muscle cells into a tubular tissue comprised mainly of SMCs and secreted matrix. 

Methods: Baboon SMCs were entrapped in fibrin around a silicone tube and cultured for 14 days without 
fibrinolysis inhibitor. Spontaneous delamination from the inner tube allowed for simple isolation of constructs with 
forceps. 

Results: Engineered tissues are tubular, handleable, and highly cellular, with substantial collagen deposition. 
Fibrin is largely degraded within 14 days. Tensile elastic modulus of ring segments is 36.2 kPa and 1.60 MPa for the 
toe and heel regions of the stress-strain relation, respectively.

Conclusion: Fibrin entrapment without fibrinolysis inhibitor can facilitate rapid self-assembly of SMCs into 
tubular tissues. Future work will focus on mechanical conditioning and co-culture with vascular endothelial cells to 
improve mechanical strength and impart antithrombogenicity. 
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48 h. SMC culture medium consisted of MCDB 131 with 10% fetal 
bovine serum (FBS), 1.0% L-glutamine, and 50 mcg/ml ascorbic acid, 
with 100 IU/ml penicillin, 100 mcg/ml streptomycin, and 0.25 mcg/ml 
amphotericin B as antibiotics and antimycotic. 

EML fabrication and culture
EMLs were fabricated as diagrammed in Figure 1 and shown in 

Figure 2. Passage 4 SMCs were used in all EMLs except those shown 
in Figure 1 and 2D, which were Passage 22. Fabrication and culture 
consisted of 4 steps: 

Fibrin gel entrapment: 1 x 106 SMCs were suspended in 4 mg/mL 
bovine fibrinogen and 10 U/mL thrombin in phosphate buffered saline 
(PBS) and injected into the tubular space between an outer silicone 
mold (3.175 mm inner diameter) and an inner silicone tube (1.96 mm 
outer diameter).

Isolation of silicone-supported tubular gel: After gelation, fibrin-
entrapped SMCs and the inner silicone tube were extruded from the 
mold with a plunger. 

Culture: Gels were suspended in well plates by wire and cultured 
for 14 days without fibrinolysis inhibitor. 

EML isolation: EMLs were isolated from the inner silicone tube. 
Spontaneous delamination of EMLs from the silicone allows for simple 
isolation with forceps (Figure 1 - 4A, 4B). Delamination begins at 
10-14 days culture. Data is presented from EMLs isolated on day 14. 
Longitudinal retraction occurs concurrent with delamination (Figure 
1 - 4A, 4B). To determine if retraction can be prevented, an EML was 
secured to the inner silicone tube on day 13 by tying both ends and the 
center with 4-0 polypropylene suture (Ethicon, Somerville, NJ). 

Histology and immunofluorescence 

EMLs were embedded in optimum cutting temperature compound 
(OCT), frozen at -80°C, and sectioned to 5 μm. Axial cross-sections 
were stained using hematoxylin and eosin (H&E), Masson”s trichrome, 
or by immunofluorescence. Immunofluorescence samples were 
blocked in 5% normal goat serum (NGS), then incubated in with 
primary antibody at 37°C for 1 h. Slides were rinsed in 1% NGS 
and incubated in secondary antibodies at 37°C for 1 h. Primary and 
secondary antibodies are listed in Table 1. Slides were co-stained with 
4’,6-diamidino-2-phenylindole (DAPI) nuclear using a mounting 
medium containing 1.5 mcg/mL DAPI.

Mechanical properties 

To determine tensile elastic modulus and ultimate tensile stress, 
EMLs were analyzed using a material testing system (Insight, MTS 
Systems, Eden Prairie, MN). Ring segments (2 cm length) were 
mounted around two steel pins (Figure 4 inset) and loaded uniaxially 
at a rate of 0.01 mm/s in a 37°C PBS bath (Bionix EnviroBath, MTS 
Systems). Segments were first precycled between 10 and 40% strain 
until reproducible stress-strain curves were obtained. Strain to failure 
was then performed. Circumferential (“ring”) strain was calculated 
from camera images with Image J software (NIH) using the following 
equations [18].

Ring strain: 
(0)

(0)
lumen lumen

ring
lumen

C C
C

ε
−

Where Clumen is the inner circumference, and Clumen(0) is the unloaded 
luminal circumference 

Luminal circumference: At strains where ring segment is ellipse-
shaped: 
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Where ‘a’ and ‘b’ are semi minor and semi major ellipse dimensions, 
respectively, and 
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At strains where ring segment is pill-shaped: 
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Where Dpin is the diameter of the mounting pins. Stress was calculated 
from: 

F
A

σ =

Where F is the axial load, and A is the loaded cross sectional area, given 
by: 

A= 2(tmin) (L)

Primary and secondary antibodies for immunofluorescence. 
Protein Primary Secondary 

