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Biofunctionalization of ADA-GEL Hydrogels Based on the
Degree of Cross-Linking and Polymer Concentration
Improves Angiogenesis

Stefanie Heltmann-Meyer, Rainer Detsch, Jonas Hazur, Lasse Kling, Sabrina Pechmann,
Rajkumar Reddy Kolan, Justus Osterloh, Aldo R. Boccaccini, Silke Christiansen,
Carol I. Geppert, Andreas Arkudas, Raymund E. Horch,* and Dominik Steiner*

The creation of bioartificial tissues is a promising option for the
reconstruction of large-volume defects. The vascularization of tissue
engineering constructs, as well as the material properties of the carrier matrix,
are important factors for successful clinical application. In this regard,
hydrogels are promising biomaterials, providing an extracellular matrix-like
milieu that enables the possibility of cell transplantation and de novo tissue
formation. Furthermore, biofunctionalization allows for a certain fine-tuning
of angiogenic properties. This study aims to investigate vascularization and
tissue formation of highly cross-linked alginate dialdehyde (ADA) and gelatin
(GEL). This highly cross-linked network is created using a dural cross-linking
mechanism combining ionic (Ca2+ ions) and enzymatic (human
transglutaminase (hTG)) cross-linking, resulting in reduced swelling and
moderate degradation rates. Vascularization of the ADA-GEL-hTG constructs
is induced surgically using arteriovenous (AV) loops. Biocompatibility, tissue
formation, and vascularization are analyzed by histology and X-ray
microscopy. After only 2 weeks, vascularization of the ADA-GEL-hTG
constructs is already present. After 4 weeks, both de novo tissue formation
and vascularization of the ADA-GEL-hTG matrix increase. In conclusion,
ADA-GEL-hTG-based hydrogels are shown to be promising scaffold materials
for tissue engineering applications.
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1. Introduction

To identify suitable biomaterials for tis-
sue regeneration applications, it is neces-
sary to ascertain that they fulfill a num-
ber of specific requirements. Besides en-
abling an extracellular matrix-like milieu,
good biocompatibility, and the possibility
of biodegradation, the biomaterials should
support vascularization. Regarding clinical
application, vascularization of tissue engi-
neering constructs is the bottleneck. Only
a sufficient microvascular endothelial net-
work connected to the host organism allows
for cell survival and thereby de novo tis-
sue formation. Polysaccharides such as algi-
nate polymers, which are obtained from al-
gae, are common biomaterials.[1] They are
already widely used in the food industry
and in medicine.[2] For medical applica-
tions, alginate is used primarily in wound
care and, due to its ability to form hy-
drogels, achieves good results in wound
healing.[3] Alginate is often used as a soft
hydrogel, but can also be transformed into
a very firm matrix that is able to withstand
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greater loads.[4] It is also characterized by its good
biocompatibility.[5] Moreover, alginate affords the possibility
of forming it into a desired 3D shape, that it can retain by cross-
linking it with calcium chloride (CaCl2) and in addition also
offers a rigid structure independent of temperature. This pro-
vides a wide range of applications. However, low biodegradability
and the absence of cell adhesion motifs are major disadvan-
tages of pure alginate.[6] Through modification by means of
partial oxidation, alginate can be covalently bonded to gelatin
(GEL), resulting in the so-called alginate dialdehyde–gelatin
(ADA-GEL).[7] The cross-linking of alginate and gelatin has
been optimized, resulting in a complete conversion from sol
to gel.[8] The inner pore structure of ADA-GEL was revealed by
cryo-SEM images. Depending on the strength of the ionic Ca2+

cross-linking, a pore area between 1.5 ± 0.9 and 3.4 ± 0.2 μm2

was found.[9]

