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Distinct Effects of Heparin and Interleukin-4
Functionalization on Macrophage Polarization and In Situ
Arterial Tissue Regeneration Using Resorbable
Supramolecular Vascular Grafts in Rats

Valentina Bonito, Suzanne E. Koch, Merle M. Krebber, Daniel A. Carvajal-Berrio,
Julia Marzi, Renee Duijvelshoff, Emily B. Lurier, Serena Buscone, Sylvia Dekker,
Simone M. J. de Jong, Tristan Mes, Koen R. D. Vaessen, Eva M. Brauchle,
Anton W. Bosman, Katja Schenke-Layland, Marianne C. Verhaar, Patricia Y. W. Dankers,
Anthal I. P. M. Smits,* and Carlijn V. C. Bouten*

Two of the greatest challenges for successful application of small-diameter in
situ tissue-engineered vascular grafts are 1) preventing thrombus formation
and 2) harnessing the inflammatory response to the graft to guide functional
tissue regeneration. This study evaluates the in vivo performance of
electrospun resorbable elastomeric vascular grafts, dual-functionalized with
anti-thrombogenic heparin (hep) and anti-inflammatory interleukin 4 (IL-4)
using a supramolecular approach. The regenerative capacity of IL-4/hep,
hep-only, and bare grafts is investigated as interposition graft in the rat
abdominal aorta, with follow-up at key timepoints in the healing cascade (1, 3,
7 days, and 3 months). Routine analyses are augmented with Raman
microspectroscopy, in order to acquire the local molecular fingerprints of the
resorbing scaffold and developing tissue. Thrombosis is found not to be a
confounding factor in any of the groups. Hep-only-functionalized grafts
resulted in adverse tissue remodeling, with cases of local intimal hyperplasia.
This is negated with the addition of IL-4, which promoted M2 macrophage
polarization and more mature neotissue formation. This study shows that
with bioactive functionalization, the early inflammatory response can be
modulated and affect the composition of neotissue. Nevertheless, variability
between graft outcomes is observed within each group, warranting further
evaluation in light of clinical translation.
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1. Introduction

Synthetic vascular grafts are used as vas-
cular replacements for a wide range of
clinical conditions, such as atherosclerosis
and congenital malformations.[1] Even
though autologous grafts from saphenous
vein or internal thoracic artery remain
the golden standard replacement option,
limited availability due to the patients’
pathophysiological state, and the high
long-term failure rates, warrant the de-
velopment of alternative strategies.[2–4]

For small diameter (<6 mm) vessel re-
placements, the current non-biodegradable
synthetic grafts (e.g., expanded polyte-
trafluoroethylene (ePTFE), polyethylene
terephthalate (PET)) function inadequately
due to the risk of surface thrombogenicity
and intimal hyperplasia.[5–8] In addi-
tion, non-biodegradable grafts lack the
ability to repair and remodel the tissue.
Tissue-engineered vascular grafts (TEVGs)
constructed from biodegradable scaffolds
have the potential to overcome these lim-
itations, providing growth capacity and
self-repair in situ.[9–12]
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The in situ tissue engineering paradigm is based on the ex-
ploitation of the inflammatory response, which inevitably oc-
curs upon implantation of the graft. It is acknowledged that the
stages of in situ regeneration mirror the phases of the natural
wound healing response.[13] Implantation of the graft ignites an
inflammatory phase that is characterized by the influx of im-
mune cells (i.e., neutrophils and macrophages) and the forma-
tion of a preliminary matrix. This is followed by the prolifera-
tive phase in which both immune (macrophages and lympho-
cytes) and tissue producing cells (i.e., stem/progenitor cells and
fibroblasts) infiltrate the graft. Next, extracellular matrix (ECM)
is deposited and re-endothelization takes place. During the fi-
nal remodeling phase, the newly formed ECM is remodeled into
a functional organization, after which inflammation is resolved
and tissue homeostasis is reached upon complete resorption of
the scaffold.[13]

Two of the greatest challenges for successful application
of small-diameter in situ TEVGs are 1) preventing thrombus
formation and 2) to prevent adverse remodeling events such
as intimal hyperplasia or aneurysm formation.[7,14,15] Regard-
ing the latter, macrophages have been demonstrated to be es-
sential cellular modulators of the in situ vascular tissue en-
gineering process.[16–18] Depending on their polarization state
macrophages accelerate scaffold breakdown on the one hand,
and coordinate tissue formation in cross-talk with tissue pro-
ducing cells (e.g., fibroblasts and smooth muscle cells) on the
other hand. Uncoordinated cross-talk as a consequence of a de-
ranged macrophage response will lead to adverse remodeling
events like intimal hyperplasia formation.[19–21] Accordingly, the
macrophage phenotype has been indicated as the predictor for
downstream tissue formation.[22]

In order to address these challenges, we recently developed
a modular functionalization strategy to dual-functionalize elec-
trospun scaffolds with anti-thrombogenic heparin (hep) and
anti-inflammatory interleukin-4 (IL-4), based on supramolecular
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chemistry.[23] IL-4 signaling by T-helper 2 (TH2) cells is an im-
portant pathway to direct macrophages into a pro-regenerative
phenotype (M2) at the onset of wound healing.[24,25] Using in
vitro 2D and 3D models, we demonstrated the ability of the
dual-functionalized material to retain both hep and IL-4 and
demonstrated the effective immunomodulatory properties of this
novel material.[23] Tubular, small-diameter scaffolds were manu-
factured from a supramolecular elastomer consisting of ureido-
pyrimidinone (UPy)-modified chain-extended polycaprolactone
(CE-UPy-PCL), which was functionalized with a UPy-modified
heparin binding peptide (UPy-HBP) to immobilize hep on its sur-
face. Subsequently, the material could be functionalized with IL-4
via its heparin binding domain.[26,27]

In the present study, the potential of this novel material ap-
proach was evaluated in a long-term in vivo environment, in
terms of macrophage modulation and tissue regeneration, while
globally screening for thrombosis. To that end, the grafts were im-
planted for 1, 3 and 7 days and 3 months as interposition grafts in
the abdominal aorta of rats. Specifically, we evaluated the effect
of functionalization on early macrophage polarization and down-
stream tissue formation in vivo via histology, mechanical tests
with uniaxial tensile tests and scaffold degradation via scanning
electron microscopy (SEM). Raman microspectroscopy was used
to characterize the biomolecular composition of the grafts radi-
ally throughout the vascular graft wall.[28–30] This uniquely en-
abled combined spatial molecular information of de novo ECM
formation and scaffold resorption; two of the key processes for in
situ tissue engineering. We hypothesized that the modulation of
the early macrophage response using IL-4 would lead to an im-
proved tissue formation and prevention of adverse remodeling at
later stages, whilst maintaining the beneficial anti-thrombogenic
effects of hep.