Collagen I Rabbit polyclonal anti-human collagen I Goat polyclonal anti – rabbit, Alexa Fluor 594 
conjugated 

Collagen III Rabbit polyclonal anti-human collagen III Goat polyclonal anti – rabbit, Alexa Fluor 594 
conjugated 

α-Smooth muscle actin (SMA) Mouse monoclonal anti-human α-SMA, FITC 
conjugated N/A 

Calponin Mouse monoclonal anti-human calponin Goat polyclonal anti – mouse, Alexa Fluor 594 
conjugated 

Elastin Rabbit polyclonal anti-human elastin Goat polyclonal anti – rabbit, Alexa Fluor 594 
conjugated 

Myosin heavy chain Rabbit polyclonal anti-human myosin heavy chain Goat polyclonal anti – rabbit, Alexa Fluor 594 
conjugated 

Table 1:

Table 2: Ultimate Tensile Stress and Tensile Elastic Moduli Ultimate Tensile Stress (kPa).

                                                            Ultimate Tensile Stress (kPa) Toe Modulus (kPa) Heel Modulus (kPa) 
EML 667.3 36.22 1593 
Rat Artery 2158 101.0 6342 
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Where tmin is the minimum wall thickness and L is the longitudinal 
length of the ring segment.

Ultimate tensile stress was taken to be the peak of the stress-strain 
relation. Tensile elastic modulus was calculated from: 

Ring
E σ

ε
∆

=
∆  

Tensile moduli were calculated from linear segments of both the 
initial shallow region (“toe region”) and the steep region (“heel region”) 
of stress-strain curves.

Results
Morphology and histological characterization

EMLs are tubular and translucent, with 2 mm inner diameter and 
1.5 cm length (Figure 2A). EMLs contain cells throughout the whole 
construct (Figure 2B,C). Fibrin is largely degraded within 14 days. 
The residual fibrin is visible as a red stain in Masson’s trichrome and 
is present mostly near the EML lumen (Figure 2D). Since the lumen 
was attached to the silicone mandrel, this is possibly a consequence 
of reduced mass transfer to luminal SMCs. EMLs contain substantial 
amounts of evenly distributed collagen I and III (Figure 3A,B), but 
do not contain elastin. SMCs express α-SMA (pan-SMC marker) and 

 

Figure 2: Construct morphology and histology. A. Macroscopic image 
of construct after 14 days culture. B. H&E staining of axial cross-section. 
Boxed region shown in C. D. Masson’s Trichrome stain of axial cross-section. 
Collagen stains blue, residual fibrin stains red (arrows). “L” indicates lumen 
of the construct.

 

Figure 3: Immunofluorescent staining of matrix proteins and SMC 
markers. A. Collagen I (red) B. Collagen III (red). C. α-SMA (green). D. 
Calponin (red). Nuclei co-stained with DAPI (blue).

 

Figure 4: Mechanical properties. A. Stress-strain curves for EML and rat 
artery. Tissue rings were mounted on steel wires in a material testing system 
(inset) and strained axially to failure. B. Boxed region from A showing the toe 
(shallow) region of the stress-strain curve. Elastic moduli for the toe (shallow) 
and heel (steep) regions listed in Table 2.

 

Figure 1: EML fabrication. Longitudinal view of EML fabrication steps. 
1. SMCs are entrapped in fibrin between an outer silicone mold and an 
inner silicone tube. 2. Fibrin-entrapped SMCs and inner silicone tube were 
extruded from the mold with a plunger. 3. SMCs are cultured in fibrin for 14 
days to form EMLs. 4. EMLs are isolated from the inner silicone tube using 
forceps. Spontaneous delamination from the inner silicone tube allows for 
simple isolation of EMLs with forceps (4a, b). Longitudinal retraction occurs 
concurrent with delamination (4a, b).
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calponin (mid-stage contractile differentiation marker; Figure 3C,D), 
but are not fully contractile (stain negative for myosin heavy chain). 
Interestingly, α-SMA and calponin are expressed only in SMCs near 
the lumen of EMLs, where mass transfer is likely limited by the inner 
silicone tube. This finding was unexpected, as vascular smooth muscle 
is normally in close proximity to the vessel lumen or vaso vasorum, 
where mass transfer is high.

Mechanical properties

The stress-strain relation for EMLs is shown in Figure 4. Stress vs. 
strain curves for constructs share a similar shape with rat arteries, but 
exhibit a shorter “toe” (shallow) region. Ultimate tensile stress and 
tensile elastic moduli for both the “toe” and “heel” (steep) regions are 
smaller than those of rat arteries, but are within 1 order of magnitude. 
(Table 2).

Prevention of EML retraction

EML culture is extended to 21 days by securing the EML to the 
inner silicone tube with suture on day 13 (Figure 5A). EML can be 
isolated after loosening or removing suture (Figure 5B).

