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Abstract
Purpose  Tissue engineering techniques that allow the growth of vascularized tissue are currently being developed and 
characterized with the help of animal models such as the rat arteriovenous loop (AVL), a microvascular vessel loop that is 
generated microsurgically, and implanted within an isolation chamber. Inside the chamber, the loop can be embedded in 
different matrices that become considerably vascularized with time. While vascularization of rat AVLs has been studied in 
the context of various matrix materials, hypoxia and subsequent vascularization have so far not been longitudinally assessed 
in rat AVL constructs embedded in a collagen elastin matrix. This assessment, however, is important to determine the peak 
of vascularization and thus the ideal time frame for transplantation.
Methods  We employed histological and micro-computed tomography analyses with subsequent region-based image seg-
mentation that allows three-dimensional reconstruction of the vascular network 5, 15, 21, and 28 days post collagen elastin 
matrix-embedded AVL generation in rats.
Results  The number of newly formed vessels was substantially increased on day 15 compared to day 5 and plateaued at 
day 21 after surgery. The proportion of hypoxic cells in the loop constructs plateaued at day 15 and correlated significantly 
with the number of newly formed vessels. Moreover, vascularization was initiated extrinsically at the chamber entrance, and 
intrinsic sprouting occurred only later.
Conclusion  Hypoxia contributes to the vascularization of collagen elastin matrix-embedded AVLs, and extrinsic vasculari-
zation can occur through the isolation chamber entrance.
Lay Summary  Tissue survival after transplantation strongly depends on blood supply. Therefore, tissue engineering tech-
niques that allow the growth of pre-vascularized tissue hold the promise to find application in reconstructive surgery. Here, 
we examined vascularization of a collagen-embedded rat arteriovenous loop (AVL) over time. We found that vessel num-
bers were substantially increased 15–21 days after AVL generation, suggesting that this may be a suitable time frame for 
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transplantation. Moreover, we observed a correlation between hypoxia levels and vessel growth within the matrix, supporting 
the hypothesis that hypoxia plays a pivotal role in stimulating blood vessel outgrowth in the AVL model.
Description of Future Work  The rat arteriovenous loop (AVL) is an ideal model to investigate the influence of various matrix 
materials on vascularization. However, the effects of other matrix materials on hypoxia-induced angiogenesis, and the influ-
ence of angiogenesis-promoting factors on vascularization and survival of the AVL construct post-transplantation remain 
to be investigated.
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Abbreviations
AV	� Arteriovenous
AVL	� Arteriovenous loop
FITC	� Fluorescein isothiocyanate
H&E	� Hematoxylin and eosin
µCT	� Micro-computed tomography
MITK	� Medical imaging interaction toolkit
PBS	� Phosphate-buffered saline
PFA	� Paraformaldehyde
PLGA	� Polylactic acid and polyglycolic acid
ROI	� Region of interest

Introduction

Tissue engineering techniques hold the promise of produc-
ing tissues in vitro or in vivo that can then be implanted 
into patients in order to repair or replace damaged organs or 
body parts. The survival of implanted tissues at the recipi-
ent site is dependent on a sufficient supply of nutrients and 
oxygen. Accordingly, in vivo techniques that allow the 
engineering of vascularized implantable tissue that can be 

used as pedunculated flap or connected microsurgically to 
the existing vasculature within the target tissue represent a 
particularly promising approach. Appropriate in vivo tissue 
engineering methods that produce vascularized transplant-
able tissues are currently being developed and characterized 
preclinically with the help of animal models. An example 
of such a model is arteriovenous (AV) loops, artificial anas-
tomoses in which a venous graft is positioned between an 
artery and a vein to form a loop (for a review, see [1]).

