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Tissue Engineering

INTRODUCTION

New alternatives for the replacement of human blood 
vessels are becoming increasingly necessary to address 
growing clinical problems associated with aging, trauma 
and vascular disease (1). Grafts based on synthetic mate-
rials and xenogenic or autologous tissues are hampered by 
limitations of rejection, thrombosis, chronic inflammation, 
fibrosis and limited supply (2). Tissue engineered grafts 
have the potential to solve at least some of these pro-
blems. Successful approaches have  included the use of 
multi-cell layers to form myocardial patches and tubes (3), 
cell-seeded blood vessel implants (4, 5) and decellularized 
tissues composed of native matrix proteins (6, 7). Once 
assembled, a plethora of conditions including mechanical 
loading and media flow perfusion etc. can be controlled 
with the aim of optimizing eventual functional properties 
(1, 8). However, selection, monitoring and application of 

such 3D culture control parameters have not always been 
soundly or systematically based. Interestingly, this bottom-
up process engineering of tissue function has also infor-
med our understanding of physiology, growth and repair 
processes. 

Native 3D structure of most tissues is characterized by 
specific and essential 3D cell-matrix architecture at the mi-
cro- and nano-scales (9, 10). By culturing cells in appro-
priate spatial locations and by engineering the density and 
fibrillar architecture of their supporting Extracellular matrix 
(ECM), this 3D tissue geometry can be mimicked (11-15). 
Attempts to build such spatially biomimetic systems have 
been developed around 3D collagen gels (16) in which 
the rapid fabrication process of plastic compression (PC) 
is used to produce controlled collagen densities to levels 
comparable to native tissue (12). However in the process of 
solving many of the basic questions of directly engineering 
simple, living collagenous tissues with biomimetic structu-
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spatial locations within tissues, in this case the vascular 
media, develop and adapt to utilize defined ranges of O2 
tension. Unintended or uncontrolled tendencies for O2 gra-
dients to produce locally inappropriate smooth muscle cell 
phenotypes would then be a serious problem in enginee-
ring vascular structures. Consequently, it is important to 
use biomimetic engineering to understand and generate 
similar spatial /O2 gradients in artificial 3D tissues where 
they are functionally important. 

Blood vessel engineering is a particularly stark example 
of potential 3D construct mismatch in vivo. In this, as in 
culture, O2 nutrient gradients form from the surface to the 
core of the 3D construct. In contrast, even the earliest na-
turally perfused vessel will have a reverse gradient from the 
core to the outer layer. This mismatch in O2 nutrient gra-
dient direction has to be carefully considered when desi-
gning and engineering 3D in vitro vascular models. Indeed, 
given the possibility that different cell types (in this case 
vascular smooth muscle cells in the media and fibroblasts 
in the adventitia) respond differently to varying O2 tension, 
cell spatial positioning would be critical. In this study we 
have quantified O2 consumption by PASMCs seeded un-
der a range of conditions in dense 3D collagen tubular 
constructs to establish a working experimental model of 
the system. We hypothesize that O2 consumption by resi-
dent cells, rather than matrix density /diffusion coefficient 
or diffusion path length will effectively generate natural (i.e. 
biomimetic) transverse O2 gradients from the outer wall 
surface of the construct to the core (lumen).  In this study 
we have dissociated between these three elements and 
have correlated O2 consumption gradients with cell density 
to test if exposure of core cells to lower O2 tension reduces 
cell survival, measured as cell viability along the radial con-
sumption gradient, under both static and dynamic perfu-
sion culture conditions. Furthermore, to show how different 
cell types behave in terms of O2 consumption, we quantita-
tively compared PASMC responses to those of human der-
mal fibroblasts (HDFs), cultured under identical conditions 
in the same 3D model (13) up to 6 days in culture.

MATERIALS AND METHODS

Cell preparation and expansion

Pulmonary arterial smooth muscle cells (PASMCs) were 
isolated from elastic intrapulmonary arteries from five nor-
mal 14 day-old Large White piglets. All piglets were kept in 
accordance with the NIH (USA) Guide to the Care and Use 
of laboratory animals (1996) and Home Office (UK) regu-

re, it is now important to tackle the perceived, but poorly 
understood question of deep cell perfusion/viability. 