Discussion
Self-assembled engineered tissues have many theoretical advantages 

over traditional scaffold based engineered tissues. Self-assembly should 
minimize the effects of scaffold topography [19-21] and mechanical 
properties [21,22] on the phenotypes of seeded cells. Importantly, self-
assembled tissues avoid scaffold biocompatibility concerns including 
immunogenicity, foreign body response, disease transmission, and 
infection [6,7] because they are devoid of scaffold material and 
completely autologous at the time of implantation. Ideally, self-
assembled tissues should also have the ability to completely remodel, 
self-renew, and respond to environmental signals immediately after 
implantation because they are comprised completely of autologous 
cells and matrix [7]. Self-assembled tissues could also achieve higher 
cell density in vitro, since there will ultimately be no scaffold material 
displacing cells [6].

Despite its theoretical advantages, the clinical translatability of self-
assembly in vascular tissue engineering is limited for several reasons. 

Firstly, complex fabrication and/or long maturation times increase 
production costs. To self-assemble tissues into tubular structures, 
fabrication often requires expensive equipment (e.g. bioprinter [6,9]) 
or multiple manual steps (e.g. isolation of cell sheets and rolling around 
a mandrel [7,8,23]). Long maturation times are characteristic of self-
assembly [7,8,23] because the final tissue relies only on cells and their 
secreted matrix for mechanical support. An additional disadvantage of 
long maturation time is that it prevents tissues from being available 
to patients with more urgent need for implantation [24,25]. Currently 
the only self-assembled vascular graft to be used clinically is Cytograft’s 
LifelineTM graft, which is effective as a hemodialysis shunt [23], but the 
high cost ($15,000 per graft) and 9 month lead time may limit its use 
in other applications [24,25]. Our approach avoids these disadvantages 
by offering simple fabrication and short culture time. Cell harvesting 
and in vitro expansion is another limitation for self-assembly as well 
as for many scaffold based tissue engineering approaches because of 
donor site morbidity and additional culture time. However, we believe 
that the potential of self-assembled tissues to immediately integrate, 
biologically function, and rapidly remodel supersedes the drawbacks 
of cell harvesting. 

We chose SMCs to produce EMLs because SMCs and their 
secreted extracellular matrix comprise the tunica media of arteries, 
which is responsible for the majority of artery mechanical properties 
and for vascular tone [11-13]. SMCs produce a tightly organized 
matrix comprised largely of both collagen and elastin [13]. Our EMLs 
produced both collagen I and collagen III (Figure 3A, B), collagens 
found in arteries and other tissues [13]. Elastin in particular is crucial 
for arterial compliance [13,25], without which grafts fail by restenosis 
due to neointimal hyperplasia [26-28] or dilation due to fatigue of 
collagen fibers [25]. Recent work in our laboratory has demonstrated 
that SMCs can produce substantial amounts of cross-linked elastin 
in vitro when cultured on an elastomeric material and subjected to 
mechanical conditioning [29]. Previous work has also demonstrated 
that SMCs can produce elastin in fibrin disks in vitro [30], and that 
various bioactive molecules can be added to culture medium to improve 
elastin production [31-35]. These results suggest that, although our 
constructs did not yet produce elastin, altering culture conditions (e.g. 
culture medium or mechanical conditioning) could likely improve 
elastin production. 

Fibrin gel has multiple qualities which make it attractive for self-
assembly of SMCs. Firstly, fibrin is rapidly degraded by cells in vitro by 
plasminogen [30], allowing it to be quickly replaced with more cells and 
extracellular matrix proteins. Additionally, fibrin degradation products 
are bioactive and have been shown to promote SMC proliferation 
and collagen and elastin production in vitro [30]. Cells also can be 
distributed uniformly throughout the gel prior to gelation, enabling 
high cellularity and seeding efficiency. Lastly, fibrin can be produced 
from autologous plasma [15], thereby enabling the production of 
completely autologous vascular conduits.

This is the first report of self-assembly of SMCs in fibrin without 
the use of fibrinolysis inhibitor. Previous work by others has produced 
conduits from SMCs in fibrin in vitro, but constructs retain substantial 
fibrin because fibrinolysis inhibitors were used [36-38]. The purpose of 
fibrinolysis inhibitors in tissue engineering is to maintain the structural 
integrity of engineered constructs [36]. However, native vessels do 
not contain fibrin except in post-injury and pathologic conditions, 
suggesting its complete degradation in vitro could produce a more 
biomimetic graft. Recently, Syedain et al. [10] demonstrated that 
fibroblasts entrapped in fibrin without fibrinolysis inhibitor rapidly 

 

Figure 5: Prevention of EML Retraction. A. Polypropylene suture (blue) 
applied on day 13 prevents retraction. Image taken on day 21. B. Same 
EML isolated on day 21. The leftmost suture is still present (black arrow). 
The middle suture was removed, pulling off some tissue in the process (white 
arrow). The rightmost suture was removed with no damage to the EML.
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degrade the majority of fibrin in vitro and form strong, compliant 
conduits [10]. Our results similarly demonstrate that SMCs in tubular 
fibrin gels without fibrinolysis inhibitor rapidly degrade the fibrin in 
vitro (Figure 2D) and can retain a tubular morphology with a little 
residual fibrin (Figure 2A). This fibrin will likely be degraded upon 
longer culture time, especially if mechanical conditioning is applied. 