The arteriovenous loop (AVL) model has been most 
intensively studied and characterized in experimental rats, 
where a venous graft is derived from the saphenous vein 
and anastomosed between the contralateral saphenous artery 
and saphenous vein in the medial thigh [2]. The loop can 
then be placed in a protective chamber that is implanted into 
the animal. Although an endogenous fibrin matrix develops 
within the chamber after implantation [3–5], the loops are 
usually embedded in exogenous biological matrices (e.g. 
[6–10]). However, certain commonly used matrix materials 
such as Matrigel or poly-d,l-lactic-co-glycolic acid (PLGA) 
are immunogenic and therefore have limitations in terms of 
translatability to clinical application [1, 6, 9] (Table 1). This 

https://BioRender.com/es3w7ng
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growing recognition has highlighted the need for improved 
biomaterials and has led to the increasing adoption of clini-
cally approved matrices such as MatriDerm. MatriDerm is 
an elastin collagen matrix composed of bovine type I, III, 
and V collagen fibers and bovine elastin. It is approved for 
the application in humans and has therefore gained substan-
tial interest as a matrix for tissue engineering purposes [11]. 
However, given its relatively recent use in the AVL model, 
the course of vascularization within a MatriDerm matrix 
remains to be assessed.

The vascularization of rat AVL constructs is driven by 
hypoxia [4, 7, 12] as well as increased endothelial shear 
stress due to increased blood flow through the venous graft 
[8]. Blood flow is a prerequisite for hypoxia-induced angio-
genesis [13]. The process of vascularization of AVL con-
structs has been intensively studied in the context of various 
matrices such as fibrin [4, 6, 8, 14], Matrigel [6, 7], PLGA 
[6], and collagen elastin matrices [15] (Table 1). The pub-
lished data suggests that the onset, speed, and extent of 
vascularization vary significantly, depending on the matrix 
material used [6] (Table 1). However, the extent of local 
hypoxia has so far not been longitudinally assessed and cor-
related with the extent of vascularization in the context of 
AVLs embedded in collagen elastin matrices. This assess-
ment, however, is crucial to determine for example the opti-
mal time point for the experimental transplantation of the 
AVL construct, which might coincide with the vasculariza-
tion maximum.

We therefore investigated the correlation between hypoxia 
and vascularization in rat AVLs embedded in a collagen 
elastin matrix within closed polytetrafluoroethylene (“Tef-
lon”) isolation chambers. To this end, we established AVLs 
in experimental rats. The animals were sacrificed 5, 15, 21, 
and 28 days after AVL surgery. Vascularization and hypoxia 
were assessed longitudinally by histology and by region-
based image segmentation of micro-computed tomography 
(µCT) data to allow three-dimensional reconstruction of the 
vascular network.

Methods

AVL Surgery

All animal experiments were approved by the local regula-
tory authorities (license numbers: 23 177–07/G13-7–008 
and 23 177–07/G15-7–021) and were performed according 
to German legal requirements.

Rats (Charles River, Sulzfeld, Germany) were kept 
in groups of 4–5 in type IV Makrolon cages (Tecniplast, 
Hohenpeißenberg, Germany) containing Abedd Aspen Clas-
sic (Ssniff GmbH, Soest, Germany). Rat/mouse extruded 
food (Ssniff) and fresh water were provided ad  libitum. Ta
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The room was kept at 22 ± 2 °C and 30–60% humidity on 
a 8:00–20:00 light cycle. The health status of the animals 
in the facility is assessed by the supplier (Charles River) 
before delivery.

Sixteen 7-week-old female Sprague–Dawley rats 
(271 g +/− 26 SD) were anesthetized with 2% isoflurane. 
Buprenorphine (0.05 mg/kg, approximately 225 µl/animal 
s.c.) and heparin (70–80 IE/kg, approximately 2.1 ml/animal 
i.v.) were applied subcutaneously/intravenously for intraop-
erative analgesia and to prevent blood clotting, respectively. 
All surgical procedures were performed by the same micro-
surgeon using an operative microscope (OPMI pico, Carl 
Zeiss, Jena, Germany). To isolate the venous graft, an inci-
sion of 2–3 cm length was made at the left medial thigh. 
The left saphenous vein was dissected free from the sur-
rounding connective tissue. The left thigh was then covered 
with a wet gauze while the contralateral side was prepared. 
To this end, a 2–3-cm-long incision was made at the right 
medial thigh. The right saphenous vein and artery were 
both dissected free from surrounding tissue. The contralat-
eral venous graft was then harvested at a length of approx. 
2 cm, flushed with heparin solution, and placed beneath the 
vessels of the right thigh, and the former proximal end was 
anastomosed to the artery between the right saphenous vein 
and artery using interrupted 11–0 Ethilon sutures (Ethicon, 
Somerville, USA). The AVL was then carefully placed in a 
polytetrafluoroethylene isolation chamber (custom-manufac-
tured at Karlsruhe Institute of Technology, KIT, Karlsruhe, 
Germany) between two layers of MatriDerm elastin collagen 
matrix (Medskin Solutions Dr. Suwelack, Billerbeck, Ger-
many) prepared with 500 µl NaCl solution. The chamber 
was closed with a matching polytetrafluoroethylene lid and 
attached to the underlying muscle fascia with a 6–0 suture. 
Both incision wounds were closed with subcutaneously and 
intracutaneously-running 4–0 absorbable sutures. For ade-
quate postoperative analgesia, buprenorphine was applied 
subcutaneously (0.05 mg/kg body weight; approximately 
225 µl/animal) twice a day for 2 days.