Given the obvious limitations of mass transport (without 
microvascular perfusion) in 3D culture, a clear evidence-
based understanding of the formation and effects of pre-
vailing O2 tension gradients on deep cell behavior is es-
sential (17-21). Previous work has examined the formation 
of such diffusional oxygen gradients in statically cultured 
cardiac constructs and their effects on spatial cell distri-
bution and cell viability (18). Similarly, vascular smooth 
muscle cells (SMCs) are, by their nature, likely to generate 
steep O2 gradients and it is key to know their responses 
in different parts of the vessel wall, both across (radial) 
and  along (longitudinal) the vessel axis (22). O2 tension 
in vivo is high in arterial blood but reduces rapidly with di-
stance away from the lumen (radially) into the surrounding 
adventitia. Cells in specific spatial positions through the 
vessel wall are habitually exposed to a range of O2 tensions 
governed by their own metabolic activity and density. We 
have previously found that in matrix-rich ECM systems dif-
fusion distance and matrix density contribute to, but do 
not dominate, gradient formation (13). Critically, the O2 re-
quirement varies for different cell types, cell behaviors and 
tissues. Indeed, while respiratory epithelium and outer skin 
layers are exposed to atmospheric levels of O2 (21%; 160 
mmHg), physiological hypoxia (1-10% O2; 7.6-76 mmHg) 
is by far the most common natural environment for most 
mammalian tissues (23). 

Local O2 tension can itself regulate some cell-based 
events, such as angiogenic signaling (24, 25). Hypoxia 
Inducible factor-1 alpha (HIF-Iα) is a potent transcription 
factor (24) for a variety of angiogenic markers, primarily 
vascular endothelial growth factor (VEGF), and a major 
stimulus of this is low O2 tension or physiological (7.6-76 
mmHg O2) and pathological (<7.6 mmHg O2) hypoxia (26). 
In most tissues, HIF-Iα induces and regulates angiogene-
sis by controlling growth factor expression involved in the 
growth of new capillaries. However, in avascular cartilage, 
HIF-Iα upregulates the synthesis of major matrix compo-
nents, such as collagen type II, suggesting that O2 tension 
regulates cell signaling in a cell/tissue specific manner. 

A substantial body of literature already suggests that the 
wall of pulmonary blood vessels is home to a number of 
distinct cell phenotypes, including inner and outer layer 
pulmonary arterial smooth muscle cell (PASMC) types (27-
29). Outer PASMCs (i.e., furthest from the lumen) are not 
only more contractile, they respond to chronic hypoxia by 
reducing contractility. In contrast, inner PASMCs (adjacent 
to the vessel lumen) show no change in their contraction 
profile (27). It is possible, therefore, that cells in specific 
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in radial wall thickness of cell-seeded constructs over a 
3-day culture period (data not shown). Required cell den-
sities were calculated in direct proportion to the initial cell 
seeding density and fluid loss during plastic compression. 

lations. Immediately after death, the lungs were removed 
and 1 cm lengths of the main intrapulmonary artery dis-
sected from both lower lobes. PASMCs were isolated by 
dissection and enzyme dissociation from the outer (50%) 
medial layers, as described previously (30). The cells were 
grown in F12-Hams medium supplemented with 20% fetal 
calf serum (First Link, West Midlands, UK), 2 mM gluta-
mine and penicillin/streptomycin (1000 U/mL; 100 mg/mL, 
Gibco Chemicals) and used between passages 3 and 8. 
For removal of cells from monolayer culture, flasks con-
taining cells were washed with PBS, and incubated with 
trypsin (0.5% in 5 mM EDTA, Invitrogen, UK) for 5 minutes 
at 37°C.