The coupled gelatin offers integrin-binding sequences (RGD)
to which cells can better adhere, and thus promotes biocompat-
ibility as well as angiogenesis.[10] Gelatin is a well-known bio-
material for tissue engineering applications, supporting de novo
tissue formation and angiogenesis.[11] However, gelatin itself de-
grades quite rapidly, which can be detrimental during prolonged
periods of application.[12] ADA-GEL is a hydrogel that has al-
ready been successfully tested in research.[13] ADA-GEL with a
lower concentration (2.5/2.5% wv) has also been investigated in
vivo in AV loops, in the form of microcapsules demonstrating
good vascularization and biocompatibility properties.[13a] In our
study, a higher concentration and different composition of ADA-
GEL (3.75/7.5% wv) was used, which was evaluated in a previous
study.[14] In this work, it was shown that CaCl2 and additionally
microbial transglutaminase (mTG) increase stiffness, swelling
behavior, and degradation rates. Besides that, cross-linking with
mTG leads to a further transformation and the conversion of
the gelatin-containing components into a solid state.[14] Transglu-
taminases occur naturally, for example in the blood, where they
act as factor XIII in clotting by means of fibrin.[15] The reason
for the application of this double cross-linking was to increase
the stability of the ADA-GEL hydrogels without affecting their
biocompatibility, for example by using additional chemical cross-
linkers such as genipin.[12]
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For the adequate vascularization of the ADA-GEL-hTG con-
structs, we used the well-established rat arteriovenous loop
model (AV loop).[11a,16] Forming an arteriovenous fistula between
the saphenous artery and vein allows for a reliable vasculariza-
tion of biomaterials upon 2 to 4 weeks after implantation. In
addition to that, the AV loop model is a highly standardized in
vivo model for investigating biocompatibility, biodegradation, de
novo tissue formation, and vascularization of innovative bioma-
terials. For our study, we have chosen a short (2 weeks) and a
longer (4 weeks) implantation period in order to discriminate be-
tween early and late biomaterial–host interactions. Besides con-
ventional histology, we established X-ray Microscopy (XRM) as a
new method in order to describe vascularization originating from
the AV loop.

2. Results

2.1. Postoperative Follow-Up, Construct Stability and
Macroscopic Appearance

All rats tolerated the surgery and implantation period well with-
out wound healing disturbances or rejection reactions. After ex-
plantation, five of six constructs (83.3%) in the 2-week group and
four of six (66.7%) in the 4-week group were identified as patent
and were included in the study.

The explants were soft, and deformable but stable, with yellow-
colored vessels due to the contrast agent (Figure 1). The weight of
the constructs decreased significantly from the 2 - to the 4-week
group (1.62 ± 0.13 g vs 1.36 ± 0.12 g; p = 0.004) (Figure 1).

2.2. Tissue Formation and Immune Response

In all constructs, newly formed and highly vascularized tissue
was found (Figure 2). Newly formed connective tissue was found
after 2 weeks and 4 weeks. This was mainly located directly
around the main loop vessels. After 4 weeks, the connective tissue
also began to extend further into the periphery of the construct
(Figure 2D).

The newly formed tissue was predominantly located around
the AV loop with a trend of more connective tissue after 4 weeks
compared to the 2-week group (1.66 ± 0.67 mm2 vs 0.86 ± 0.32
mm2; n.s.) (Figure 3A). Comparing the construct size between
the 2- and the 4-week group, no statistically significant differ-
ences were detected (14.03 ± 3.93 mm2 vs 11.02 ± 1.76 mm2

n.s.) (Figure 3B). The ratio between the connective tissue area
and the construct size, as a surrogate parameter for remodeling,
increased significantly from 2 to 4 weeks (6.18 ± 1.50 vs 14.93
± 4.68; p = 0.01) (Figure 3C).

To determine the immune response toward the matrix,
macrophages were highlighted using CD68 staining (Figure 4).
No multinuclear giant cells were found. CD68-positive cells were
predominantly located in the highly vascularized construct parts
as well as in the interface between the connective tissue and the
ADA-GEL-hTG matrix. Moreover, macrophages can be observed
in non-vascularized parts of the ADA-GEL-hTG matrix.