2. Results

2.1. Supramolecular Vascular Graft Preparation and
Functionalization

Vascular grafts were electrospun from a newly designed
supramolecular polymer that allowed for IL-4 functionalization
after the electrospinning process.[23] First, CE-UPy-PCL was
mixed with UPy-HBP (Figure 1A). After the UPy-UPy stacking
by mixing the CE-UPy-PCL and UPy-HBP solutions (Figure 1B),
the polymer solution was electrospun into tubular scaffolds with
an inner diameter of 2 mm and an average wall thickness of
284.4 μm ± 18.7 μm. The orientation of the fibers and the average
fiber diameter were determined via SEM analysis and showed an
isotropic network of interconnected fibers with an average fiber
diameter of 4.84 μm ± 1.35 μm (Table 1 and Figure 1C). The scaf-
folds were cut to 8 mm in length and were shielded on both ends
with an impenetrably dense (<1 μm internodal distance) Gore-
Tex strip of 4 × 10 mm2, to prevent anastomotic ingrowth (Fig-
ure 1D), as previously validated and described in detail.[18] The
suture retention strength of the electrospun tubes with and with-
out GoreTex shielding were both almost sixfold higher than the
suture retention strength of the rat abdominal aorta and met the
standardized suture retention strength threshold (2 N) for clinical
grafts (ISO 7198:2016) (Figure 1E). Functionalization occurred
according to the design of the three experimental groups: i) the
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Figure 1. Experimental layout and scaffold characterization. A) Schematic representation of self-assembly in supramolecular chain-extended UPy-
polymers (CE-UPy-PCL) containing UPy-bioactives. B) Chemical structures of supramolecular elastomer CE-UPy-PCL and the UPy-modified heparin
binding peptide (UPy-HBP). C) SEM images of cross sections (I and II) and outer surface (III) of electrospun CE-UPy-PCL+UPy-HBP grafts. Scale bars
200 μm. D) Electrospun tubes were cut to 8 mm in length and at both anastomotic sides sutured to a 4 × 10 mm2 impenetrable Gore-Tex strip. E)
Suture retention strength of the electrospun tubes with and without the Gore-Tex strip versus native rat abdominal aorta. F) Schematic representation
of the functionalization groups. G) Surgical procedure of graft implantation in abdominal aorta. Panel (A): Adapted from,[39] Copyright 2020. Courtesy
of ICMS animation studio. Data for suture retention strength presented as mean ± SD, n = 3 per group. Abbreviations: ureido-pyrimidinone (UPy),
chain-extended (CE), polycaprolactone (PCL), UPy-modified heparin binding peptide (UPy-HBP), heparin (hep), and interleukin (IL).
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Table 1. Baseline characteristics in vivo study procedure and outcome.

Bare Hep IL-4/Hep

Weight animal (g) 359 ± 11.0 348 ± 15.1 354 ± 18.7

Ischemia time implantation procedure (min) 56 ± 7 59 ± 9 54 ± 5

Absolute number of animals analyzed per timepoint per group 1 days 6/7
a)

5/7
a),c)

7/7

3 days 5/7
b)

6/7
d)

5/7
b),e)

7 days 6/7
c)

6/7
b)

6/7
f)

3 months 5/7
a)

5/7
b)

5/7
a),e)

Occluded lumen upon gross morphology inspection 1 days 0/6 0/5 1/7#

3 days 0/6 0/6 0/5

7 days 0/6 0/6 0/6

3 months 1/5* 1/5* 1/5*

Lumen diameter (μm) 1 days 1824 (±63) 1843(±91) 1797 (±54)

3 days 1788 (±336) 1776 (±162) 1780 (± 86)

7 days 1975 (±116) 1852 (±152) 1972 (±115)

3 months 2303 (±583) 2131 (±512) 2109 (±229)

pre-implant 2000 (±49)

native aorta 1101 (±271)

Wall thickness (μm) 1 days 367 (±52) 334 (±50) 283 (± 38)

3 days 329 (±68) 403 (±126) 390 (± 84)

7 days 351 (±49) 321 (±73) 317 (±89)

3 months 416 (±78) 523 (±105) 537 (±118)

pre-implant 284 (±19)

native aorta 196 (±60)

a–f)Reason for dropout. Complications during surgery;
a)

Excessive bleeding;
b)

Complications surgical process (e.g., cuts, overdose isoflurane);
c)

Death by unknown cause;
d)

Coagulation issues directly after release of the clamps. Complications postsurgery;
e)

Paralysis paws;
f)

Death by unknown cause. Occlusion: #clot; *excess luminal tissue
deposition. Abbreviations: interleukin (IL) and heparin (hep).

IL-4/heparin (IL-4/hep group), ii) the heparin only- (hep group),
and iii) bare grafts (bare group), the latter which consist of CE-
UPy-PCL+UPy-HBP without heparin or IL-4 functionalization
(Figure 1F).

2.2. Baseline Characteristics Animals and In Vivo Functionality

Baseline characteristics of the animals included in the study,
and the absolute animals analyzed are listed (Table 1). The av-
erage ischemia time (Figure 1G) was below the intended 60 min
and did not differ between experimental groups. To evaluate the
early inflammatory response, explants of were taken at 1, 3 and
7 days, and to evaluate downstream tissue deposition, explants
were taken at 3 months. In total, n = 7 allocated animals per ex-
perimental group (bare, hep and IL-4/hep) per timepoint were
implanted, and finally 67 grafts were analyzed. The drop out of
n = 17 animals in total was not related to the graft type and was
due to non-graft related complications due to the microsurgical
procedure, as specified in Table 1.

All analyzed grafts allowed for proper hind limb perfusion up
to 3 months, with no signs of aneurysm formation nor rupture at
the anastomotic sites. At explanation, gross morphology analysis
of a sample from the middle part of the explanted graft (Figure S1,
Supporting Information; part C) showed that 63/67 grafts were
patent, with 1 case of thrombus formation at day 1 in the IL-4/hep
group, and 1 out of 5 grafts in all groups at 3 months showing

excess tissue deposition occluding the lumen, regardless of the
functionalization of the graft (Table 1; Figure S2D, Supporting
Information). The average wall thickness in the middle of the
graft showed that the graft wall increased in thickness directly
upon implantation. The wall thickness remained the same at the
early timepoints, and increased at 3 months for the hep and IL-
4/hep group (Figure S2G, Supporting Information). The thick-
ening of the graft wall directly upon implantation is reflected in
the slightly lower lumen diameter compared to the pre-implant
diameter directly at day 1. The lumen diameter remained con-
stant for the experimental groups at this location in the middle
of the graft, except for the bare group, in which an increase in
diameter was observed between day 1 and day 3 versus 3 months
(Figure S2H, Supporting Information). As can be observed, there
was some variation between the animals belonging to one exper-
imental group within one timepoint for both wall thickness and
lumen diameter.

2.3. Early Host Response

While thrombus formation was not observed in 66/67 analyzed
grafts in the gross morphological and functional analysis, SEM
analysis of the explants displayed abundant platelet deposition
and fibrin network formation at the early time points, in all ex-
perimental groups (Figure S3, Supporting Information). At day
1, regardless of functionalization, small fragments as well as
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Figure 2. Macrophage infiltration and phenotype at day 7. Representative immunofluorescent staining of explants of all experimental groups (bare, hep,
IL-4/hep) at day 7. Gray scale images and overlay of pan macrophage marker CD68 (white); M1 marker iNOS (green); M2 marker Arg (red) and cell nuclei
DAPI (blue). For day 1, 3 and 3 month timepoint of all experimental groups, see Figure S4 (Supporting Information). Abbreviations: inducible nitric oxide
synthase (iNOS), arginase (Arg), heparin (hep), and interleukin (IL). *Identifies the lumen. Scale bar 150 μm. Dashed lines indicate boundaries of the
scaffold.

star-shaped cells were identified, which resembled the morphol-
ogy of resting and activated platelets, respectively. Additionally, a
clear fibrin network was observed in all the experimental groups
at day 1 and day 3.