preparation of 3d plastic compressed (pC)  
collagen gel constructs 

Once detached, cells were counted and embedded in 3D 
collagen type I gels. Collagen gels were set in a mold with 
dimensions 2.2 (width) x 3.3 (length) x 1 cm (height). For 
collagen gel preparation, 0.5 mL of 10xEagles MEM solu-
tion (Gibco Life Technologies, Paisley, UK) was added to 4 
mL rat-tail type I collagen (First Link, UK Ltd) in 0.1 M ace-
tic acid, protein concentration 2 mg/mL, neutralized with 1 
and 5 M NaOH, using the indicator color changes from yel-
low to cirrus pink. This gel preparation was added to a 0.5 
mL cell suspension and set in the mold at 37°C for 30 mi-
nutes. Gels were then removed from the mold and routinely 
compacted by a combination of compression and blotting 
between layers of supporting nylon mesh and filter paper 
sheets (12). Collagen gels were loaded with a 120 g mass 
for 5 minutes at room temperature, to provide flat colla-
gen sheets (96.4±8.7µm thick (12)) protected between two 
nylon meshes. Importantly, plastic compression has pre-
viously been shown not to significantly reduce cell viability 
(12). These dense, dehydrated collagen sheets were then 
rolled around a 1 mm external diameter hollow mandrel 
(0.8 mm internal diameter) to produce tight spirally wound 
tubular constructs, ~4 mm in external diameter, 21 mm in 
length (Fig. 1a). Use of a tubular construct model in this 
case enabled rapid and precise layering of collagen sheets 
which would be technically difficult with a planar model. 
Construct radial (wall) thickness was varied between ~1.5 
mm and ~2 mm by controlling the starting sheet length of 
the collagen sheet, hence the number of spiral layers; PC 
collagen sheets of 3 cm in length produced 15 layer spiral 
constructs, corresponding to 1.446±0.13 mm radial wall 
thickness (each layer was 96.4±8.7µm thick), while sheets 
of 4.5 cm long produced 20 spiral layers and 1.93±0.17 
mm radial wall thickness. There was no significant change 
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Fig. 1 (a) schematic of development of tubular spiral collagen con-
structs. Compressed collagen sheets were spiraled around a man-
drel and an o2 probe was inserted into the mandrel before the man-
drel was withdrawn, leaving the probe in the center of the construct. 
Constructs were then sealed at both ends using cyanoacrylate glue, 
which also ensured that spiral constructs were kept from unwinding 
in culture. (b) schematic of the experimental set up, with o2 probe in 
the centre of a spiraled plastic compression construct. Constructs 
were cultured in 50 ml media. (c) assessment of cell viability in-
volved unrolling 3d constructs and dissecting 2 regions correspond-
ing to the core and surface of the spiral constructs.
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minimal drift in response. Fiber-optic probes were used in 
conjunction with an OxyLab pO2ETM system (Oxford Op-
tronix Ltd, Didcot, UK) coupled to an A/D converter (12 bit) 
with data collection to Labview (National Instruments, TX, 
USA). Results are presented as partial pressure values (i.e., 
pO2) in mmHg (e.g., 7.6mmHg corresponds to 1% O2). To 
calculate O2 consumption rate (mmHg O2/h) in cell-seeded 
constructs, the hourly O2 tension in cell-seeded constructs 
was subtracted from the 24-hour average O2 tension in 
acellular constructs.

Cell viability

Cell viability was qualitatively assessed using the Live/ 
Dead Viability/Cytotoxicity Kit (L-3224; Molecular Probes, 
Eugene, OR, USA) based on the simultaneous staining of 
live and dead cells with calcein AM and ethidium homo-
dimer (EthD-1), respectively. Quantitative analyses were 
carried out with Live/Dead Reduced Biohazard Viability/
Cytotoxicity Kit (L-7013; Molecular Probes, Eugene, OR, 
USA) according to the manufacturer’s protocol. SYTO-10, 
a green fluorescent nucleic acid stain and Dead Red (ethi-
dium homodimer-2) were used, and, after capturing ima-
ges, live/dead nuclei were counted to give % cell viability. 
Spiral constructs were first unrolled and then cut into 2 
sections, corresponding to core and surface regions and 
stained (Fig.1c). Viability of cells in each construct was 
performed independently from the O2 measurements. 
Representative areas were chosen in two regions (core 
and surface) of PC constructs and were visualized using 
confocal microscopy (Bio-Rad Radiance 2100; Carl Zeiss 
Ltd, Hertfordshire, UK). Five or more random fields were 
viewed per section with at least 3 samples for each expe-
rimental condition. 

dynamic perfusion cell culture

Collagen spiral constructs were produced by rolling PC 
cell-seeded collagen sheets round a solid mandrel (1 mm 
diameter) and sealing the ends of each construct using 
cyanoacrylate glue. The mandrel supporting the constructs 
was then inserted into a silicone tube (8 mm internal dia-
meter, 80 cm length)  connected at one end to a peristaltic 
pump (Masterflex, Cole Parmer) and at the other end to 
a 500 mL media reservoir. The flow rate was adjusted so 
that the constructs were perfused with medium around the 
outer construct surface (i.e., no medium flow through the 
lumen) at a constant rate of 1 ml/min throughout the cultu-
re periods of 24 hours or 6 days. During the culture period, 
500 mL of complete medium was re-circulated. 