Pimonidazole Injection, Microfil Injection, 
and Subsequent Explantation of the Chambers

The polytetrafluoroethylene isolation chambers contain-
ing the AVL constructs were explanted 5, 15, 21, and 
28 days after surgery, with 4 animals for each time point. 
Pimonidazole was injected intraperitoneally at 60 mg/kg 
(approximately 325 µl/animal) into all animals 90 min prior 
to explantation. Explantation was performed under deep 
inhalation anesthesia using 2% isoflurane and oxygen and 
analgesia using buprenorphine (0.05 mg/kg body weight; 
approximately 225 µl/animal). The abdominal cavity was 
opened, and the abdominal aorta was then cannulated in 
a distal direction. Through the aorta, the vascular system 

of the lower extremities was first flushed with 20 ml of 
heparin solution (100,000 IE/l) and subsequently with yel-
low microfil solution (Flow Tec, Inc, Boulder, CA). The 
afferent saphenous artery and efferent saphenous vein were 
confirmed to be patent. After homogeneous perfusion of 
all vessels with 20 ml of microfil solution, the aorta and 
vena cava were ligated. Euthanasia was then performed by 
intracardial injection of phenobarbital (16 g phenobarbital 
in 100 ml solution with 2 ml/kg body weight; approximately 
550 µl/animal). For microfil cross-linking, the cadavers were 
stored for 90 min at 4 °C. After 90 min, isolation chambers 
with AVL tissue were explanted, fixed in 4% paraformal-
dehyde (PFA) for 12 h, and stored in phosphate-buffered 
saline (PBS) solution until µCT scans were performed. The 
AVL construct of one animal that was sacrificed 15 days 
post-surgery showed a strong accumulation of granulocytes, 
indicating inflammation, and was therefore excluded from 
the study.

µCT and Three‑Dimensional Volume Calculation 
of Vessel Networks

µCT scans were performed with an Inveon small-animal CT 
(Siemens Healthineers, Erlangen, Germany) at an exposure 
time of 2000 ms, 17.37 µm slice-thickness, and in-plane 
resolution of 9.64 µm (Feldkamp Cone Beam). Based on 
the CT data, the morphology and volume of the vessel net-
works were evaluated with the 3D region growing tool of 
MITK (Medical Imaging Interaction Toolkit, dkfz, Heidel-
berg, Germany) [16]. To this end, a seedpoint was placed 
in the venous graft, and a threshold interval was defined. 
The algorithm grew from the seedpoint to neighboring vox-
els and segmented every voxel within the threshold. The 
absolute vessel volume was determined by measurement of 
the completed vessel segmentation. Relative volumes were 
calculated as the ratio of the volume of the matrix or tissue 
and the total volume inside the isolation chamber.