Additionally, CD86 and CD163 immunostainings were car-
ried out in the 4-week group to differentiate between the
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Figure 1. Macroscopic appearance and construct weight. The explants were opaque and the vessels appeared yellow-colored upon the perfusion with
Microfil after 2 weeks A) and after 4 weeks B). The hydrogel construct weight was significantly lower after 4 weeks C). Scale bar = 5 mm (A, B). Quan-
tification of the construct weight is shown as mean ± SD. 2-week group n = 5 specimen and 4-week group n = 4 specimen. Shapiro–Wilk normality test
followed by t-test was used for statistical analysis. Statistically significant differences are indicated for ** p ≤ 0.01.

pro – (M1) and anti-inflammatory (M2) subtypes. We were able
to detect M1 and M2 macrophage subtypes in the specimen with-
out a tendency toward the pro- or anti-inflammatory subtype
(Figure 5).

2.3. Surgically Induced Angiogenesis and Construct
Vascularization

As previously described, we were able to prove that newly
formed vessels originated from the AV loop in all constructs
(Figure 2A–D). The Microfil was located inside the vessels and
no Microfil was found in the newly formed tissue or ADA-
GEL-hTG matrix as a surrogate parameter for the vessel in-
tegrity. Using 𝛼-SMA staining, we were able to demonstrate
that most of the newly formed vessels contained smooth mus-
cle cells in their media layer (Figure 6). Calculating the ves-
sel number per histological cross-section did not reveal a sta-
tistically significant difference between the 2-week and 4-week
groups (24.5 ± 14.48 vs 70.25 ± 52.11; n.s.). In addition to
this, the vessel density, calculated as vessel number per connec-
tive tissue area (in μm2), indicated statistically significant dif-
ferences (19.81 ± 9.65 μm−2 vs 56.95 ± 23.96 μm−2; p = 0.03)
(Figure 6C,D).

For a more detailed analysis of new vessel formation, the ex-
plants were examined by X-ray microscopy (XRM). Since histol-
ogy only allows a limited spatial view of vascularization, XRM
allows for a more holistic approach. Corresponding to the macro-

scopic and histological findings, the XRM revealed 5 out of 6
patent AV loops after 2 weeks and 4 out of 6 after 4 weeks. Of
those, one construct had to be excluded due to incomplete perfu-
sion. After 2 weeks, newly formed vessels originating from the
AV loop were found in the XRM reconstructions (Figure 7A).
After 4 weeks, a larger and denser vessel network was found
(Figure 7B).

A more detailed look at the newly formed vessels originating
from the AV loop revealed a denser vessel network after 4 weeks
(Figure 8A,B). Analyzing the radius of the newly formed vessels,
we were able to demonstrate statistically significant larger vessels
in the 4-week group compared to the 2-week group (77.06 ± 61.0
vs 53.31 ± 33.60 μm; p ≤ 0.01) (Figure 8C).

Furthermore, the overall cumulative length of the newly
formed vessel network was calculated (1544 ± 685 mm after
4 weeks and 1027 ± 628 mm after 2 weeks; n.s.). As most
of the newly formed vessels displayed a radius of between 5
and ≈50 μm, we calculated the corresponding cumulative vessel
length in both groups. We were able to demonstrate that most
of the newly formed vessels displayed a radius within a range
of 5–50 μm, but the cumulative length of the vessel network did
not differ in this interval (947 ± 558 mm after 2 weeks vs 1495
± 669 mm after 4 weeks; n.s.) (Figure 9).

Another parameter gathered from the XRM data is the vol-
ume of the vascular network. Calculating the volume of the newly
formed vessels, there is a trend toward a larger newly formed net-
work in a radius range of 5–50 μm (1.16 ± 0.56 mm3 after 4 weeks
vs 0.74 ± 0.35 mm3 after 2 weeks; n.s.).
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Figure 2. Histological overview with detailed images A–D). H&E staining was performed and microphotographs were taken of the 2- (A, B) and 4-week
(C, D) groups. Newly formed vascularized tissue originating from the AV loop was found in all groups. The ADA-GEL-hTG matrix is indicated by the
asterisks (*) and the AV loop by the bold arrows. Scale bar = 500 μm (A, C) and 100 μm (B, D). Images based on scans with PANNORAMIC 250 Flash
scanner and prepared using CaseViewer 2.4, 0.23 μm pixel−1 (3DHISTECH, Budapest, Hungary).