2.4. Heparin and IL-4/Heparin Functionalization Influence
Macrophage Recruitment and Polarization

All grafts underwent extensive cellularization within the first
week of implantation, followed by tissue formation throughout
the grafts. The efficacy of the IL-4/hep functionalization was
evaluated in terms of overall infiltration of macrophages and
macrophage polarization via immunofluorescence staining of
the pan macrophage marker (CD68), M1-marker inducible ni-
tric oxide synthase (iNOS) and M2-marker arginase-1 (Arg) on
explants of day 7 (Figure 2) and day 1, 3 and 3 months (Figure S4,
Supporting Information). At day 1, there tended to be a slightly
reduced influx of CD68+ macrophages in the hep group, when
compared to the other groups (Figures S4A and S5, Supporting
Information). Generally, macrophages at day 1 expressed the M1-
marker iNOS in all groups. At day 3, the bare group showed an in-
crease in CD68+ macrophage influx, mainly present in the outer
two thirds of the scaffold, and with a predominant iNOS+ M1
phenotype. A similar pattern was seen in the hep group at day 3.

In the IL-4/hep group, the CD68+ macrophages were more
homogeneously distributed throughout the scaffold, and stained

positive for both iNOS and Arg (Figure S4B, Supporting Informa-
tion). At day 7, a large increase in CD68+ macrophage presence
was observed and they adopted a more elongated shape around
the scaffold fibers in all experimental groups. There was a ten-
dency to an increase in overall macrophage numbers in the IL-
4/hep group, although there was a large variability between sam-
ples of the same group (Figure S5, Supporting Information). In
the bare and hep groups, these macrophages adopted a predom-
inant iNOS+ M1 phenotype, whereas in the IL-4/hep group, the
macrophages adopted a predominant Arg+ M2 phenotype, sug-
gesting the efficient induction of M2 polarization by IL-4 func-
tionalization (Figure 2). At 3 months, the CD68+ macrophages
fused around the degrading scaffold remnants and were mainly
positive for M1 marker iNOS in the bare and hep group, whereas
in the IL-4/hep group, the fused CD68+ macrophages were pos-
itive for both iNOS and Arg. The hep group showed the lowest
amount of macrophages present (Figure S4C, Supporting Infor-
mation).

2.5. Cases of Local Hyperplasia in Heparin-Only Functionalized
Grafts

After assessing the immunomodulatory effects of IL-4/hep func-
tionalization in terms of macrophage polarization, we assessed
the recruitment and phenotype of tissue cells. All experimental
groups displayed local vWF+ endothelial cells after 3 months of
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Figure 3. Cell phenotypes. Representative immunofluorescent staining of 3 month explants of all experimental groups (bare, hep, IL-4/hep) with vWF
(white), VIM (red), aSMA (green) and cell nuclei (DAPI, blue) in grayscale and overlay. Abbreviations: von Willebrand Factor (vWF), vimentin (VIM),
alpha smooth muscle actin (aSMA), heparin (hep), and interleukin (IL). *Identifies the lumen. Scale bar: 200 μm. Dashed lines indicate boundaries of
the scaffold (densely dashed) and de novo tissue (loosely dashed).

implantation, which was most evident in the bare and IL-4/hep
groups (Figure 3). At earlier timepoints, vWF+ cells were not ob-
served (data not shown). The presence of endothelial cells was
confirmed by presence of CD31+ endothelial cells on the graft
luminal surface in all groups, as well as transmural ingrowth of
small vessel structures through the degrading scaffolds (Figure
S6, Supporting Information).

Within the degrading scaffold remnants, cells predominantly
stained positive for the fibroblast marker vimentin. In addition,
elongated 𝛼SMA+ cells with rod shaped nuclei were detected in
the intimal tissue layer and on the adventitial side of the graft in
the IL-4/hep and bare groups specifically. In the IL-4/hep group,
𝛼SMA+ cells were observed locally in between the degrading scaf-
fold remnants. The hep group showed local intimal hyperplasia
in some cases, with abundant deposition of 𝛼SMA+ cells at the
luminal side (Figure 3) and hardly any 𝛼SMA+ cells at the adven-
titial side.

2.6. IL-4/Heparin Functionalization Influences Tissue Formation
and Organization

DNA quantification revealed that all scaffolds were cellularized
already at day 1 (Figure 4A). DNA amounts increased over time
when comparing the early timepoints to the 3 month timepoint.
Between the experimental groups, comparable DNA amounts

were found, although there was a relatively large variability be-
tween explants within each group, particularly at 3 months. Over-
all, DNA values for all experimental groups at all timepoints were
higher than the DNA content of the native rat aorta. Sulphated
glycosaminoglycan (GAG) quantification showed similar levels
on day 1 and day 3 for all experimental groups, with a progres-
sive increase in GAG content at day 7 and at 3 months. Some
of the 3 month explants from the hep (3 out of 5) and the IL-
4/hep (2 out of 5) group showed a GAG content comparable to
the native aorta (Figure 4B). Hydroxyproline (HYP) and tropoe-
lastin (ELN) were not detected at days 1, 3, and 7. At 3 months,
HYP amounts did not significantly differ between the experimen-
tal groups, although HYP content tended to be lower content for
the bare group explants. When compared to the HYP amounts of
the native aorta, the HYP amounts were roughly 10 times lower
in all experimental groups (Figure 4C). ELN contents were simi-
lar for all groups (Figure 4D).

In correspondence with the biochemical quantifications, Mo-
vat’s pentachrome staining on 3 months explants showed neotis-
sue formation in all experimental groups on both the adventitial
and luminal sides of the grafts, as well as in between the degrad-
ing scaffold fibers (Figure S7, Supporting Information). Abun-
dant collagen deposition and muscle-like tissue on the adventitial
side was observed at 3 months for all the explants, although no
strong fibrotic response was observed (Figure 4E; Figure S7, Sup-
porting Information). Collagen deposition and GAG-rich ECM
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Figure 4. Tissue deposition and organization. A–D) Biochemical assays for quantification of DNA, GAG, HYP and ELN in explanted grafts of all ex-
perimental groups (bare, hep, IL-4/hep) and native rat aorta (dotted line). A) DNA content corrected against dry weight. B) GAG content corrected
against DNA content. C) HYP content corrected against DNA content. D) ELN content corrected against wet weight. E–G) Representative images of 3
month explants of all experimental groups (bare, hep, IL-4/hep) and native rat aorta. E) Representative pentachrome staining depicting scaffold (black),
collagen fibers and reticular fibers (yellow), ground substance (blue), fibrin (bright red), muscle (red) . F) zoom of Pentachrome staining. G) Immunoflu-
orescent staining of macrophage infiltration and elastin deposition with CD68+ macrophages (red), (tropo) elastin (green), and cell nuclei (DAPI, blue)
grayscale and merge zoom. *Identifies the lumen. Dashed lines indicate boundaries of the scaffold (densely dashed) and tissue (loosely dashed). Data
for biochemical assays presented as mean ± SD, n = 5–7 per group (for absolute numbers analyzed per group per timepoint see Table 1). p-values
for DNA and GAG assays are calculated using two-way ANOVA following Tukey post hoc test. p-values for HYP and ELN were calculated using the
non-parametric Kruskal–Wallis test with a Dunn’s multiple comparison test. Significant differences are presented as *p < 0.05, **p < 0.01, and ***p <

0.001, Abbreviations: sulphated glycosaminoglycan (GAG), hydroxyproline (HYP), tropoelastin (ELN), heparin (hep), and interleukin (IL). Scale bar in
tile scans and immunofluorescent images: 200 μm E,G), in pentachrome zooms: 100 μm F).
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were observed in between the degrading fibers in all groups, but
was most clear in the IL-4/hep and bare group. Close-up images
of the pentachrome staining indicated local “bridging” structures
of tissue at locations where the graft fibers were resorbed. This
was mainly observed in the IL-4/hep and bare group, as these
groups tended to show more signs of scaffold resorption (Fig-
ure 4F). In some of the grafts (1/5 of the bare grafts, 2/5 of the hep
graft and 2/5 IL-4/hep grafts), first signs of potential developing
calcifications, manifested as cartilage-like GAG accumulations,
were detected around the degrading scaffold fibers, regardless of
functionalization or location (Figure 4E, dark green areas).