Immunohistochemistry and Quantification 
of Vessels and Hypoxic/Normoxic Cells

After the µCT scans had been performed, the AVL tis-
sues were carefully removed from the isolation chambers 
and embedded in paraffin. The paraffin blocks were then 
cut into 5-µm-thick histological sections (Leica RM2255 
microtome, Leica Biosystems GmbH, Nussloch, Germany). 
Immunohistochemistry was performed using a pimonidazole 
kit (Hypoxyprobe, Inc., Burlington, MA) with anti-pimo-
nidazole mouse IgG1 monoclonal antibody (FITC-MAb1) 
and rabbit anti-FITC conjugated with horseradish peroxi-
dase as a secondary reagent. The staining was developed 
by incubation with diaminobenzidine and counterstained 
with Mayer’s hematoxylin. Exemplary sections from each 
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group of AVL constructs were stained with hematoxylin and 
eosin (H&E). H&E-stained histological sections were ana-
lyzed and photographed with an Olympus BX43 microscope 
(Olympus Europa SE, Germany). Hypoxyprobe stainings 
were imaged on an Axio Scan.Z1 slide scanner (Carl Zeiss 
Microscopy) equipped with a Hitachi HV-F202SCL camera. 
Selected fields were exported using ZEN software (Zeiss). 
Microfil-containing vessels and cells were quantified with 
Fiji/ImageJ (PMID 22743772). The region of interest (ROI) 
was defined as the region surrounding the venous graft in a 
vertical section.

Statistics

Plots were generated with Prism Version 8 (GraphPad, Bos-
ton, MA). Statistical analysis was performed with Prism 
Version 8 (GraphPad). Testing for statistical significance 
was performed via two-way ANOVA with Bonferroni cor-
rection (mean vessel number, percentage of hypoxic cells) or 
Pearson correlation (percentage of hypoxic cells and number 

of blood vessels). An error probability of < 0.05 was consid-
ered statistically significant.

Results

The Number of Newly Formed Vessels Reaches 
a Maximum at Day 21 After AVL Surgery, While 
the Total Vessel Volume Steadily Increases Until Day 
28 Post‑surgery

In order to investigate the development of the vascular net-
work and newly formed vessels in rat AVLs embedded in a 
collagen elastin matrix over time, we created AVLs in exper-
imental rats and implanted them within polytetrafluoroethyl-
ene isolation chambers (Fig. 1a). The AVL constructs were 
explanted 5, 15, 21, and 28 days post-surgery. The number 
and volume of the vessels within the chambers, including 
the main AVL vessels, were analyzed histologically as well 

Fig. 1   The number of newly formed vessels in the AVLs is sub-
stantially increased 15  days after surgery and reaches a maxi-
mum 21 days post-surgery. AVLs were established surgically in 16 
experimental rats. The loops were then embedded in a collagen elas-
tin matrix within Teflon chambers that were closed with a lid. Four 
animals at each time point were sacrificed on day 5, 15, 21, and 28 
post-surgery, and the AVL-containing chambers were explanted. The 
AVL construct of one animal that was sacrificed 15 days post-surgery 
showed signs of inflammation and was therefore excluded from the 
study. The AVL constructs were fixed, analyzed via µCT, then care-
fully removed from the chambers, cut into sections, H&E stained, 
and analyzed via histology. a From left to right: Representative 
intraoperative images of the AVL (A, saphenous artery; V, saphen-
ous Vein; G, venous graft; arrowheads pointing at the anastomoses); 
the loop within the chamber on top of the lower MatriDerm layer; 

AVL embedded between two layers of MatriDerm; chamber with 
lid. b Mean vessel number 5, 15, 21, and 28 days after AVL surgery 
within a region of interest defined around the AVL vessels. The ROI 
was consistent throughout all AVL constructs and timepoints. n = 4 
AVL constructs per group (5, 21, and 28 days post-surgery) and n = 3 
AVL constructs per group (15  days post-surgery). Error bars repre-
sent SE. c Absolute volume of the total vascular network in the AVL 
constructs, determined by µCT and subsequent application of region 
growing algorithm. n = 3 AVL constructs per group. Error bars rep-
resent SE. d Relative volume of the total vascular network in the 
AVL constructs, normalized to AVL construct volume, determined 
by µCT and subsequent application of region growing algorithm. 
N = 3 AVL constructs per group. Error bars represent SE. *p < 0.05; 
***p < 0.001; ****p < 0.0001, ns p > 0.05 
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as by µCT and subsequent application of a region growing 
algorithm, respectively.