3. Discussion

Biofunctionalization of biomaterials has become an important
tool in tissue engineering applications. Tailored functionaliza-
tion allows the properties of materials to be better adapted to
desired application areas. This can, for example, improve the
stability of constructs or their vascularization. For instance, the
addition of RGD motifs to spider silk hydrogels has improved
the stability of the constructs over a period of 4 weeks.[17] Addi-
tionally, angiogenesis was promoted by the RGD motifs. When
methacryloyl was added to gelatin (so-called GelMA), degrada-
tion could be decelerated.[11a] Likewise, the unpredictable degra-
dation rate of alginate can be rendered controllable with oxida-
tion to ADA.[18] Moreover, by coupling ADA hydrogels to gelatin,
the biointeraction of the hydrogel can be adjusted.[10] Apart from
gelatin, laminin can also be used to functionalize gels in or-
der to improve cell migration and angiogenesis.[19] Laminin of-
fers various binding sites such as RGD, collagen, and others,
which mimic the ECM and therefore enhance the biocompat-
ibility of materials.[20] Apart from increasing biocompatibility,
vascularization can also be promoted by biofunctionalization. It
has already been demonstrated that with covalent bonding of
the neuropeptide substance P, angiogenesis can be induced.[21]

Another way to enhance vascularization is with the addition
of signaling molecules. In this process, known molecules such
as vascular endothelial growth factors (VEGFs) and fibroblast
growth factors (FGFs) can be used to stimulate new blood vessel
formation.[22]

It has already been shown that vascularization can be posi-
tively influenced by cellularization.[16b] Thus, cellularization is
another option to enhance the vascularization of biomaterials.[23]

This was also achieved by co-cultivation of fibroblasts and en-
dothelial cells (HUVECs) demonstrating good cell migration and
proliferation in ADA-GEL.[24] Moreover, Ruther and colleagues
engineered vascular-like structures with the use of ADA-GEL,
thus providing a starting point for the generation of bioartificial
vessels.[24] On the other hand, there is also the possibility to surgi-
cally induce intrinsic vascularization.[25] For this purpose, Tanaka
et al. compared different techniques.[26] A distinction is made be-
tween the AV bundle and an AV loop. The AV bundle consists
of a distal ligated artery with its venae comitantes that is passed
through a biomaterial in parallel. In the AV loop model, an artery
is connected to a vein by means of a vein graft, and the resulting
loop is placed into the biomaterial. The AV loop has been shown
to produce more vessels and new connective tissue, i.e., the vas-
cularization of biomaterials works faster and better.[26]

In the present study, the principle of the AV loop also
proved to be effective. It was demonstrated that in the ADA-
GEL-hTG matrix, the percentage of connective tissue per con-
struct area was significantly higher after 4 weeks with 14.93%,
than within GelMA (3.44%), as tested in a former AV loop
study.[14] Distler and colleagues have already demonstrated that
cross-linking ADA-GEL with transglutaminase allows for fine-
tuning toward better cell adhesion, cytocompatibility, and slower
degradation of the required properties.[14] The isopeptide bind-
ing of gelatin biomolecules by transglutaminases increases the
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Figure 3. Quantification of tissue formation A), construct size B), and de novo tissue/construct size ratio C). Although the connective tissue area and
construct size did not change in a statistically significant way (A, B), there was clear remodeling in the 4-week constructs. The de novo tissue/construct
size ratio increased significantly after 4 weeks (C). Quantification data of n = 5 rats (2-week group) and n = 4 rats (4-week group) is shown as mean ± SD
from 1 representative histological cross-section. Shapiro–Wilk normality test followed by t-test was used for statistical analysis. Statistically significant
differences are indicated for * p ≤ 0.05.

constructs’ stiffness, reducing swelling and degradation rates
while maintaining high biocompatibility. In terms of biodegra-
dation based on the remaining construct size after 4 weeks, the
ADA-GEL-hTG matrix displayed faster biodegradation compared
to former AV loop studies using scaffolds such as GelMA or re-
combinant spider silk ink. More precisely, 55% of the original
GelMA and 68.5% of the original spider silk ink were still present
in comparison to 18.4% ADA-GEL-hTG.[11a,17]