2.7. IL-4/Heparin Functionalization Improves Immature
(Tropo)Elastin Organization

To assess the deposition and organization of elastin, an im-
munofluorescent antibody staining for (tropo)elasin was per-
formed, in costaining with the pan-macrophage marker CD68.
The stainings revealed a strong deposition of (tropo)elastin, par-
ticularly in the luminal layer of neotissue in all grafts (Fig-
ure 4G), which corresponds to the biochemical quantification
(Figure 4D). (Tropo)elastin expression did not colocalize with
the macrophages. Although (tropo)elastin was detected in all
groups, there was a much more aligned, subendothelial localized
(tropo)elastin deposition in the IL-4/hep group when compared
to the hep and bare groups. In the hep group in particular, the
(tropo)elastin was deposited in a more chaotic way (Figure 4G).

2.8. IL-4-Heparin Functionalized Grafts Showed More Mature
ECM

To assess the composition and maturity of the regenerated tissue,
Raman microspectroscopy was used to detect the local molecular
composition in the various groups, which was compared to the
composition of native arterial tissue using true component anal-
ysis (TCA). TCA was used for the identification of components
describing the distributions of synthetic material, collagen and
actin-rich regions across the spectral map. Subsequently, spec-
tral differences between functionalization groups or between the
explants and native artery were evaluated using principal compo-
nent analysis (PCA).

Raman imaging and TCA identified and localized the repre-
sentative native arterial wall ECM components in the explanted
grafts (Figure 5A). The multilayered native arterial wall com-
prised a collagen-rich adventitial layer, defined elastic fibers and
an actin-rich intima. The spectral features of the identified TCA
components (Figure S8, Supporting Information) match the bi-
ological fingerprint of collagen, elastin and actin.[31–34] De novo
ECM formation in the grafts was characterized in the breakdown
of the scaffold material after 3 months and its envelopment by
a thick layer of ECM, primary composed by a mixture of colla-
gen and actin-rich proteins (Figure 5A). No spectral component
could be identified for mature elastin in any of the TCAs of the
explanted samples, which is in correspondence to the absence of
the typical black mature elastin fibers in Movat’s pentachrome
staining (Figure 4E,F).

The composition of the newly formed tissue in explanted grafts
was further compared to the native arterial ECM by PCA. To that

end, first, the native arterial ECM was further assessed by PCA to
serve as reference for the de novo regenerated ECM in the grafts
(Figure 5B,C). Native elastin spectral features were described by
negative scores for both principal component (PC) 1 and PC 3.
PC 1 and PC 2 were both positive for native collagen and, finally,
native intima clustered at negative PC 2 score ranges and posi-
tive PC 1 and PC 3 ranges. Based on the PC loadings (Figure 5D),
PC 1 exhibited representative Raman bands for native collagen at
1064, 1134, 1248, 1275, and 1392 cm−1. Native elastin spectral fea-
tures were mostly described by negative PC 3 loadings including
peaks at 908, 1108, and 1340 cm−1.[31] Spectral differences in the
native intima are indicated by negative bands in PC 2 and positive
bands in PC 3 loadings, dominated by the two bands at 1134 and
1297 cm−1. Furthermore, the broad amide I band located around
1660 cm−1 showed high variation between the three native ECM
proteins (Figure S8, Supporting Information). Amide I band to-
pography gives insight into the secondary structure of complex
proteins, depending on the contribution of the structural Ra-
man peaks at 1635 and 1670 cm−1 to the profile of the amide
I band.[35]

PCA projection of the explant spectral datasets (collagen and
actin) into the native ECM PCA model allowed to independently
compare native ECM to the de novo ECM in the grafts (Fig-
ure 5E–G). Comparison of average score values revealed sim-
ilar trends of the projected de novo ECM data to their native
ECM structure equivalents. In averaged PC 1 scores (Figure 5E),
both native collagen and de novo collagen spectra from all graft
types closely clustered together at positive score values. PC 2
separated native intima at negative score values from native
collagen and elastin (Figure 5F). Actin-rich neotissue was pro-
jected to the same scores ranges as native intima tissue. Fi-
nally, negative PC 3 scores were assigned to native elastin sam-
ples whereas none of the de novo ECM spectra cluster in the
same range (Figure 5G). The PCA projection further confirms
the presence of mature collagen and actin rich intima-related pro-
teins in the explanted grafts in general, as well as the absence of
mature elastin as indicated in the TCA images and histological
analysis.

The effect of scaffold functionalization on de novo ECM syn-
thesis was investigated by PCA (Figure 6). De novo collagen
data originating from bare and hep scaffolds mostly overlapped
and locate at positive range of PC 2 (Figure 6A), whereas IL-
4/hep exhibited negative scores for PC 2, even though a high
degree of heterogeneity within the animals was observed (Fig-
ure 6C). For PCA comparison of the actin signatures, simi-
larly to de novo collagen, the explanted actin-rich tissue from
bare and hep functionalized scaffolds overlapped in the posi-
tive range of PC 2 (Figure 6B). The cluster for the IL-4/hep
group can be found on the negative side of PC 2. However,
also this dataset showed a very heterogenous distribution (Fig-
ure 6D). The PC loadings for de novo collagen and actin-rich
components (Figure 6E) exhibited positive Raman bands at 858,
940, and 1043 cm−1 assigned to proline, and 1008 cm−1, which
is linked to phenylalanine. Additional bands at 1250 and 1272
cm−1 for amide III and 1670 cm−1 for amide I, indicate a
higher protein content in the bare and hep de novo ECMs.
The most prominent negative peak at 1585 cm−1 is associated
to hydroxyproline and is more prevalent in the IL-4/hep group
ECMs.
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Figure 5. ECM remodeling based on Raman spectra TCA of 3 months vascular graft explants of all experimental groups (bare, hep, IL-4/hep). A)
Representative Raman images depicting the distributions for elastin (red), collagen (green) actin rich (blue) and scaffold (white) components of native
aorta as well as bare, hep and IL-4/hep functionalized grafts. Scale bar: 300 μm, *Identifies the lumen. Score plots for B) PC 1 versus PC 3 and C) PC
2 versus PC3 and D) corresponding loadings for native ECM components PCA. Average PC scores of E) PC 1, F) PC 2 and G) PC3 for PCA projection of
de novo ECM from bare (dark blue), hep (orange) and IL-4/hep (purple) into native ECM PCA. Data for average PC scores are presented as mean ± SD,
n = 5 per experimental group. p-values were calculated using one-way ANOVA with Tukey correction. Abbreviations: True component analysis (TCA),
principal component analysis (PCA), principal component (PC), heparin (hep), IL (interleukin), and extracellular matrix (ECM).