At day 5 post-AVL operation, hardly any newly formed 
vessels (2.0 ± 0.71) were evident in the AVL construct 
(Fig. 1b). However, the number of new vessels was substan-
tially and statistically significantly increased at day 15 post-
surgery (2.0 ± 0.71 vs. 43.0 ± 4.58; p = 0.0001) (Fig. 1b). In 
comparison to day 15, the number of newly grown vessels 
was further statistically significantly increased 21 days post-
AVL generation, when the vessel counts reached a maxi-
mum (43.0 ± 4.58 vs. 63.75 ± 6.26; p < 0.05) (Fig. 1b) that 
remained stable until day 28 post-surgery (57.75 ± 3.12) 
(Fig. 1b). Moreover, the volume of the vessels within the 
AVL construct increased steadily from day 5 until day 28 
post-surgery (8.52 ± 1.08 vs. 19.16 ± 8.17) (Fig. 1c, d). In 
addition, we found no signs of hemorrhage in the histologi-
cal sections, suggesting vascular integrity.

Together, these findings show that vascularization in 
collagen elastin-embedded rat AVLs starts between 5 and 
15 days post-AVL surgery and reaches its maximum 3 weeks 
after loop surgery.

The Proportion of Hypoxic Cells in Collagen 
Elastin‑Embedded Rat AVL Constructs Is 
Increased from Day 15 Until Day 28 Post‑surgery 
and Positively and Statistically Significantly 
Correlates with the Number of Newly Formed 
Vessels

Hypoxia is one of the most prominent inducers of angiogen-
esis, and previous reports suggest that hypoxia is a major 
driving force behind the vascularization of AVL constructs 
in the rat [4, 7]. In order to investigate the longitudinal devel-
opment of hypoxia in collagen-elastin-embedded AVLs, 
we injected pimonidazole into all animals 90 min prior to 
AV-loop explantation on days 5, 15, 21, and 28 after AVL 
surgery. The loop constructs were cut into sections that 
were probed with antibodies specific for pimonidazole. The 
proportion of hypoxic cells in AVL constructs taken at the 
time points 5, 15, 21, and 28 days post-AVL surgery was 
assessed. Endothelial cells of the main AVL vessels were 
excluded from the analysis.

The percentage of hypoxic cells increased substantially 
in a statistically significant manner on day 15 post-surgery 
(23.71 ± 2.06 vs. 71.46 ± 2.25; p < 0.0001) and remained at 
the same elevated level throughout the duration of the exper-
iment until day 28 after surgery (70.90 ± 2.55) (Fig. 2a–e). 
The increase in the proportion of hypoxic cells coincided 
with the increase in blood vessel numbers presented above 
(Fig. 1f), suggesting a possible correlation between hypoxia 
and the number of newly formed vessels (Fig. 2f). Indeed, 
Pearson correlation analysis found a significant, positive 

correlation between the proportion of hypoxic cells and the 
number of new vessels (p < 0.05; R = 0.88) (Fig. 2f).

Our findings suggest that hypoxic conditions develop 
between day 5 and day 15 after AVL surgery and that the 
outgrowth of new vessels is induced in turn by hypoxia with 
a slight time lag of approximately 6 days.

Vascularization of AVL Constructs in Closed Isolation 
Chambers Starts Extrinsically

The findings presented above indicate that hypoxia is 
induced in the isolation chambers prior to day 5 after 
AVL surgery and reaches a plateau 10 days later (Fig. 2e). 
Accordingly, vascularization starts between 5 and 15 days 
after AVL generation and reaches a maximum 21 days post-
surgery. In order to identify and visualize the origin of vas-
cularization and to spatiotemporally follow the vasculariza-
tion process, we performed region-based three-dimensional 
image segmentations of µCT scans.

At day 5 post-surgery, hardly any capillary structures 
were observed in the three-dimensional reconstruction of 
the AVL, neither inside the chamber, nor at the chamber 
entrance (Fig. 3a). Ten days later, at day 15 post-surgery, 
newly formed vessels appeared mainly at the entrance 
region, both outside, and inside the chamber (Fig. 3b). Since 
several intermediate-sized vessels are present in the entrance 
region outside the camber, but not inside the isolation cham-
ber (Fig. 3b), and intermediate-sized vessels need longer to 
develop than smaller sprouts and capillaries, one can con-
clude that surprisingly, the sprouts originated from the tissue 
outside of the chamber and grew along the venous part of the 
loop, indicating extrinsic vascularization. This observation 
was consistent among all three available samples explanted 
15 days after AVL generation. Extrinsic sprouts were found 
to subsequently enter the chamber along the arterial part of 
the loop pedicle at day 21. Intrinsic sprouting could also be 
observed from day 21 onward, when newly formed vessels 
emanated mainly from the venous graft portion of the loop, 
while the arterial portion attached to the graft remained free 
of sprouts (Fig. 3c). The vessel network inside the cham-
ber had become denser 28 days after AVL generation and 
remained more pronounced in the venous part and around 
the graft. Moreover, the graft portion showed dilation, and 
newly formed vessels were now also visible next to the arte-
rial portion of the loop (Fig. 3d).