Fibrin is a Food and Drug Administration (FDA) -approved
biomaterial that is widely used in clinical practice. The biodegra-
dation of fibrin gel was investigated in a previous AV loop study
revealing a very rapid biodegradation after 4 weeks. A direct com-
parison shows that significantly more of the ADA-GEL-hTG ma-
trix remained after 4 weeks compared to the fibrin gel (18.4
vs 4.8%).[27] In comparison with an earlier AV loop study, in
which an ADA-GEL hydrogel matrix with a lower polymer con-
tent (2.5/2.5% wv) was used, the increased polymer content
(3.75/7.5%) and a higher degree of cross-linking have no influ-
ence on biodegradability after 4 weeks (14.6 ± 3.66 mm2 vs 11.02
± 1.76 mm2).[13a]

Regarding biocompatibility, the absence of foreign body giant
cells and the equal proportion of pro- (M1) and anti-inflammatory
(M2) macrophages is a strong indicator for the low immuno-
genicity of the ADA-Gel-hTG.[28] This supports the findings of
previous in vivo studies with other ADA-GEL compositions.[13a,29]

The presence of CD68-positive cells, since they are found al-
most exclusively in the de novo formed tissue and at the in-
terface with the matrix, could indicate that they are signifi-
cantly involved in the formation and assembly of the connective
tissue.

However, it was found that new vessel formation could be
significantly influenced by the higher ADA-GEL (3.75% ADA
– 7.5% GEL) and higher cross-linking degree when compared
with a former ADA-GEL study using lower polymer concentra-
tions (2.5/2.5% wv). More precisely, the number of vessels in the
current ADA-GEL-hTG study is already as high after 2 weeks as
in the previous ADA-GEL study after 4 weeks (24.5 ± 14.48 vs
31 ± 24).[13a] After 4 weeks, about twice as many blood vessels
were found in the current ADA-GEL-hTG study as in the previ-
ous ADA-GEL study (70.25 ± 52.11 vs 31 ± 24). This makes the
ADA-GEL-hTG hydrogel more suitable for possible transplanta-
tion of cells because they can be better supplied by faster vascular-
ization. This result suggests that the increased polymer concen-
tration and the higher degree of cross-linking due to the addition
of hTG have a positive effect on the improvement of vascular-
ization. Compared to other leading biomaterials tested in the AV
loop model, such as fibrin gel or recombinant spider silk ma-
trices, a slightly lower number of vessels per cross-section was
found in the ADA-GEL-hTG matrix (107 ± 25 vs 99 ± 52 vs 70.25
± 52.11).[30]
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Figure 4. CD68 immunostaining. In order to visualize CD68-positive cells, an anti-CD68 antibody was used after 2 A,B) and 4 weeks C,D) implantation
time. The bold arrows indicate the AV loop, and the asterisks (*) are the ADA-GEL-hTG matrix. Macrophages are colored in red. Scale bar = 500 μm (A,
C) and 100 μm (B, D). Images based on scans with PANNORAMIC 250 Flash scanner and prepared using CaseViewer 2.4, 0.23 μm pixel−1 (3DHISTECH,
Budapest, Hungary).

On the other hand, there was a significant increase in the num-
ber of blood vessels after 4 weeks compared to a previous AV loop
study in which GelMA was used. Here, a fourfold increase in the
number of newly formed blood vessels was found in in the ADA-
GEL-hTG group compared with GelMA (70 ± 52 vs 16 ± 9).[11a]

Even though the results are promising, and the model is
highly standardized, it is important to bear in mind that
reliance on the rat AV loop model may not fully repli-
cate the complexity of biocompatibility and vascularization in
humans.