2.9. Minor Variations in Scaffold Resorption between
Experimental Groups

To achieve tissue homeostasis, a delicate balance between tissue
production and biomaterial resorption is required. Both Raman
spectroscopy as well as SEM analysis were used to assess the ex-
tent of resorption of the synthetic graft material. After 3 months
of implantation, PCA revealed differences between the implanted
graft material and the material pre-implantation (Figure 7A).

Analysis of average score values showed minor differences be-
tween the differently functionalized materials. PC1 indicated a
separation of the bare and hep groups, whereas IL-4/hep clus-
tered closer to the material pre-implantation (Figure 7B). How-
ever, the loadings plot signature mainly referred to a difference
based on the amount of infiltrating ECM tissue according to
an increasing amide I band as the only relevant spectral fea-
ture (Figure 7C). A resorption-dependent signature was featured
by PC 2, where major chemical alterations were assigned to a
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Figure 6. PCAs for de novo ECM of bare (dark blue), hep (orange) and IL-4/hep (purple) groups. PC 2 versus PC 3 scores plots for A) collagen and B)
actin rich components. PC 2 averaged scores for C) collagen and D) actin rich. E) PC 2 loadings. Data for average PC scores are presented as mean ±
SD, n = 5 per experimental group. p-values are calculated using one-way ANOVA with Tukey correction. Abbreviations: true component analysis (TCA),
principal component analysis (PCA), principal component (PC), heparin (hep), and IL (interleukin).

decrease in the 1436 and 1720 cm−1 polymer bands, which cor-
respond to the CH2 bend and the carbonyl (C═O) stretch of
the PCL block in the polymer, respectively.[36] Resorption on the
molecular level in IL-4/hep functionalized scaffolds was highly
heterogeneous.

To qualitatively assess the graft resorption, explants were de-
cellularized and fiber morphology was visualized with SEM. The
weight of the removed cells and tissue versus the remaining scaf-
fold weights were similar for all experimental groups at the early
timepoints time points, which is similar to the observations of the
biochemical assays of the early timepoints (Figure 4A–D). The ra-
tio between cells + tissue and remaining scaffold became larger
after 3 months for all experimental groups, indicating replace-
ment of scaffold material with endogenously formed tissue at 3
months (Figure 7D). When comparing the explants of day 1 to
a non-implanted graft (Figure 7E, left), it could be observed that
right upon implantation of the graft, drastic fiber expansion oc-

curred. This fiber expansion seemed to result in fiber fusion, es-
pecially on the luminal side of the graft, starting already at day 1
for the hep and the bare group and from day 3 in all experimental
groups (Figure S9, Supporting Information). The swelling of the
fibers seems to correlate with the increase in graft wall thickness
(Figure S2G, Supporting Information) and slightly lower lumen
diameter (Figure S2H, Supporting Information) directly after im-
plantation when compared to the preimplanted graft (Figure S2E,
Supporting Information).

Some first signs of fiber cleavage, indicative of oxidative
resorption,[37] appeared already at day 7 (Figure 7E, middle) in
all groups, but was mainly observed in the IL-4/hep group on
the outer side of the graft (Figure S9, Supporting Information).
At 3 months, all experimental groups showed fiber cleavage
(Figure 7E, right). In addition, the extent of scaffold degrada-
tion was indirectly assessed via GPC for 2 samples per group
per timepoint (Figure S10, Supporting Information). These
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Figure 7. Scaffold resorption. A) PC 1 versus PC 2 score plots for scaffold material PCA at 3 months. B) Average PC 1 (right) and PC 2 (left) scores selected
by material TCA mask for bare (dark blue), hep (orange), IL-4/hep (purple) and bulk material (black). C) Loadings for PC1 and PC2. D) Component weight
(% of total sample weight) of removed cells + tissue and remaining scaffold during decellularization procedure for SEM imaging. E) SEM images of
decellularized scaffolds, representative for all experimental groups, showing swelling of fibers already after 1 day of implantation (see comparison with
pre-implant in insert), first signs of fiber cleavage after 7 days, and fiber breakage after 3 months. See Figure S9 (Supporting Information) for SEM images
of decellularized scaffold from luminal and adventitial side for all experimental groups at all timepoints. Data for average PC scores are presented as
mean ± SD, n = 5 per experimental group and n = 1 for bulk material. p-values are calculated using one-way ANOVA with Tukey correction. Data for
component weight are presented as mean ± SD, n = 5-7 (for absolute numbers analyzed per group per timepoint see Table 1). Abbreviations: principal
component (PC), principal component analysis (PCA), heparin (hep), and interleukin (IL). Red arrows indicate fiber cleavage, green circles indicate fiber
breakage. Scale bars 100 μm (large SEM images and insert pre-implant), inserts with zooms day 7 and 3 months: 20 μm.

preliminary results indicated that regardless of the experimen-
tal group, both Mn and Mw were comparable for day 1, day 3,
and day 7, but reduced at 3 months, indicative of resorption. No
significant differences were observed between the different func-
tionalized groups.

2.10. Mechanical Characterization

Uniaxial tensile tests on rings of explanted grafts showed a
change in mechanical behavior between the early (day 1, day 3,
and day 7), and late timepoints (3 months; Figure 8). At day 1 and
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Figure 8. Uniaxial ring tests of aortic grafts. A) Stress–stretch curves of explanted grafts for all experimental groups (bare, hep, IL-4/hep). B) Represen-
tative image of sample subjected to uniaxial ring test. C) Temporal changes in E ring during implantation time. Data for Ering are presented as mean ±
SD, n = 5–7 (for absolute numbers analyzed per group per timepoint see Table 1). p-values are calculated using two-way ANOVA following Tukey post
hoc test. Abbreviations: heparin (hep), interleukin (IL), stress (𝜎), stretch outer perimeter (𝜆op), and Young’s modulus (E). Significant differences are
presented as *p < 0.05, **p < 0.01, and ***p < 0.001.

day 3, all explants from all experimental groups showed similar
stress-strain stress curves. At day 7, the explants of the hep group
tended to have a slightly lower stiffness when compared to the
explants from the IL-4/hep group (not significant). At 3 months,
explants from the bare and hep group increased significantly in
stiffness, compared to the explants from the early timepoints. At
this timepoint, the hep group tended to have a higher stiffness
than the IL-4/hep group (Figure 8C).

3. Discussion

This study evaluated the potential of vascular grafts made
from a novel supramolecular material that allows for sim-
ple post-processing functionalization with heparin and IL-4.[23]

Grafts remained functional up to 3 months without thrombosis,
aneurysm of rupture at the anastomoses. We demonstrated that
functionalization with IL-4/hep influenced macrophage recruit-
ment and polarization, led to improved immature (tropo)elastin
deposition, and allowed for more mature ECM formation. No-
tably, heterogeneity within the experimental groups was observed
over the full range of analyses, which warrants attention for fu-
ture clinical translation.