Furthermore, the fact that capillaries can be seen in the 
µCT images is dependent on the presence of and thus suc-
cessful perfusion with microfil. Therefore, perfusion of the 
newly formed vessels was also confirmed via µCT.

These data demonstrate that vascularization was initi-
ated extrinsically at the entrance of the isolation chamber 
between 5 and 15 days after AVL generation, confirming the 
results obtained from the histological analyses that show a 
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significant increase in vessel numbers at day 15 (Fig. 1b). 
Vascularization then continued intrinsically from the venous 
portion of the loop, the graft, and finally the arterial portion.

Discussion

The reconstruction of extensive soft tissue defects repre-
sents a significant challenge in plastic surgery, frequently 
necessitating the transfer of free tissue flaps for the effective 
reconstruction of the defect [17–19]. The efficacy of flap 
transfers is dependent on the presence of adequate vasculari-
zation within the flap tissue [18]. Insufficient vascularization 

frequently results in tissue ischemia and flap failure [20, 21]. 
Moreover, in order to obtain a flap, a wound of considerable 
size is generated, and structural weakness of the scar tissue 
can later lead to abdominal donor site comorbidities [22]. 
Additionally, in specific scenarios, recipient vessels may be 
unsuitable for microsurgical anastomoses, such as in patients 
with peripheral arteriopathy [20].

Tissue engineering techniques represent a viable solu-
tion for these challenges, as they facilitate the creation of 
sufficient recipient vessels [23, 24], and the surgical proce-
dures associated with the establishment and explantation of 
such tissue engineering constructs are less invasive than flap 
isolation, and the area of the wound that is inflicted during 

Fig. 2   The percentage of hypoxic cells is increased from day 15 
until day 28 post AVL surgery and correlates with the number 
of blood vessels in the AVL construct. AVLs were established sur-
gically in 16 experimental rats. Pimonidazole was injected into the 
animals before isolation chamber explantation 5, 15, 21, and 28 days 
after AVL surgery. The AVL constructs were fixed, then carefully 
removed from the chambers, and cut into sections. The sections were 
stained with antibodies specific for pimonidazole. Images were taken, 
and the proportion of normoxic and hypoxic cells in the AVL con-
structs relative to total cell numbers (excluding the endothelial cells 

of the main AVL vessels) was assessed. Representative images of 
pimonidazole stained vertical sections of AVL constructs at days 5 
(a), 15 (b), 21 (c), and 28 (d) days after surgery. Scale bars, 50 µm. 
Arrowheads indicate blood vessels filled with microfil. e The percent-
age of hypoxic cells in relation to total cell counts in the loop con-
structs at the indicated time points. ****p < 0.0001. f The percentage 
of hypoxic cells and the number of newly formed vessels 5, 15, 21, 
and 28  days after AVL surgery. Pearson correlation analysis of the 
percentage of hypoxic cells and the number of blood vessels across 
the four time points of the experiments. p ≤ 0.05. R = 0.88
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establishment and explantation is considerably smaller and 
therefore associated with significantly reduced donor site 
comorbidities.

The AVL has emerged as a well-established model for 
tissue engineering in small and large animal models, with 
the objective of generating axially vascularized tissues [1]. A 
thorough understanding of angiogenesis and the prevention 
of hypoxic conditions in engineered constructs are vital for 
the success of tissue engineering and tissue transfer. Current 
studies indicate that both hypoxia and flow-induced angio-
genesis play a significant role in this model [8, 12]. The 
advantage of the induction of angiogenesis and subsequent 
vascularization in AVL constructs is that even matrices of 
larger volumes can be generated that are completely perme-
ated by blood vessels that ensure the oxygenation of the 
entire construct.