The spontaneous retraction of EMLs from their inner silicone 
tube at 10-14 days culture allows simple isolation with forceps (Figure 
1-4a,b). Our preliminary studies indicated that SMCs attach poorly 
to silicone. Consequently, fibrin gel should be largely responsible for 
the anchoring of constructs to the inner silicone tube. This anchoring 
was likely weakened by progressive fibrin degradation. Additionally, 
compaction of fibrin gels due to cell tractional forces should place 
the EMLs under both circumferential and longitudinal tension [39-
41]. Although circumferential tension stabilizes the construct onto 
the inner tubes, longitudinal tension should produce shearing forces 
which destabilize the construct’s original attachments to the tube. We 
believe that the combined effect of fibrin degradation and longitudinal 
gel compaction resulted in the observed spontaneous retraction. While 
retraction is helpful for isolation, delaying retraction could extend 
the duration of EML culture on the silicone tube to allow additional 
maturation. We demonstrated that EML culture can be extended to 
21 days by fixing EMLs to the silicone tube with suture (Figure 5). 
Retraction could also be delayed by doping fibrin with collagen fibers 
to stabilize the fibrin matrix [39]. 

EML mechanical properties must be improved for implantation to 
be possible. Additionally, SMCs did not express myosin heavy chain, 
a marker of the fully contractile phenotype found in vivo, although its 
expression is seldom reported in engineered vessels in vitro [12,42-
44]. To improve mechanical properties and promote SMC contractile 
phenotypes, we plan to subject constructs to dynamic mechanical 
conditioning. We can apply biomimetic distension as early as day 0 
by pressurizing the inner silicone tube with a peristaltic pump. Cyclic 
radial strain alone has been shown to improve EML strength through 
matrix remodeling and altered matrix production [45-47]. Once strong 
enough to be pressurized themselves, constructs will be cannulated to 
a pulsatile flow bioreactor, with pressure gradually being increased to 
physiologic ranges. This approach has also been shown previously to 
further improve mechanical strength [12,48-50] and vasoresponsiveness 
[12]. Additional future work will involve endothelialization of EMLs to 
impart vessel antithrombogenicity.

Acknowledgements

We thank Keewon Lee, Jin Gao, and Peter Crapo for technical assistance. 
This work was supported by an NIH grant R01HL089658 and NIH training grant 
2T32HL076124.

References

1. Heron M, Hoyert DL, Murphy SL, Xu J, Kochanek KD, et al. (2009) Deaths: final 
data for 2006. Natl Vital Stat Rep 57: 1-134. 

2. Michaels AD, Chatterjee K (2002) Cardiology patient pages. Angioplasty 
versus bypass surgery for coronary artery disease. Circulation 106: e187-190. 

3. Desai M, Seifalian AM, Hamilton G (2011) Role of prosthetic conduits in 
coronary artery bypass grafting. Eur J Cardiothorac Surg 40: 394-398.

4. Nerem RM, Seliktar D (2001) Vascular tissue engineering. Annu Rev Biomed 
Eng 3: 225-243. 

5. Isenberg BC, Williams C, Tranquillo RT (2006) Small-diameter artificial arteries 
engineered in vitro. Circ Res 98: 25-35. 

6. Norotte C, Marga FS, Niklason LE, Forgacs G (2009) Scaffold-free vascular 
tissue engineering using bioprinting. Biomaterials 30: 5910-5917. 

7. L’Heureux N, Paquet S, Labbe R, Germain L, Auger FA (1998) A completely 
biological tissue-engineered human blood vessel. FASEB J 12: 47-56. 

8. L’Heureux N, Dusserre N, Konig G, Victor B, Keire P, et al. (2006) Human 
tissue-engineered blood vessels for adult arterial revascularization. Nat Med 
12: 361-365. 

9. Skardal A, Zhang J, Prestwich GD (2010) Bioprinting vessel-like constructs 
using hyaluronan hydrogels crosslinked with tetrahedral polyethylene glycol 
tetracrylates. Biomaterials 31: 6173-6181. 

10. Syedain ZH, Meier LA, Bjork JW, Lee A, Tranquillo RT (2011) Implantable 
arterial grafts from human fibroblasts and fibrin using a multi-graft pulsed flow-
stretch bioreactor with noninvasive strength monitoring. Biomaterials 32: 714-
722. 