Regarding histology, there are some limitations with respect
to quantitative analysis when assessing vessel formation. Since
histology only depicts one or a few cross-sections of a construct,
X-ray microscopy (XRM) is a more holistic approach for vi-
sualizing the entire vascular network. The high resolution of
5.9 μm voxel−1 enables the detection of small capillaries (≤10 μm
diameter), as well as arterioles and venules (≤100 μm diameter).
Although not statistically significant in histology, we observed
more vessels per cross-section after 4 weeks compared to the
2-week group. Concordant with histology, we were able to prove

Figure 5. CD86 and CD163 immunostaining. To visualize proinflammatory (M1) macrophages an anti-CD86 antibody was used A). Conversely,
anti-inflammatory M2 macrophages were detected with an anti-CD163 antibody B). The asterisks (*) indicate the ADA-GEL-hTG matrix. M1 or M2
Macrophages are colored in red. Scale bar = 500 μm]. Images based on scans with PANNORAMIC 250 Flash scanner and prepared using CaseViewer
2.4, 0.23 μm pixel−1 (3DHISTECH, Budapest, Hungary).
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Figure 6. 𝛼-SMA staining depicting smooth muscle cells in the media layer and quantification of vascularization. Smooth muscle cells were red-stained
using an anti-𝛼-SMA antibody, with A) being the 2-week group, and B) being the 4-week group. The vessel count revealed no significant changes from 2 to
4 weeks implantation time C), but in the number of vessels per connective tissue area D). Scale bar = 50 μm. Images based on scans with PANNORAMIC
250 Flash scanner and prepared using CaseViewer 2.4, 0.23 μm pixel−1 (3DHISTECH, Budapest, Hungary). Quantification data of n = 5 rats (2-week
group) and n = 4 rats (4-week group) is shown as mean ± SD from 1 representative histological cross-section. Shapiro–Wilk normality test followed by
t-test was used for statistical analysis. Statistically significant differences are indicated for * p ≤ 0.05.

Figure 7. X-ray microscopy (XRM). After 2 A) and 4 weeks B), the constructs were perfused with Microfil and scanned by XRM. The 3D reconstructed
images are color-coded according to vessel thickness from thin (blue) to thick (red). The resulting 3D image data was analyzed with respect to the
thickness and length of the vessels. After 4 weeks, an increase in vessel formation was detected when compared with the 2-week group.
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Figure 8. Analysis of vessel thickness and their distribution in the XRM. After 4 weeks, XRM revealed a denser vessel network B) compared to the 2-week
group A) (color-coded according to vessel thickness from thin (blue) to thick (red)). After 4 weeks, the newly formed vessels displayed a larger diameter
C). Data plotted as non-linear regression; sixth order polynomial. The 2-week group is shown in red, and the 4-week group in blue.

vascularization of the ADA-GEL-hTG constructs. While histology
only allows a limited quantification of angiogenesis per cross-
section, XRM allows a complete analysis of the AV loop. In this re-
gard, the cumulative vessel length allows the quantification of all
newly built vessels using XRM. In our study, we were able to de-
tect a cumulative vessel length of 947± 558 mm after 2 weeks and
1495 ± 669 mm after 4 weeks. Moreover, XRM revealed that the
vessel network matured as the vessels from the 4-week group dis-
played a statistically significant larger radius compared to the 2-
week group. XRM data evaluation with specialized software such
as XamFlow allows not only the analysis of 2D parameters such

Figure 9. Cumulative vessel length in the XRM. Vessel length is calculated
as a dependency of the radius from 5 up to 50 μm. The 2-week group is
shown in red, and the 4-week group in blue.

as the network length but also gives insight into 3D properties
like the vessel network volume. This image can also be used to ob-
serve the quality or maturation of the vascular network over time.
However, the XRM technique has also some limitations. The
detection of the newly formed vessels is highly dependent on the
complete perfusion of the specimen and the contrast agent. As
contrast agents such as Microfil (used in this study) are character-
ized by a high viscosity, increasing with perfusion time, there is
a risk that parts of the vessel network are not perfused at all. This
can result in gaps or drop-like features in the image that have to
be excluded from the evaluation. In our study, we had to exclude
one specimen from XRM analysis due to insufficient perfusion.
For future XRM studies, a suitable contrast agent with a lower vis-
cosity must be used in order to allow a complete perfusion of the
specimen.