Final cell density was calculated as: initial cell density x 
fold volume change during PC. Hence for a typical initial 
gel volume of 5 mL, and collagen concentration of 0.2%, 
this increased to 11% following compression (measured 
by dry/wet weight ratio), corresponding to a 58-fold incre-
ase. Since all seeded cells remain within the PC collagen 
gel, final cell density increased in proportion from 200,000 
cells/mL (or 1 million cells/construct) to 11.6 million cells/
ml, and from 400,000 cells/mL (or 2 million cells/ construct) 
to 23.2 million cells/mL (13).  

oxygen monitoring 

Fiber-optic O2 probes (Oxford Optronix, Oxford, UK) 
were inserted into the lumen of acellular and cell-seeded 
3D tubular constructs by first inserting the probe into the 
mandrel, positioning it halfway along the long axis of the 
construct and withdrawing the mandrel to leave the sensor 
probe (280 μm diameter)  in the construct lumen (1 mm 
diameter) (Fig. 1a). The constructs were then sealed at both 
ends using cyanoacrylate glue. In addition to preventing 
O2 diffusing longitudinally into the construct from the two 
ends, sealing the ends also ensured that spiral constructs 
were kept from unwinding in culture and that the O2 probe 
was secured in place to prevent its longitudinal and radial 
movement during the experiment. Hence, a diffusion length 
of >1 mm was dominant throughout the construct, radially 
across the tube wall from lumen to surface. The 3D moni-
toring set-up is shown schematically in Figure 1b. Three-
dimensional samples were cultured statically in standard 
100 mL universal tubes. Constructs attached to O2 probes 
were bathed in 50 mL complete medium composed of F12 
Ham’s media supplemented with10% (v/v) fetal calf serum 
(FCS, First Link, Birmingham, UK), 2 mmol/L glutamine (Gi-
bco Life Technologies, Paisley, UK), 1,000 U/mL penicillin 
and 100 mg/ml streptomycin (both from Gibco Life Tech-
nologies, Paisley, UK). There was no change of medium 
during each experiment. The tip of the sensor probe incor-
porates an O2-sensitive luminescent compound within an 
O2-permeable matrix. Quenching of the luminescence by 
molecular O2 allows the luminescence emission lifetime to 
be used as a read-out of O2 tension in immediate surroun-
dings. The calibration of the optical O2 probe is accurate to 
0.7 mmHg, with exceptional stability over 6 days at the slo-
west sampling rate (13). Readings were taken continuously 
in real-time. O2 tension in the construct core refers to me-
asurements recorded within the construct lumen, while O2 
tension at the construct surface refers to O2 tension recor-
ded in the surrounding  media. After each experiment, the 
probe reading was taken in the external medium to confirm 
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We also tested the effect of increasing diffusion distance 
on core O2 tension within the lower cell density constructs 
(11.6x106 cells/mL). This compared the effects of increa-
sing the diffusion distance (i.e., construct wall radial thick-
ness) from ~1.5 mm to ~2 mm. This not only resulted in 
increased wall thickness, but also increased the total num-

statistical analysis

The t-test was used for all analyses, as a maximum of 
2 groups was used per analysis; a minimum of 3 samples 
was tested for all conditions. Error bars indicate standard 
deviation from the mean. 