11. Lee RT, Kamm RD (1994) Vascular mechanics for the cardiologist. J Am Coll 
Cardiol 23: 1289-1295. 

12. Niklason LE, Gao J, Abbott WM, Hirschi KK, Houser S, et al. (1999) Functional 
arteries grown in vitro. Science 284: 489-493. 

13. Wagenseil JE, Mecham RP (2009) Vascular extracellular matrix and arterial 
mechanics. Physiol Rev 89: 957-989. 

14. Grassl ED, Oegema TR, Tranquillo RT (2002) Fibrin as an alternative 
biopolymer to type-I collagen for the fabrication of a media equivalent. J 
Biomed Mater Res 60: 607-612. 

15. Ahmed TA, Dare EV, Hincke M (2008) Fibrin: a versatile scaffold for tissue 
engineering applications. Tissue Eng Part B Rev 14: 199-215. 

16. Tschoeke B, Flanagan TC, Koch S, Harwoko MS, Deichmann T, et al. (2009) 
Tissue-engineered small-caliber vascular graft based on a novel biodegradable 
composite fibrin-polylactide scaffold. Tissue Eng Part A 15: 1909-1918. 

17. Gao J, Ensley AE, Nerem RM, Wang Y (2007) Poly(glycerol sebacate) supports 
the proliferation and phenotypic protein expression of primary baboon vascular 
cells. J Biomed Mater Res A 83: 1070-1075. 

18. Crapo PM, Gao J, Wang Y (2008) Seamless tubular poly(glycerol sebacate) 
scaffolds: high-yield fabrication and potential applications. J Biomed Mater Res 
A 86: 354-363. 

19. Mata A, Kim EJ, Boehm CA, Fleischman AJ, Muschler GF, et al. (2009) A 
three-dimensional scaffold with precise micro-architecture and surface micro-
textures. Biomaterials 30: 4610-4617. 

20. Tsang VL, Bhatia SN (2004) Three-dimensional tissue fabrication. Adv Drug 
Deliv Rev 56: 1635-1647. 

21. Vogel V, Sheetz M (2006) Local force and geometry sensing regulate cell 
functions. Nat Rev Mol Cell Biol 7: 265-275. 

22. Discher DE, Janmey P, Wang YL (2005) Tissue cells feel and respond to the 
stiffness of their substrate. Science 310: 1139-1143. 

23. McAllister TN, Maruszewski M, Garrido SA, Wystrychowski W, Dusserre N,et 
al. (2009) Effectiveness of haemodialysis access with an autologous tissue-
engineered vascular graft: a multicentre cohort study. Lancet 373: 1440-1446. 

24. Dahl SL, Kypson AP, Lawson JH, Blum JL, Strader JT, Li Y, et al. (2011) 
Readily available tissue-engineered vascular grafts. Sci Transl Med 3: 68ra9. 

25. Mironov V, Kasyanov V (2009) Emergence of clinical vascular tissue 
engineering. Lancet 373: 1402-1404. 

26. Abbott WM, Megerman J, Hasson JE, L’Italien G, Warnock DF (1987) Effect 
of compliance mismatch on vascular graft patency. J Vasc Surg 5: 376-382.

27. Sarkar S, Salacinski HJ, Hamilton G, Seifalian AM (2006) The mechanical 
properties of infrainguinal vascular bypass grafts: their role in influencing 
patency. Eur J Vasc Endovasc Surg 31: 627-636.

28. Trubel W, Moritz A, Schima H, Raderer F, Scherer R, et al. (1994) Compliance 
and formation of distal anastomotic intimal hyperplasia in Dacron mesh tube 
constricted veins used as arterial bypass grafts. ASAIO J 40: M273-278. 

29. Lee KW, Stolz DB, Wang Y (2011) Substantial expression of mature elastin in 
arterial constructs. Proc Natl Acad Sci U S A 108: 2705-2710. 

30. Ahmann KA, Weinbaum JS, Johnson SL, Tranquillo RT (2010) Fibrin 
degradation enhances vascular smooth muscle cell proliferation and matrix 
deposition in fibrin-based tissue constructs fabricated in vitro. Tissue Eng Part 
A 16: 3261-3270.