The use of supramolecular chemistry as applied here of-
fers several important advantages for the tailored engineering
of scaffolds for in situ tissue engineering applications. The
supramolecular building blocks with matching supramolecu-
lar motifs form a material with tailorable properties. This en-

ables both the introduction of functional motifs and bioactive
components and allows for tunable mechanical and degradative
properties.[38] The feasibility of these supramolecular graft ma-
terials is shown by several in vivo studies for various applica-
tions, ranging from meshes for abdominal wall reconstruction[39]

to vascular grafts[40,41] and heart valves.[42–44] By immobilizing
heparin using a supramolecular incorporated heparin-binding
peptide as described in this study, the protein binding proper-
ties of heparin can be modularly exploited to bind additional
growth factors or cytokines. One major advantage of this se-
quential approach is that the functionalization with both hep-
arin and IL-4 is done after processing the material into 3D vas-
cular grafts, thereby preventing potential damage to the proteins
during the electrospinning process. We previously validated the
effectiveness of this approach in vitro to create stable function-
alized grafts, verifying the functional IL-4/heparin immobiliza-
tion onto 3D electrospun scaffolds, where bioactivity retention
was demonstrated over time, not only in static conditions, but
also under physiological flow.[23] Based on these in vitro results,
we designed the current in vivo study, in which the IL-4/heparin
functionalized material was assessed for its use as a regenerative
vascular graft.

Heparin functionalization of synthetic small-diameter
TEVGs is an often-reported strategy to prevent thrombus
formation.[45–54] Surprisingly, we did not observe a clear reduc-
tion in platelet activation in the hep group when compared
to bare group (Figure S3, Supporting Information). This
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observation, in case of heparin functionalized groups (either
with or without IL-4), is in apparent contrast with the canonical
definition of heparin as a potent anticoagulant. The inhibitory
action of heparin on fibrin formation is based on its ability
to bind antithrombin III (AT-III) and its inhibitory action on
thrombin.[55] While the heparin sodium salt used in this study
has a molecular weight in the range of 17 000–19 000 Da, which
should ensure accommodation of both AT-III and thrombin,
we speculate that accessibility and availability of the heparin’s
negatively charged groups for AT-III activation purposed might
be limited by the electrostatic interactions occurring between the
heparin and the UPy-HBP. Nevertheless, thrombus formation
was not a significant reason for graft failure in any of the graft
types in this study, which might be attributed to the relatively
oversized luminal diameter of the vascular grafts (2000 μm)
when compared to the native rat aorta (1100 μm) (Figure S2H,
Supporting Information).

An interesting observation in this study is the occurrence
of cases of hyperplasia and less mature tissue formation the
heparin-only group, while the neointima formation in the IL-
4/hep and bare groups remained limited. This is in line with
the increased presence of the observed 𝛼SMA+ rich neointimal
layer in the heparin-only group. The effect of heparin on hyper-
plasia remains controversial. With the development of methods
for covalent conjugation using end-point immobilization, hep-
arin has been conjugated to commercialized vascular grafts, such
as ePTFE grafts. However, in both sheep[56] and rat models,[45]

heparin immobilization did not prevent intimal hyperplasia.
The latter was also confirmed in vitro, in a study that showed
that rat aortic smooth muscle cells became resistant to the an-
tiproliferative activity of heparin following long term heparin
treatment.[57] Concurrently, heparin conjugation has led to in-
consistent results on vascular patency and tissue remodeling
in in situ TEVGs. Several studies showed a positive effect of
heparin functionalization of small-diameter TEVGs on patency
and tissue regeneration.[45–49,58,59] A recent example is a study
by Matsuzaki et al., in which higher patency rates (85%) were
reported for heparin-eluting bilayered polycaprolactone/poly(l-
lactide-co-caprolactone) (PCL-PLCL) vascular grafts compared to
non-heparin grafts (20%) in carotid artery interposition replace-
ment during 8 weeks follow-up in sheep.[50] In contrast, other
studies report adverse events with the heparin functionalization
of small-diameter TEVGs, with local formation of an 𝛼SMA-rich
neointimal layer in heparin functionalized grafts.[51,52,60] One ex-
ample is the study by Jiang et al., in which excessive neointimal
hyperplasia was reported in heparinized grafts made from vas-
cular ECM in rats.[52] Another example is the study of Koobatian
et al., who showed rapid occlusion of heparin-functionalized cell-
free small intestine submucosa (SIS) within 2 days after carotid
artery implantation in sheep.[53]

The cause for local hyperplasia formation in multiple explants
of the heparin-only group in our study, as well as others, remains
unclear. We speculate that this may be caused by the local seques-
tering of mitogenic and fibrogenic growth factors, as heparin has
a high binding affinity for many growth factors in the circulat-
ing blood (e.g., VEGF).[46] In a recent study, Feng et al. charac-
terized the endogenous growth factors (platelet-derived growth
factor, PDGF; basic fibroblast growth factor, bFGF; VEGF) that
bound to a subcutaneously injectable heparin polysaccharide hy-

drogel in mice.[61] Moreover, when exposed to macrophages, they
showed that heparin locally sequesters the macrophage produced
growth factors. While potential effects of heparin by itself on
macrophage polarization have been suggested,[62] no clear ef-
fect of heparin on macrophage polarization was observed as
the bare and heparin group both showed a trend toward more
M1 (iNOS+) macrophages and lower M2 (Arg+) macrophages,
which is in correspondence to our previous in vitro data on this
materials.[23] This may explain why we did not observe hyper-
plasia in the IL-4/hep dual-functionalized group, as the growth
factor and cytokine release profile would be altered by the IL-4-
induced macrophage polarization, although this warrants further
investigation.

One of the main findings of this study is that early modula-
tion of macrophage phenotype led to more mature tissue for-
mation 3 months downstream. IL-4 functionalization promoted
the presence of M2 macrophages in vivo, particularly within the
first week of implantation. This led to differences in the down-
stream tissue maturation and organization. These findings are
in line with previous reports in which IL-4 functionalization is
employed to direct macrophage polarization for vascular tissue
regeneration.[63,64] To explain this, it is essential to consider the
kinetics of the various material functionalizations and the result-
ing kinetics of the in vivo response. Although we were unable to
reliably quantify for how long the initially incorporated IL-4 was
retained and active in vivo, we previously established persistent
retention of approximately 80% of the IL-4 up to 7 days under
physiologic flow conditions in vitro.[23] The observed dominance
of M2 polarization at 7 days in vivo in the IL-4 group strongly
suggests that the IL-4 is still present and active at this time point
in vivo as well. Considering the typical host response to a syn-
thetic implant, acutely after implantation, the synthetic material
will instantaneously be covered in proteins and signaling fac-
tors, including blood proteins and DAMPs released due to the
induced tissue damage that initially recruit neutrophils predom-
inantly. The macrophages are subsequently attracted by cytokines
released from the neutrophils that are unable to phagocytose the
material. We did not observe any significant differences in neu-
trophil recruitment to the differently functionalized grafts, nor
in overall cell influx numbers. In addition, from the current data
it is clear that the effect of the IL-4 on the macrophages is most
pronounced at day 7. From those observations we can conclude
that 1) the initial protein coverage did not prevent the bioactivity
of the IL-4 and 2) that the effect of the IL-4 is predominantly on
steering the phenotype of inflammation-recruited macrophages.
Interestingly, we did observe a tendency toward an increased
macrophage influx in the IL-4 group at 7 days, in addition to en-
hanced M2 polarization. This may point to an effect of IL-4 on
the monocyte-recruiting ability of early inflammatory cells, such
as neutrophils or mast cells, or to a direct chemotactic effect of
IL-4 on macrophage recruitment, although these signaling mech-
anisms are complex and dynamic and there is conflicting evi-
dence in literature in that respect. Since it is known that early
macrophage phenotype is predictive for downstream tissue for-
mation, we hypothesize that the early induction of an IL-4-primed
M2 macrophage phenotype is directly responsible for the more
mature tissue formation at 3 months. We speculate that the ob-
served beneficial effects at 3 months follow-up were at least partly
downstream effects of the early shift to an M2/TH2 dominated
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inflammatory environment, propagated by cell-produced anti-
inflammatory cytokine signaling, rather than a direct effect of
the initially incorporated IL-4. The detection of TH2 cells, which
were previously shown to be required to form an IL-4-mediated
pro-regenerative biomaterial scaffold microenvironment,[24] was
inconclusive in the present study. In this study we opted to focus
on Raman microspectroscopy to gain temporal information on
the scaffold and ECM formation over time. For follow-up stud-
ies, it would be valuable to characterize the sequestered proteins
on the explants over time, by using for example a proteomics ap-
proach as performed by Swartzlander et al. on subcutaneous hy-
drogel implants,[65] and to unravel the resulting temporal course
of immunological and other cellular events using dedicated study
designs.