RESULTS

We first measured O2 diffusion into the core of cell-free 
PC collagen tubular constructs (~1.5 mm radial wall thick-
ness). This kind of validation and calibration studies wi-
thout cells (Fig. 2a) provided a steady-state base level O2 
tension at the core and surface (~148 mmHg) over 24 hours 
(note that the fluctuations in core O2 tension over 24 h were 
not statistically significant, p>0.05). This core level was not 
significantly different from the external medium (data not 
shown), indicating a “zero” gradient with free O2 diffusion 
through the nano-fibrillar collagen matrix of the wall. This 
concurs with our previous work showing a high O2 diffusion 
coefficient through this dense collagen (unpublished data). 
In contrast, cellular constructs (~1.5 mm radial thickness) 
exhibited time-dependent O2 depletion in their core over 
a period of 24 hours (Fig. 2a). O2 tension fell rapidly over 
0 to 5 hours depending on cell density, reaching 10±6.2 
mmHg for high cell density constructs (23.2x106 cells/mL) 
and 80±11.7 mmHg at the low density (11.6x106 cells/mL). 
The 2- and 8-fold decrease in O2 tension at low and high 
cell densities, respectively, was significant (p<0.05) indica-
ting that cell O2 consumption (i.e., the number of cells con-
suming O2 along the diffusion path) was a central deter-
minant of core O2 tension in the system at 24 hours. Core 
O2 tension was inversely proportional to cell density. Figu-
re 2b illustrates the relationship between cell density and 
O2 consumption rate, with constructs seeded at twice the 
cell density having an O2 consumption rate that was 2-fold 
greater over the 12- to 24-hour period of culture. The ini-
tial consumption rate (0-5 h) was 3-fold higher at the high 
cell density, perhaps due to pre-adaptational differences in 
core cell metabolism at different O2 tensions (going from 
culture hypoxia to tissue-like normoxia). Importantly, core 
O2 tension was found to be stable over extended periods, 
from 24 to 72 hours, at ~20 mmHg (Fig. 2c). This contrasts 
with the same system previously established using HDFs, 
which adapted over the 24- to 72-hour period to reduce O2 
consumption, such that core O2 tension rose to 65 mmHg 
by 30 hours (13). This 3-fold difference between the PA-
SMC and HDF O2 level became statistically significant at 
40 hours (Fig. 2c). 

A
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Fig. 2 - (a) o2 tension in the centre of acellular and pasmC-seeded 
spiral constructs cultured for 24 h. two different cell densities were 
measured, 11.6 million cells/ml and 23.2 million cells/ml (average of 
n=5 for each data set is presented here). time-zero is taken as the 
time point when the probe was positioned in the construct. (b) rate 
of o2 consumption within constructs seeded with 11.6 million cells/
ml and 23.2 million cells/ml and cultured for 24 h. (c) o2 tension in 
the centre of spiral constructs seeded with 23.2 million cells/ml and 
cultured for 3days (n=3). Comparative hdF data has been derived 
from Cheema et al (13), *p<0.05. 
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We previously established that human dermal fibroblasts 
(HDFs) seeded at 23.2x106 cells/mL within compressed 
collagen constructs retained high (80%) core cell viability 
for up to 5 days in culture (13). This was compared with the 
effect of physiological hypoxia on PASMCs by measuring 
the difference in cell viability between core and surface cells 
(high density cultures) over 0-6 days. Exposure of PASMCs 
to the lowest levels of O2 (~10 mmHg) in the core had no si-
gnificant effect on 24-hour cell viability (Fig. 4a), which was 
over 95% in both the core and surface of the construct, 
indicating that this cell type is not rapidly susceptible to 
short term hypoxia. However, after 6 days of static cultu-
re, there was a significant reduction in cell viability both at 
the construct core (55%) and surface (75%) (p<0.05) (Fig. 
4a). This decrease in cell viability was accompanied by a 
gradual increase in core O2 tension from 20 mmHg at 72 
hours to 100 mmHg at day 6, as overall O2 consumption 
was reduced, apparently due to the reduced cell number 
(Fig. 4b). It is important to note, however, that this increase 
in core cell death, at low O2 tension, was accompanied by a 
smaller but still significant level of cell death at the surface 
where O2 was not depleted.  

We hypothesized that introduction of forced flow of me-
dium to this static system would reduce O2 gradient forma-
tion. Constructs were then tested under dynamic perfusion 
for cell survival. Dynamic perfusion culture of high cell den-
sity constructs for 6 days significantly improved core cell 
viability at day 6 (from 55% in static culture to 70% in dyna-
mic perfusion culture, p<0.05) (Fig. 5). Six-day surface cell 

ber of cells along that diffusion path (i.e., the consum-
ption gradient increased with distance). Figure 3 shows 
that for acellular constructs, increasing the diffusion di-
stance had no significant effect on core O2 tension. For 
cell-seeded constructs, an increase in diffusion and con-
sumption path-length of 33% resulted in an increase in O2 
consumption (by ~30%) and reduction in core O2 tension 
(marked here as significant after 12 h, p<0.05). Importan-
tly, even though the increase in diffusion/consumption 
path generated a proportionately lower core O2 tension 
this difference emerged as a new basal value of core O2 
tension post 12 hours, rather than an altered initial rate of 
consumption (0-10 h slope).  