http://www.ncbi.nlm.nih.gov/pubmed/19788058
http://www.ncbi.nlm.nih.gov/pubmed/19788058
http://www.ncbi.nlm.nih.gov/pubmed/12460885
http://www.ncbi.nlm.nih.gov/pubmed/12460885
http://www.ncbi.nlm.nih.gov/pubmed/21216613
http://www.ncbi.nlm.nih.gov/pubmed/21216613
http://www.ncbi.nlm.nih.gov/pubmed/11447063
http://www.ncbi.nlm.nih.gov/pubmed/11447063
http://www.ncbi.nlm.nih.gov/pubmed/16397155
http://www.ncbi.nlm.nih.gov/pubmed/16397155
http://www.ncbi.nlm.nih.gov/pubmed/19664819
http://www.ncbi.nlm.nih.gov/pubmed/19664819
http://www.ncbi.nlm.nih.gov/pubmed/9438410
http://www.ncbi.nlm.nih.gov/pubmed/9438410
http://www.ncbi.nlm.nih.gov/pubmed/16491087
http://www.ncbi.nlm.nih.gov/pubmed/16491087
http://www.ncbi.nlm.nih.gov/pubmed/16491087
http://www.ncbi.nlm.nih.gov/pubmed/20546891
http://www.ncbi.nlm.nih.gov/pubmed/20546891
http://www.ncbi.nlm.nih.gov/pubmed/20546891
http://www.ncbi.nlm.nih.gov/pubmed/20934214
http://www.ncbi.nlm.nih.gov/pubmed/20934214
http://www.ncbi.nlm.nih.gov/pubmed/20934214
http://www.ncbi.nlm.nih.gov/pubmed/20934214
http://www.ncbi.nlm.nih.gov/pubmed/8176085
http://www.ncbi.nlm.nih.gov/pubmed/8176085
http://www.ncbi.nlm.nih.gov/pubmed/10205057
http://www.ncbi.nlm.nih.gov/pubmed/10205057
http://www.ncbi.nlm.nih.gov/pubmed/19584318
http://www.ncbi.nlm.nih.gov/pubmed/19584318
http://www.ncbi.nlm.nih.gov/pubmed/11948519
http://www.ncbi.nlm.nih.gov/pubmed/11948519
http://www.ncbi.nlm.nih.gov/pubmed/11948519
http://www.ncbi.nlm.nih.gov/pubmed/18544016
http://www.ncbi.nlm.nih.gov/pubmed/18544016
http://www.ncbi.nlm.nih.gov/pubmed/19125650
http://www.ncbi.nlm.nih.gov/pubmed/19125650
http://www.ncbi.nlm.nih.gov/pubmed/19125650
http://www.ncbi.nlm.nih.gov/pubmed/17584900
http://www.ncbi.nlm.nih.gov/pubmed/17584900
http://www.ncbi.nlm.nih.gov/pubmed/17584900
http://www.ncbi.nlm.nih.gov/pubmed/17969024
http://www.ncbi.nlm.nih.gov/pubmed/17969024
http://www.ncbi.nlm.nih.gov/pubmed/17969024
http://www.ncbi.nlm.nih.gov/pubmed/19524292
http://www.ncbi.nlm.nih.gov/pubmed/19524292
http://www.ncbi.nlm.nih.gov/pubmed/19524292
http://www.ncbi.nlm.nih.gov/pubmed/15350293
http://www.ncbi.nlm.nih.gov/pubmed/15350293
http://www.ncbi.nlm.nih.gov/pubmed/16607289
http://www.ncbi.nlm.nih.gov/pubmed/16607289
http://www.ncbi.nlm.nih.gov/pubmed/16293750
http://www.ncbi.nlm.nih.gov/pubmed/16293750
http://www.ncbi.nlm.nih.gov/pubmed/19394535
http://www.ncbi.nlm.nih.gov/pubmed/19394535
http://www.ncbi.nlm.nih.gov/pubmed/19394535
http://www.ncbi.nlm.nih.gov/pubmed/21289273
http://www.ncbi.nlm.nih.gov/pubmed/21289273
http://www.ncbi.nlm.nih.gov/pubmed/19394518
http://www.ncbi.nlm.nih.gov/pubmed/19394518
http://www.ncbi.nlm.nih.gov/pubmed/3102762
http://www.ncbi.nlm.nih.gov/pubmed/3102762
http://www.ncbi.nlm.nih.gov/pubmed/16513376
http://www.ncbi.nlm.nih.gov/pubmed/16513376
http://www.ncbi.nlm.nih.gov/pubmed/16513376
http://www.ncbi.nlm.nih.gov/pubmed/8555523
http://www.ncbi.nlm.nih.gov/pubmed/8555523
http://www.ncbi.nlm.nih.gov/pubmed/8555523
http://www.ncbi.nlm.nih.gov/pubmed/21282618
http://www.ncbi.nlm.nih.gov/pubmed/21282618
http://www.ncbi.nlm.nih.gov/pubmed/20536358
http://www.ncbi.nlm.nih.gov/pubmed/20536358
http://www.ncbi.nlm.nih.gov/pubmed/20536358
http://www.ncbi.nlm.nih.gov/pubmed/20536358


Citation: Allen R, Wang Y (2011) Rapid Self-Assembly of Tubular Arterial Media Layer from Smooth Muscle Cells in Transient Fibrin Gel. J Tissue 
Sci Eng 2:105e. doi:10.4172/2157-7552.1000105e

Page 6 of 6

Volume 2 • Issue 3 • 1000105e
J Tissue Sci Eng
ISSN:2157-7552 JTSE an open access journal 

31. Gacchina CE, Deb PP, Barth J, Ramamurthi A (2011) Elastogenic Inductability 
of Smooth Muscle Cells from a Rat Model of Late-Stage Abdominal Aortic 
Aneurysms. Tissue Eng Part A 17: 1699-1711. 