The detailed evaluation of the matrix maturation and orga-
nization using Raman microspectroscopy revealed important
differences in tissue maturation between the functionalization
groups that could not be detected by purely quantifying gross
ECM production as determined via biochemical assays. Specifi-
cally, Raman microspectroscopy suggested that bare and heparin-
functionalized scaffolds induced condensed protein structures
in the de novo synthetized ECM. Meanwhile, IL-4/hep func-
tionalization allowed for the formation of a more stable ECM
by promoting the deposition of hydroxyproline. This is evident
from the PCA scores, which indicated a high hydroxyproline con-
tent for the IL-4/hep group, which has been reported in cor-
relation to more stable collagen triple helices.[66] Moreover, al-
though (tropo)elastin was detected in all groups, there was a
much more aligned, subendothelial localized (tropo)elastin struc-
ture in the IL-4/hep group when compared to the hep and
bare groups, which displayed (tropo)elastin deposition in a less
aligned and more chaotic fashion. Despite that the deposition of
well-organized (tropo)elastin in the IL-4/hep group is encourag-
ing, this did not yet translate into the formation of mature elastic
fibers at the timepoints studied. As can be observed in the pen-
tachrome staining, the typical black mature elastin fibers seen
in native rat aorta were not visible in the explants. Similarly, the
Raman analysis showed the absence of mature elastin in all 3
months explants. It is most likely that the (tropo)elastin visual-
ized in immunofluorescent staining and measured in the bio-
chemical assay, are still immature (tropo)elastin fibers, which are
not detectable by the pentachrome staining. Although no ma-
ture elastin fibers were formed within the 3 months follow-up
time of this study, the observation of more aligned (tropo)elastin
in the luminal layer of the IL-4/hep grafts is encouraging and
suggests potential for mature elastic network regeneration in
situ. Interestingly, the (tropo)elastin deposition did not colo-
calize with macrophage presence. This is in line with recent
findings by Duijvelshoff et al., who demonstrated a progres-
sive regeneration of mature elastic fibers accompanied by a pro-
gressive decrease in macrophage presence in regenerative re-
sorbable synthetic stents.[67] It is plausible that the early pro-
regenerative environment induced by IL-4 contributes to a more
favorable biochemical milieu for elastin accumulation, for ex-
ample by limiting the secretion of elastase by pro-inflammatory
macrophages.[68]

In terms of scaffold resorption, no clear differences were de-
tected between the functionalization groups. Pit formation and
cavitation, indicative of (macrophage-driven) enzymatically accel-

erated hydrolysis,[37,69,70] mainly occurred at the adventitial side
of the graft, although it was also visible on the luminal side.
The bare and the IL-4/hep group showed the clearest pit forma-
tion on the adventitial side of the graft at the early timepoints,
which is in accordance with the observation that the CD68+

macrophages were mainly present in the outer two-thirds of
the graft. Over time, all grafts progressively resorbed through a
combination of enzymatically accelerated hydrolysis and oxida-
tive resorption, as also previously reported.[37] This was also re-
flected in the mechanical properties of the explants, which dis-
played a shift from scaffold-dominated mechanical properties
at the early timepoints to a more stiff, collagen-dominated be-
havior after 3 months, as also previously observed for in situ
tissue-engineered heart valves.[43,71] How the mechanical prop-
erties will change over longer time-periods, when more scaf-
fold is resorbed, remains to be elucidated with longer follow-
up. Nevertheless, we conclude that for all groups the mechan-
ical stability was stable enough over time to allow for vascular
function as no rupture or aneurysm occurred. Notably, substan-
tial variability in graft mechanical properties was detected be-
tween grafts within each group, which was most pronounced
at 3 months. Variability in homogenous experimental groups
for in situ TEVGs has been acknowledged and reported by our
group previously in a recent study using supramolecular elas-
tomeric TEVGs in rats by Duijvelshoff et al.,[14] as well as by
other groups.[72,73] For example, Khosravi et al. showed variabil-
ity in graft, stiffness of polyglycolic acid-poly(caprolactone/lactic
acid)-based scaffolds in mice,[72] and Bergmeister et al. showed
variable resorption profiles in a study with thermoplastic
polyurethane (TPU) vascular grafts in rats.[73] These variabil-
ities might have derived from differences in the remodel-
ing potential of the individual animals and are an important
point of attention toward robust clinical application for in situ
TEVGs.

Importantly, in this study, the anastomotic sides of the vascu-
lar graft were shielded with impenetrable GoreTex strips to pre-
vent rapid anastomotic ingrowth, using a previously established
model.[18] It is known that trans-anastomotic cell infiltration and
endothelialization is restricted to the immediate perianastomotic
region only in humans,[74,75] which is in contrast to rodents,
in which trans-anastomotic ingrowth of mature endothelial and
smooth muscle cells is the predominant mechanism of graft in-
filtration and the cause of tissue deposition.[17] It should be noted
that the GoreTex shields were slightly tapered in order to bridge
the size mismatch between the grafts and the native aorta and
ensure smooth blood flow over the anastomotic regions. An ob-
served lack of colocalization of 𝛼SMA and vWF in our stainings
suggests that endothelial-to-mesenchymal-transition (endoMT)
was limited to absent. The impeded transanastomotic cell infil-
tration due to the use of the impenetrable GoreTex shielding,
and the apparent absence of endoMT, suggests that infiltrating
blood-derived 𝛼SMA+ cells descend at least partially from trans-
mural ingrowth, as previously reported.[76] Transmural ingrowth
of small capillary and vessel-like structures on the adventitial
side and through the porous graft was confirmed with a CD31
immunofluorescent staining (Figure S6C, Supporting Informa-
tion), indicating that the pore size and resorption rate of the graft
material was adequate to allow for transmural ingrowth.[77] The
enabling of transmural ingrowth also promoted the absence of
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a severe fibrous encapsulation as a result of the foreign body re-
sponse, as it is well-established that sufficient pore size is an im-
portant modulator of fibrous encapsulation and promotor of tis-
sue integration. Another potential source of the fibroblasts in the
grafts is transdifferentiation of macrophages, as has previously
been reported to be a naturally occurring process both in phys-
iological healing as well as fibrosis,[78,79] although this warrants
further investigation.