Fig. 3 - o2 tension in the centre of acellular spiral constructs and 
constructs  seeded with 11.6 million cells/ml and cultured for 24 h. 
Constructs had a radial thickness of 1.5mm (15 layers spiral) or 2 mm 
(20 layers spiral), * p<0.05. 

Fig. 4 - (a) Cell viability measured at time zero and then at 1, 3 and 6 days in static cultures (23.2 million cells/ml), *p<0.05. (b) o2 tension in 
the centre of spiral constructs seeded with 23.2 million pasmCs/ml and cultured for 6 days.

A B
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lar geometry mimics “3D vascular tissue geometry”, it effec-
tively creates radial O2 gradients which are opposite to the 
natural gradients. The use of a tubular model in this case 
did not aim to reproduce the directional anisotropy of in 
vivo gradients, but made it feasible to engineer a 3D model  
tissue where cell density and radial thickness could be ea-
sily and predictably controlled (12), in order to examine their 
effects on spatio-temporal changes in O2 tension.

There was a direct linear relation between cell density 
and O2 consumption by 24 hours, however, the initial (0-5 

viability (88%) was also increased relative to static (75%) 
but this was not statistically significant, being effectively 
the same as short-term (day 1) with minimal cell death (Fig. 
5). Dynamic perfusion culture, however, did not abolish 
the difference in cell viability between core and surface, 
observed with static culture, which remained statistically 
significant after 6 days (p<0.05). The observed increase in 
long-term core cell viability under perfusion culture was in 
agreement with the finding that cellular O2 consumption 
imposed a limitation in core O2 availability and compromi-
sed cell survival. 

DISCUSSION

The field of vascular tissue engineering is growing, with 
many groups focusing on understanding and re-creating in 
vitro environments for the successful culture of appropriate 
cell types. A blood vessel comprises three spatially distin-
ct layers; adventitia (fibroblast component), media (smooth 
muscle cell component), and an inner endothelial luminal 
layer (31). Groups have developed vascular models and 
grafts by using different combinations of cell layers. Nikla-
son and colleagues have focused on using polyglycolic acid 
(PGA) scaffolds for seeding a smooth muscle cell layer with 
an inner endothelial layer (8). In comparison L’Heureux and 
colleagues have focused on using cell sheets of fibroblasts 
round a decellularized internal membrane and an inner en-
dothelium (2, 4). In the present study we have focused on un-
derstanding how to optimally grow vascular smooth muscle 
cells in dense 3D collagen scaffolds and have compared the 
required O2 conditions with those of fibroblast studies from 
previous work using the same system (13). Cell-specific op-
timization of O2 conditions could provide an important tool 
to successfully engineer each segment component of a ves-
sel wall.  

The major limiting factor resulting in O2 depletion in the 
core of 3D collagen constructs was cell consumption of 
O2 and not a limitation of O2 diffusion caused by extended 
diffusion path-length through ECM (up to 1.5-2 mm, as te-
sted in this model). Previous research carried out on thick 
fibrin matrices has indicated that gel thickness, in the or-
der of centimeters, was not a limiting factor for O2 diffusion 
(32). Such components of native ECM (i.e., collagen, fibrin) 
have already been used in direct applications as biomimetic 
tissue engineering scaffolds. Differentiating between diffu-
sional and cell consumption limitations, in terms of nutrient 
supply to the scaffold core, is critical for the design of biore-
actors where constructs are cultured prior to implantation. 

It is important to note that while the current model’s tubu-

Fig. 5 - Cell viability, as measured by live/dead assay for constructs 
seeded with 23.2 million pasmCs/ml and cultured for 1 and 6 days 
under static and dynamic perfusion culture conditions, * p<0.05. 