Vascularization of rat AVL constructs has been studied 
in the context of various endogenous matrix materials that 

can influence the onset, speed, and extent of angiogenesis 
[6]. For example, AVLs embedded in Matrigel together with 
fibroblasts showed first signs of vascularization 7 days after 
AVL generation and reached a plateau 7 days later [7], sug-
gesting an earlier onset and higher speed of vascularization 
in comparison with the collagen elastin matrix employed 
here. In another study, the vascularization of a collagen gly-
cosaminoglycan matrix was assessed 14 and 28 days post-
AVL surgery and was directly compared to AVLs embedded 
in collagen elastin matrices [9]. Irrespective of the type of 
matrix, the number of vessels was substantially increased 
on day 28 in comparison with day 14 [9]. Vessel counts 
were significantly higher in collagen elastin matrices com-
pared to collagen glycosaminoglycan matrices [9]. When 
implanted within empty isolation chambers, rat AVLs pro-
duce their own endogenous matrix from fibrin-rich plasma 
exudates [3]. In this context, sprouting starts between day 3 
and day 7 and reaches a maximum between days 14 and 21, 

Fig. 3   Vascularization of AVL constructs in closed isolation 
chambers starts extrinsically between 5 and 15  days post-AVL 
surgery. AVLs were established surgically in 16 experimental rats. 
The loops were then embedded in a collagen elastin matrix within 
Teflon isolation chambers that were closed with a lid. Four animals 
at each time point were sacrificed on day 5, 15, 21, and 28 post-
surgery, and the AVL-containing chambers were explanted. Due to 
signs of inflammation, one animal that was sacrificed 15 days post-
surgery had to be excluded from the study. The AVL constructs were 

fixed, then analyzed using µCT. Representative coronal (a) and axial 
(b) µCT reconstructions of an AVL construct on day 5 are shown. A 
region-growing algorithm was subsequently applied to quantify ves-
sel volume, with representative results illustrated for days 5 and 28 
(c). Three-dimensional reconstructions of intrachamber vasculature 
are presented for days 5 (d), 15 (e), 21 (f), and 28 (g). Cross-sectional 
images of the AV loop demonstrate continuous microfil perfusion at 
the site of anastomosis on day 5 (h) and prominent sprouting vessels 
by day 28 (i)
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before slightly regressing afterwards with a clear reduction 
at day 28 [4]. These findings indicate that vascularization of 
endogenous fibrin matrices is induced earlier and progresses 
slightly faster in comparison with the collagen elastin matrix 
that we employed.

In conclusion, both the onset and the kinetics of vascular-
ization seem to slightly differ depending on the matrix mate-
rial used. However, when interpreting the available data, it is 
important to bear in mind that while the onset of vasculari-
zation can be safely compared, the ability of matrix materi-
als to retain their volume over time and divergent degrees 
of shrinkage may have an impact on the outcome of ves-
sel counts per area. Indeed, we have previously shown that 
matrix materials can significantly differ in terms of volume 
retention [15]. Therefore, we normalized vessel counts to 
matrix volume (Fig. 1d). However, a similar normalization 
has not been carried out in all of the studies that have been 
published so far, leading to a possible bias when comparing 
data obtained with different matrix materials. Regardless of 
these considerations, our findings have specific ramifications 
for the application of collagen elastin-embedded AVLs. We 
detected the highest vessel counts at day 21 post-AVL and 
therefore believe that 21 days post-AVL generation repre-
sents the optimal time point for transplantation of the AVL 
construct as a free tissue flap in rats.

Several lines of evidence suggest that the vascularization 
of rat AVL constructs is driven by hypoxia [4, 7, 12]. Here, 
we found in the context of AVLs embedded in a collagen 
elastin matrix that hypoxia is robustly induced between 
day 5 and day 15 post-AVL surgery, and that the percent-
age of hypoxic cells remained constantly high from day 15 
throughout until day 28. By contrast, in a study in which 
rat AVL constructs were embedded in fibroblast-containing 
Matrigel, hypoxic cells were already present at 3 days post-
AVL generation, and hypoxia was most pronounced at day 
7 but could no longer be observed 14 and 28 days after AVL 
surgery [7]. Similarly, in rat AVLs embedded in an endog-
enous fibrin matrix, hypoxic cells were evident from day 3 
onwards, and hypoxia peaked at day 7 post-AVL genera-
tion. Hypoxia reduced progressively from day 14 onwards, 
and hypoxic cells were absent from the construct 28 days 
post-AVL surgery [4], a timepoint at which hypoxia was 
still at a plateau phase in our setting with MatriDerm as 
an exogenous matrix material. Thus, in comparison with 
endogenous fibrin or Matrigel matrices, hypoxia is induced 
later in the context of collagen elastin-embedded AVLs. 
This is in line with the observation that the onset of vas-
cularization is delayed in collagen elastin matrices when 
compared with fibroblast-containing Matrigel matrices and 
endogenous fibrin matrices. In contrast to our observation 
that the proportion of hypoxic cells was above 20% on day 
5 (Fig. 2e) and plateaued at more than 70% from day 15 
onwards, only 10% of the cells in rat AVLs embedded in 