4. Conclusion

In this study, we were able to demonstrate the good biocompat-
ibility of ADA-GEL-hTG hydrogels in vivo. In comparison with
previous studies, the additional enzyme cross-linker hTG and the
elevated polymer concentration resulted in an enhancement of
the angiogenic potential of the ADA-GEL-hTG matrix. This was
accomplished without any deleterious effects on the processes
of tissue formation and biodegradation. Furthermore, XRM mi-
croscopy has been shown to be an effective technique for more
precise analysis of angiogenesis. The newly formed 3D vascular
network can be reconstructed and subjected to quantitative anal-
ysis using XRM microscopy.
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Figure 10. Arteriovenous (AV) loop operation. After the microsurgical anastomosis of the AV loop A), the loop was placed on top of the ADA-GEL-hTG
hydrogel in the PTFE chamber B), covered with another layer of hydrogel C) and the chamber was closed with a lid D). Afterward, the skin was closed
over the chamber. Scale bar = 5 mm.

5. Experimental Section
ADA-GEL-hTG Production: Alginate dialdehyde (ADA) was prepared

by partial oxidation of sodium alginate Vivapharm PH163S2, which was
approved as a pharmaceutical excipient. 1.337 g of sodium (meta) perio-
date (NaIO4 – BioUltra, ≥99.5%) was used as an oxidizing agent per 10 g
of sodium alginate.[13c]

The exact procedure of the oxidation process was conducted as pre-
viously described.[13c] For the preparation of human transglutaminase
(hTG), Fibrogammin (200 U mL−1) was activated using CaCl2 (2.5 mm)
and thrombin (7.5 U mL−1) overnight at 37 °C and stored at −80 °C until
use. For the preparation of ADA-GEL-hTG, 7.5% (w/v) of ADA and 15%
(w/v) of GEL were each dissolved by stirring at 37 °C for each implanta-
tion. After mixing equal volumes of the stock solutions, hTG was added to
a final concentration of 20 U mL−1 and stirred for 10 min at 37 °C. Then,
the resulting ADA-GEL-hTG hydrogel was sterile-filtered to a final concen-
tration of 3.75%ADA-7.5%GEL.

Arteriovenous Loop Surgery: The animal experiments were approved by
the Animal Care Committee of the University of Erlangen and the Govern-
ment of Mittelfranken (AZ 55.2-2532-2-763) and were carried out accord-
ing to EU Directive 2010/63/EU. For the AV loop surgeries, 6 male Lewis
rats per group were operated on. Under anesthesia, an incision was made
in the right groin of the rats, the saphenous artery and vein were dissected,
and a vein graft was harvested. Thereafter, an arteriovenous loop (AV loop)
was established between the left saphenous artery and vein using a vein
graft with 11-0 Ethilon (Ethicon, New Jersey, USA). The round Polytetraflu-
oroethylene (PTFE) chamber (inner diameter: 10 mm, height: 6 mm) was
half-filled with ADA-GEL-hTG and cross-linked using 100 mm CaCl2 for
10 min. Thereafter, the PTFE chamber containing the ADA-GEL-hTG hy-
drogel was washed with Hanks’ Balanced Salt Solution (HBSS; Sigma–
Aldrich) and placed into the left groin. After positioning the AV loop in the
PTFE chamber, the chamber was completely filled with ADA-GEL-hTG hy-
drogel, crosslinked, and washed as described above (Figure 10). After the
chamber was closed and fixed, the skin was sutured. The animals received

pain medication and antibiotics for one week postoperatively, adjusted to
body weight.

Explantation Procedure: After 2 and 4 weeks of implantation, the an-
imals were perfused with a contrast agent, which provides information
about newly formed vessels during X-ray microscopy (XRM) analysis. Un-
der anesthesia, the animals were first perfused systemically with warm
heparin solution via the aorta. Thereafter, the contrast agent Microfil (Flow
Tech, Inc., Connecticut, USA) was applied for this purpose according to
the manufacturer’s instructions. Briefly, 8 mL of Microfil was mixed with a
10 mL diluent and preheated at 37 °C. Right before use, a 5% MV curing
agent was added. The Microfil was allowed to cure overnight at 4 °C until
removal of the chamber. The explanted construct was fixed in Histofix 4%
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 24 h and then stored
in HBSS until further use.