Fig. 6 - Cell viability, as measured by live/dead assay for constructs 
seeded with hdFs and pasmCs at 23.2 million cells/ml and cultured 
for 1 and 6 days under static culture conditions, *p<0.05. Compara-
tive hdF data has been derived from Cheema et al (13). 
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tissue perfusion within a 3D construct could have important 
implications for the layer-by-layer (e.g., cell-sheet and ma-
trix-sheet engineering)  approach which has been pursued 
by a number of groups due to its architectural relevance to 
blood vessel structure (4, 25, 37). 

While our data suggests that in cell-seeded collagen con-
structs the formation of O2 gradients was the result of cell 
consumption, it is possible that changes in material pro-
perties through cell-mediated matrix remodeling could also 
have contributed at later stages to changes in O2 diffusion 
(38). Indeed, cell-seeded constructs cultured for 2 days 
had a 2.5 fold higher stiffness modulus (p<0.05) compared 
to day 0 cell-seeded constructs (data not shown). Within 
such a short time period, however, and given the high ini-
tial stiffness (1.8 MPa (12)) of acellular compressed collagen 
matrix (~50 fold higher than the stiffness of uncompressed 
collagen hydrogels-40 KPa (39), which undergo cellular re-
modeling within 24 h), this  increase in stiffness was likely 
contributed by cytoskeletal elements (cytoskeletal stiffness) 
which act additively to matrix stiffness (40). However, it is 
possible that over longer periods of culture, cell-mediated 
matrix remodeling (increase in density of collagen filaments 
or cross-linking between collagen fibrils, namely, change in 
the porosity of the material) could have a significant effect 
on O2 diffusion (41).   

Viability of PASMC in the core of high cell density con-
structs exposed to levels <10mmHg of O2, remained high 
(~80%) up to 3 days, however by day 6 this level decreased 
to 58%. We have established, then, that PASMCs can sur-
vive physiological hypoxic conditions for at least 24 hours. 
While PASMC exposure to hypoxia did not result in rapid 
cell death (i.e., within 24 h), continued exposure did kill cells, 
probably until the core O2 rose again, sparing the remaining 
cells. It is important to note that while plastic compression 
has previously been shown not to significantly reduce cell 
viability (12), at such high seeding cell densities no cell proli-
feration occurred (39). This implies there was a net reduction 
in cell number within constructs at 6 days. Not surprisin-
gly, this was accompanied by a gradual increase in core O2 
tension, in agreement with reduced overall O2 consumption, 
representing a natural feedback mechanism, likely to mirror 
that found in vivo. A previous study has shown that the en-
vironment within polymer scaffolds containing transplanted 
hepatocytes was hypoxic (p O2 <10 mmHg) after 5 days in 
vivo (42), indicating that the detrimental effect of hypoxia on 
long-term cell survival is not limited to in vitro culture. Howe-
ver, this study highlights that the reported effect of hypoxia 
on cell viability has to be treated with caution, as different 
cell types show different consumption and sensitivity to re-
duced O2 tension. As discussed above, HDFs can adapt to 

h) rate of O2 consumption was not directly proportional to 
cell density. In fact, for the higher cell density (double that 
of the lower cell density) initial O2 consumption was 3-fold 
higher. This finding seems to be in agreement with the well-
established principle that rates of energy metabolism are 
dependent not only on a single substrate but on the entire 
nutrient-metabolite milieu. For instance, oxygen uptake is 
enhanced at low glucose concentrations (the Crabtree ef-
fect (33)). Oxygen consumption rate also varies with oxygen 
concentration and pH (34). The linear relationship which de-
velops within 24 hours may represent an adaptive response 
by cells to the surrounding O2 environment. There is likely to 
be an iterative feedback response with regards to O2 consu-
med and O2 available, which in turn will regulate the cellular 
metabolic response and other changes in gene expression, 
primarily extracellular matrix production and up-regulation 
of angiogenic signals (35, 36). It is important to note that 
smooth muscle cell densities in the present study are com-
parable to those used in previous vascular engineering stu-
dies (40-100 x 106 cells/mL) (8).

O2 consumption by HDFs, cultured in the same 3D sy-
stem, showed that for a seeding density of 23.2x106 cells/
mL, O2 tension was not significantly different  compared to 
that observed with PASMCs after 24 hours (13). While core 
O2 tension  (~20 mmHg) was found to be stable over exten-
ded periods, between 24 and 72 hours for PASMCs, this 
was not the case with HDF cultures where core O2 tension 
rose back to 65mmHg by 30 hours (Fig. 2c). As mentioned 
above, this is likely to be due to differences in cell metaboli-
sm and O2 utilization between the two cell types, with HDFs 
appearing to adapt to hypoxia by reducing their O2 consum-
ption. These findings suggest that PASMCs are high consu-
mers of O2 and that cell phenotype, as well as cell density, is 
an important determinant of O2 consumption. 