an exogenous fibrin matrix were hypoxic 14 days post AVL 
surgery [12]. Moreover, in comparison with fibrin matrices 
and Matrigel matrices, we observed a more pronounced and 
persistent hypoxia. This suggests that the kinetics and extent 
of hypoxia can differ significantly dependent on the matrix 
material used, which is consistent with the notion that the 
onset of vascularization is delayed, and that the speed of 
vascularization is reduced in the context of elastin collagen 
matrices.

Small avascular tissue engineering constructs become 
vascularized extrinsically after grafting. However, in this 
setting, the size of the constructs that can be successfully 
implanted is restricted. AVL constructs are considered to 
be superior in this regard, since the vasculature established 
within the construct before transplantation is associated with 
both a better blood supply after grafting, and also with the 
possibility of successfully grafting even larger constructs.

The pattern of vascularization of the AVL construct has 
been assumed to be dictated by the design of the chamber. 
While intrinsic vascularisation by sprouting of new ves-
sels from the AV loop is observed in isolation chambers 
(e.g. [4, 5, 7, 8, 13]), a porous chamber design additionally 
allows a more immediate, extrinsic vascularization [25] via 
sprouting and ingrowth of vessels from the periphery of the 
chamber into its center [26]. In the context of porous cham-
bers with a fibrin-hydroxyapatite/β-tricalcium phosphate 
matrix, extrinsic and intrinsic vascularization of rat AVL 
constructs occurred in parallel, with only minor differences 
in their respective extent [18]. In contrast to this observa-
tion, and also unlike descriptions of exclusively intrinsic 
vascularization in isolation chambers (e.g. [4, 5, 7, 8, 14]), 
we report here that vascularization of a closed isolation 
chamber was initially extrinsic, and that intrinsic sprouting 
only occurred secondarily. In our setting, intrinsic vasculari-
zation first initiated within the venous portion of the loop 
and the venous graft, and finally also started in the arterial 
portion of the loop. In line with the observation that new 
vessels first sprout from the venous portion of the loop, vas-
cularization first originating from the venous graft has also 
been reported in the context of AVLs embedded in Matrigel 
together with fibroblasts [7]. Another study followed the 
events during vascularisation of rat AVL constructs embed-
ded in an exogenous fibrin matrix 2, 7, 10, and 14 days post-
AVL surgery, with the explicit aim of assessing potential dif-
ferences in vascularization emanating from the arterial and 
venous portions of the loop as well as from the venous graft 
[14]. Newly formed vessels were present on day 14, and the 
majority of the newly formed vessels were found to sprout 
from the venous portion of the loop and from the venous 
graft, whereas the arterial part of the loop showed hardly 
any nascent vessels [14]. Further confirmation of the venous 
origin of the first newly formed vessels in rat AVL constructs 
comes from a study that observed that new sprouts extruding 
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from the femoral vein were visible before sprouts from the 
recipient artery were detectable [4]. This is in line with the 
observation that in loops that contained an arterial instead of 
a venous graft, sprouting did not occur at all [8].

Together, these observations indicate that collagen elas-
tin matrices support a different pattern of vascularization in 
AVL constructs, as extrinsic sprouting occurred even when 
closed isolation chambers were used.

In conclusion, our findings emphasize the critical role 
of the matrix utilized within the AVL construct concern-
ing vascularization and hypoxia, as well as the significance 
of chamber design. Further studies should concentrate on 
the evaluation of longitudinal vascularization in different 
chamber designs to determine the optimal time point for 
transplantation of individualized engineered tissue flaps.
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