32. Joddar B, Ramamurthi A (2006) Elastogenic effects of exogenous hyaluronan 
oligosaccharides on vascular smooth muscle cells. Biomaterials 27: 5698-
5707. 

33. Kothapalli CR, Taylor PM, Smolenski RT, Yacoub MH, Ramamurthi A (2009) 
Transforming growth factor beta 1 and hyaluronan oligomers synergistically 
enhance elastin matrix regeneration by vascular smooth muscle cells. Tissue 
Eng Part A 15: 501-511. 

34. Badesch DB, Lee PD, Parks WC, Stenmark KR (1989) Insulin-like growth factor 
I stimulates elastin synthesis by bovine pulmonary arterial smooth muscle cells. 
Biochem Biophys Res Commun 160: 382-387. 

35. Rich CB, Ewton DZ, Martin BM, Florini JR, Bashir M, et al. (1992) IGF-I 
regulation of elastogenesis: comparison of aortic and lung cells. Am J Physiol 
263: L276-282. 

36. Grassl ED, Oegema TR, Tranquillo RT (2003) A fibrin-based arterial media 
equivalent. J Biomed Mater Res A 66: 550-661. 

37. Isenberg BC, Williams C, Tranquillo RT (2006) Endothelialization and flow 
conditioning of fibrin-based media-equivalents. Ann Biomed Eng 34: 971-985. 

38. Weinbaum JS, Qi J, Tranquillo RT (2010) Monitoring collagen transcription by 
vascular smooth muscle cells in fibrin-based tissue constructs. Tissue Eng Part 
C Methods 16: 459-467. 

39. Gillette BM, Jensen JA, Tang B, Yang GJ, Bazargan-Lari A, et al. (2008) In 
situ collagen assembly for integrating microfabricated three-dimensional cell-
seeded matrices. Nat Mater 7: 636-640. 

40. Rowe SL, Stegemann JP (2006) Interpenetrating collagen-fibrin composite 
matrices with varying protein contents and ratios. Biomacromolecules 7: 2942-
2948.

41. Meshel AS, Wei Q, Adelstein RS, Sheetz MP (2005) Basic mechanism of three-
dimensional collagen fibre transport by fibroblasts. Nat Cell Biol 7: 157-164. 

42. Hu J, Sun X, Ma H, Xie C, Chen YE, et al. (2010) Porous nanofibrous PLLA 
scaffolds for vascular tissue engineering. Biomaterials 31: 7971-7977. 

43. Wang C, Cen L, Yin S, Liu Q, Liu W, et al. (2010) A small diameter elastic 
blood vessel wall prepared under pulsatile conditions from polyglycolic acid 
mesh and smooth muscle cells differentiated from adipose-derived stem cells. 
Biomaterials 31: 621-630. 

44. Sharifpoor S, Simmons CA, Labow RS, Paul Santerre J (2011) Functional 
characterization of human coronary artery smooth muscle cells under cyclic 
mechanical strain in a degradable polyurethane scaffold. Biomaterials 32: 
4816-4829. 

45. Leung DY, Glagov S, Mathews MB (1976) Cyclic stretching stimulates synthesis 
of matrix components by arterial smooth muscle cells in vitro. Science 191: 
475-477. 

46. Seliktar D, Black RA, Vito RP, Nerem RM (2000) Dynamic mechanical 
conditioning of collagen-gel blood vessel constructs induces remodeling in 
vitro. Ann Biomed Eng 28: 351-362. 

47. Seliktar D, Nerem RM, Galis ZS (2003) Mechanical strain-stimulated remodeling 
of tissue-engineered blood vessel constructs. Tissue Eng 9: 657-666. 

48. Yazdani SK, Watts B, Machingal M, Jarajapu YP, Van Dyke ME, et al. (2009) 
Smooth muscle cell seeding of decellularized scaffolds: the importance of 
bioreactor preconditioning to development of a more native architecture for 
tissue-engineered blood vessels. Tissue Eng Part A 15: 827- 840. 

49. Iwasaki K, Kojima K, Kodama S, Paz AC, Chambers M, et al. (2008) 
Bioengineered three-layered robust and elastic artery using hemodynamically-
equivalent pulsatile bioreactor. Circulation 118: S52-57. 