X-Ray Microscopy (XRM) Imaging: XRM scans were conducted with a
Zeiss XradiaVersa 620 (Carl ZeissX-ray Microscopy Inc., Pleasanton, CA,
USA), equipped with a high framerate CMOS detector. Each tomogra-
phy consisted of 1601 projection X-ray radiographs (field of view: 12 mm)
recorded at different angles. Magnification relied on the geometric mag-
nification of the cone beam. The single projections were reconstructed by
proprietary software (Zeiss XMReconstructor, Carl Zeiss X-ray Microscopy
Inc., Pleasanton, CA, USA) with a filtered back-projection algorithm. The
resulting volumetric images had a 3D isotropic voxel size of 5.9 μm.
Data visualization and quantification were performed with XamFlow (Lu-
cid Concepts AG, Zürich, Switzerland). Binary images, created by grey
value thresholding and including the main vessel, were the basis of thick-
ness, length, volume, and radius distribution calculations.

Histological Staining: For the preparation of histological sections, the
constructs were embedded in paraffin wax and cut into 3-μm slices. H&E
as well as 𝛼-smooth muscle actin (𝛼-SMA) stains were prepared according
to standard protocols. For the analysis of the constructs regarding bio-
compatibility, the constructs were examined for macrophages and large
giant cells. Using CD68 staining, macrophages were detected. Therefore,
the cross-sections were deparaffinized, rehydrated, and incubated at room
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temperature for 20 min with pronase. Afterward, the cross-sections were
blocked with a blocking solution (Zytomed Systems GmbH, Berlin, Ger-
many) and incubated with the primary antibody (anti-CD68, BIO-RAD,
Hercules, USA) in a dilution of 1:300 overnight at 4 °C. After a washing
step, the specimens were incubated with the secondary antibody (alka-
line phosphatase-labeled anti-mouse antibody) for 30 min and stained
with Fast Red TR/Naphthol AS (Sigma–Aldrich). Counterstaining was per-
formed with hemalum.

Pro- (M1) and anti-inflammatory (M2) macrophages were visualized
using CD 86 and CD 163 immunostaining. Briefly, antigen retrieval was
achieved by a boiling step. A blocking solution (Zytomed Systems GmbH,
Berlin, Germany) was then added to the deparaffinized and rehydrated
samples. Diluted anti-CD86 (1:250, Abcam, Cambridge, USA) or anti-
CD163 (1:500, Leica Biosystems Inc., Buffalo Grove, USA) antibodies were
then added and incubated overnight. Staining was performed with a sec-
ond alkaline phosphatase-conjugated anti-mouse antibody (AP-Polymer)
and Fast Red TR/Naphthol AS substrate (Sigma). Hematoxylin was used
for counterstaining.

For further analysis, images of the sections were either taken with
the Olympus IX83 microscope (Olympus, Hamburg, Germany) using the
cellSens Dimension V1.5 Software of Olympus, or scanned with the PAN-
NORAMIC 250 Flash scanner (3DHISTECH, Budapest, Hungary), and the
images were prepared using CaseViewer 2.4 (3DHISTECH).

For the evaluation of the construct and connective tissue area, the cor-
responding areas were outlined at the interface in GIMP 2.10 (GNU Im-
age Manipulation Program) using the scissors select tool, and the area
calculated in ImageJ 1.52 p (NIH, Bethesda, Maryland, USA). The area
surrounding the main loop vessel was considered in the evaluation of the
connective tissue area. For counting, the vessels with a defined lumen and
filled with Microfil were counted manually in ImageJ.

Statistical Analysis: One of six constructs in the 2-week group and two
of six constructs in the 4-week group had to be excluded from statisti-
cal analysis due to thrombosis. Data were expressed as means ± stan-
dard deviation (SD). First, data was tested for normal distribution using
Shapiro–Wilk test. For normally distributed data t-test was carried out.
Otherwise, the Mann–Whitney –U test was used. Analysis was performed
using GraphPad Prism 9.00 (GraphPad Software, San Diego, USA). The
graphical representation of the results showed the means ± SD. p values
≤ 0.05 were considered statistically significant. Significance was denoted
by *p ≤ 0.05 and **p ≤ 0.01.
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