Constructs of varying radial thickness (15 vs. 20 layers, 
corresponding to ~1.5 vs. ~2 mm thickness) and thus of 
varying diffusion and consumption path length, exhibited 
different plateau values of O2 tension. This response, ho-
wever, was characterized by a 12-hour lag phase. Given the 
high diffusion coefficient of O2 through acellular collagen 
(unpublished data), the 33% increase in terms of material 
thickness should minimally affect the rate of diffusion, which 
was in agreement with experimental data. This  indicates 
that the 12-hour lag phase observed here was a function of 
the cell O2 consumption gradient established in this system. 
Controlling construct thickness (i.e., number of cell-seeded 
layers), as well as cell density (i.e., number of cells per layer) 
could thus provide an additional means for controlling the 
rate of O2 consumption through a construct. This ability to 
selectively and predictably “tune” O2 distribution and local 
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CONCLUSIONS

We have determined parameters for the successful 
culturing of PASMCs within dense collagen tubular con-
structs, resulting in prolonged cell survival. The current 
collagen model establishes that O2 perfusion is primarily 
dependent on cellular O2 consumption and is therefore 
cell-phenotype and density specific. Our findings suggest 
that it could be possible to spatially organize cells within 
3D constructs to control O2 distribution throughout the 
construct, as well as to limit/control O2 perfusion to cer-
tain well-defined construct areas. These controls could 
potentially act as effectors of metabolic or angiogenic cell 
signaling.
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hypoxia by reducing their O2 consumption, resulting in signi-
ficant long-term viability (Fig. 6). This has important impli-
cations for engineering complex tissues where two or more 
cell types are present (such as blood vessels). 

In our 3D model, in addition to O2 availability, the diffu-
sion of key higher molecular weight nutrients (i.e., glucose) 
may be a limiting factor for cell survival. Glucose diffusion 
coefficients have previously been established and this is 
not found to be limiting for cells in the same 3D model (43). 
While glucose diffusion might not be a limiting factor, static 
culture of cells within this 3D model does produce  a gluco-
se consumption gradient from the construct surface to its 
core within 24 hours (unpublished data), implying that low 
core glucose levels could have contributed to decreased 
core cell viability. However, previous work has shown that 
fibroblasts exposed to hypoxia become tolerant to gluco-
se starvation as they switch to amino acids as an energy 
source (44). Whether PASMCs respond in a similar manner 
remains to be examined.  

It is also important to consider the possibility that cells cul-
tured statically (without circulation of culture medium) were 
exposed to increased levels of toxic metabolic products 
(such as lactic acid, not measured here), diffusing away from 
the core cells. This could explain the observed reduction in 
surface cell viability (25% by day 6) which could not easily 
be explained by any limitations in O2 or glucose availability. 
Indeed, previous research has shown that effective pH buf-
fering reduces cell death by attenuating the acidosis that 
accompanies anaerobic metabolism (45).

The above findings suggest that when engineering fun-
ctional tissues, a trade-off needs to be established  betwe-
en the high cell density required and O2 availability (46). 
It has thus been suggested that in diffusion-limited tissue 
constructs, a more sophisticated transport system must 
be employed (41, 46, 47). Compared to static culture, dy-
namic perfusion culture has previously been shown to in-
crease gas transport and maintain normoxic levels of O2 
tension within 3D constructs (48, 49). Dynamic perfusion 
culture (over the outer construct surface) significantly im-
proved core cell viability at day 6, although this remained 
significantly lower than surface cell viability. It was pre-
viously shown that perfusion culture increases cell viability 
within a construct and improves the spatial uniformity of 
cell distribution (50-53). Here we have shown that O2 avai-
lability became limiting and impacted on core cell survival 
in static cultures. Medium perfusion improved core cell 
viability presumably by increasing O2 transport, preventing 
depletion of nutrients at the surface of the construct, as 
well as by effective removal of harmful metabolic products 
released by core cells. 
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