50. Crapo PM, Wang Y (2011) Hydrostatic pressure independently increases 
elastin and collagen co-expression in small-diameter engineered arterial 
constructs. J Biomed Mater Res A 96: 673-681.

http://www.ncbi.nlm.nih.gov/pubmed/21341992
http://www.ncbi.nlm.nih.gov/pubmed/21341992
http://www.ncbi.nlm.nih.gov/pubmed/21341992
http://www.ncbi.nlm.nih.gov/pubmed/16899292
http://www.ncbi.nlm.nih.gov/pubmed/16899292
http://www.ncbi.nlm.nih.gov/pubmed/16899292
http://www.ncbi.nlm.nih.gov/pubmed/18847364
http://www.ncbi.nlm.nih.gov/pubmed/18847364
http://www.ncbi.nlm.nih.gov/pubmed/18847364
http://www.ncbi.nlm.nih.gov/pubmed/18847364
http://www.ncbi.nlm.nih.gov/pubmed/2653320
http://www.ncbi.nlm.nih.gov/pubmed/2653320
http://www.ncbi.nlm.nih.gov/pubmed/2653320
http://www.ncbi.nlm.nih.gov/pubmed/1325131
http://www.ncbi.nlm.nih.gov/pubmed/1325131
http://www.ncbi.nlm.nih.gov/pubmed/1325131
http://www.ncbi.nlm.nih.gov/pubmed/12918038
http://www.ncbi.nlm.nih.gov/pubmed/12918038
http://www.ncbi.nlm.nih.gov/pubmed/16783653
http://www.ncbi.nlm.nih.gov/pubmed/16783653
http://www.ncbi.nlm.nih.gov/pubmed/19635030
http://www.ncbi.nlm.nih.gov/pubmed/19635030
http://www.ncbi.nlm.nih.gov/pubmed/19635030
http://www.ncbi.nlm.nih.gov/pubmed/18511938
http://www.ncbi.nlm.nih.gov/pubmed/18511938
http://www.ncbi.nlm.nih.gov/pubmed/18511938
http://www.ncbi.nlm.nih.gov/pubmed/17096517
http://www.ncbi.nlm.nih.gov/pubmed/17096517
http://www.ncbi.nlm.nih.gov/pubmed/17096517
http://www.ncbi.nlm.nih.gov/pubmed/15654332
http://www.ncbi.nlm.nih.gov/pubmed/15654332
http://www.ncbi.nlm.nih.gov/pubmed/20673997
http://www.ncbi.nlm.nih.gov/pubmed/20673997
http://www.ncbi.nlm.nih.gov/pubmed/19819545
http://www.ncbi.nlm.nih.gov/pubmed/19819545
http://www.ncbi.nlm.nih.gov/pubmed/19819545
http://www.ncbi.nlm.nih.gov/pubmed/19819545
http://www.ncbi.nlm.nih.gov/pubmed/21463894
http://www.ncbi.nlm.nih.gov/pubmed/21463894
http://www.ncbi.nlm.nih.gov/pubmed/21463894
http://www.ncbi.nlm.nih.gov/pubmed/21463894
http://www.ncbi.nlm.nih.gov/pubmed/128820
http://www.ncbi.nlm.nih.gov/pubmed/128820
http://www.ncbi.nlm.nih.gov/pubmed/128820
http://www.ncbi.nlm.nih.gov/pubmed/10870892
http://www.ncbi.nlm.nih.gov/pubmed/10870892
http://www.ncbi.nlm.nih.gov/pubmed/10870892
http://www.ncbi.nlm.nih.gov/pubmed/13678444
http://www.ncbi.nlm.nih.gov/pubmed/13678444
http://www.ncbi.nlm.nih.gov/pubmed/19290806
http://www.ncbi.nlm.nih.gov/pubmed/19290806
http://www.ncbi.nlm.nih.gov/pubmed/19290806
http://www.ncbi.nlm.nih.gov/pubmed/19290806
http://www.ncbi.nlm.nih.gov/pubmed/18824769
http://www.ncbi.nlm.nih.gov/pubmed/18824769
http://www.ncbi.nlm.nih.gov/pubmed/18824769
http://www.ncbi.nlm.nih.gov/pubmed/21268239
http://www.ncbi.nlm.nih.gov/pubmed/21268239
http://www.ncbi.nlm.nih.gov/pubmed/21268239

	Title
	Corresponding author
	Abstract
	Keywords
	Abbreviations
	Introduction
	Methods
	Cell isolation and culture  
	EML fabrication and culture 
	Histology and immunofluorescence 
	Mechanical properties  

	Results
	Morphology and histological characterization 
	Mechanical properties 
	Prevention of EML retraction 

	Discussion
	Acknowledgements 
	Table 1
	Table 2
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References