This study has several limitations. The conclusions regarding
the immunofluorescent stainings are primarily based on qualita-
tive analysis. Reliable quantification of the fluorescent stainings
was compromised by the high background signal from the (aut-
ofluorescent) scaffold material. Moreover, since it is well known
that macrophage M1-M2 classification is oversimplified and non-
binary, we decided to only describe the immunofluorescent data
qualitatively, in order to prevent misinterpretation of quantita-
tive data. With respect to the material functionalization, we opted
to focus on assessing functional readouts on the biological level.
However, we could not characterize for how long the heparin and
the IL-4 were retained on the scaffold material in vivo. Impor-
tant considerations for heparinization technologies are the bond-
ing method and the long-term function of the heparin, which
should guarantee uniform heparinization and sustained in vivo
heparin bioactivity.[80] In this study, we relied on the UPy-HBP
presence and its premixing with the UPy-polymer prior to elec-
trospinning for the subsequent heparin functionalization. How-
ever, the distribution and exposure of the UPy-HBP on the elec-
trospun meshes as well as the homogeneity of the heparin coat-
ing could not be assessed. While an extensive investigation of the
heparin influence on intimal hyperplasia was beyond the scope
of this study, future characterization of the UPy-HBP and hep-
arin distribution might help explaining these results and allow
for a better comparison with the several heparinization technolo-
gies (and their mixed in vivo results) available to date. With re-
spect to the in vivo model used, the maximum follow-up time of
3 months in this study did not allow for complete scaffold resorp-
tion. Longer follow-up times are warranted to evaluate long-term
performance of the grafts and to assess whether tissue homeosta-
sis is achieved upon complete resorption of the synthetic scaffold
material. Finally, when designing new biomaterial strategies for
the clinic, preclinical evaluation should include animal models
that better represent the patient population. Success or failure
of in situ tissue engineering depends heavily on the regenera-
tive potential of the patient.[81] This animal study was performed
in healthy male rats with healthy vasculature, which lacks the
persistent inflammatory environment often seen in patients re-
quiring vascular grafts. Besides healthy versus diseased environ-
ments, also the influence of age and sex on the immune response
and tissue regeneration should be taken into account, as well
as larger animal models that more closely resemble the human
pathology.[81]

Despite these limitations, the systematic comparison between
the functionalization groups at both early and late timepoints in
the inflammatory and healing cascade, and the unique use of Ra-
man microspectroscopy, provides important added value to the
field of vascular in situ tissue engineering. Particularly, the find-
ings of this study extend the in-depth knowledge on the down-
stream effects of early modulation of the inflammatory response
on tissue maturation and graft resorption.

4. Conclusion

In this study, we investigated the regenerative capacity of
resorbable supramolecular vascular grafts, which were dual-
functionalized with heparin and IL-4 to prevent thrombosis and
modulate the inflammatory response to a pro-regenerative envi-
ronment, respectively. The main findings are that, while throm-
bus formation was not a significant factor in any of the grafts,
heparin-only functionalization led to adverse tissue formation in
several cases, characterized by local intimal hyperplasia and dis-
organized (tropo)elastin formation. This was negated with the
addition of IL-4, which showed more effective modulation of
macrophage phenotype into a pro-regenerative M2 phenotype
within the first week of implantation, and more organized tissue
regeneration downstream and formation of more stable ECM.
Importantly, variability between grafts was observed within each
group, which warrants attention for future clinical translation.
Taken together, this study contributes to our understanding of in
situ vascular tissue regeneration and demonstrates that modula-
tion of the early inflammatory response by dual functionalization
aids as an effective tool to control endogenous tissue formation.

5. Experimental Section
Peptide Synthesis: The UPy-HBP peptide (GLRKKLGKA) was manu-

ally synthesized by FMOC solid phase peptide synthesis methods, and
coupling of the UPy-moiety on the resin.[23,82] The preparation of the
supramolecular UPy-modified chain-extended polycaprolactone (CE-UPy-
PCL; Mn = 19.3 kg mol−1, Mw = 44.9 kg mol−1) mixed with a UPy-modified
heparin binding peptide (UPy-HBP) (Figure 1A,B) has been described in
detail by Bonito et al.[23]

Graft Preparation: The CE-UPy-PCL was premixed with the UPy-HBP
(0.5 mol%) and dissolved in chloroform (CHCl3, Sigma) and hexafluoro-2-
propanol (HFIP, Sigma) (15% w/v polymer in CHCl3/HFIP 80/20% v/v).
After overnight stirring at room temperature, the polymer solution was
used to fabricate isotropic electrospun tubular constructs. The solution
was delivered at 70 μL min−1 via a syringe pump (PHD 22/2000, Har-
vard Apparatus, Holliston, MA) to a charged moving needle (18 kV, 14 G)
and collected on a rotating negatively charged Ø 2 mm mandrel (−1 kV,
2000 rpm) in a climate controlled (23 °C, 80% humidity) cabinet (IME
Technologies, Geldrop, The Netherlands). The distance between the nee-
dle and the mandrel was kept constant at 17.5 cm. Afterwards, annealing
of the electrospun tubes was performed for one week at 37 °C to elimi-
nate solvent remnants and to avoid polymer shrinkage. The scaffold mi-
croarchitecture (i.e., fiber diameter, morphology and organization) was as-
sessed from SEM images (Quanta 600F, Thermo Fisher, Hilsboro, OR)
(Figure 1C). The fiber diameter was assessed over 10 fibers per image
(250× magnification), with five images per scaffold. The overall wall thick-
ness of the electrospun tubes was measured at 20 different locations using
a digital microscope (VHX-500FE, Keyence, Mechelen, Belgium). To pre-
vent transanastomotic cell ingrowth from adjacent native aorta an end-
to-end anastomosis was made with a 4 × 10 mm2 impenetrable Gore-
Tex strip (internodal distance <1 μm; Preclude Pericardial Membrane
1PCM103, Gore Medical) via 8–10 interrupted sutures and 2–3 mattress
sutures (Ethilon 10-0, W2870, Ethicon) at both ends of the 8 mm length
electrospun grafts (Figure 1D), as previously validated and described in
detail.[18] The Gore-Tex sutured CE-UPy-PCL+UPy-HBP tubes were steril-
ized with Ethylene Oxide (Synergy Health, Venlo, The Netherlands).

Suture Retention Test: The suture retention strengths of the prepared
tubes were measured according to ISO 7198 “Cardiovascular implants –
Tubular vascular prostheses” using a tensile tester (CellScale, Canada)
(Figure 1E). Briefly, 6 ethylene oxide sterilized grafts were tested; either
with (n= 3) or without (n= 3) Gore-Tex strip. Samples were cut into 12 mm
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long segments, fixed at one extremity by a clamp and pierced through at
the other extremity by a 4-0 prolene suture (Ethicon, USA) at a distance
of 2 mm from the edge. The tubes were stretched at 50 mm min−1 until
rupture in phosphate buffered saline (PBS) at 37 °C.

Heparin/IL-4 Functionalization: One day before surgery, the grafts
were functionalized based on their experimental groups (Figure 1F) via in-
cubation in the corresponding solutions overnight on a roller bank at 4 °C.
The vascular grafts of the bare non-functionalized control group were in-
cubated in Hank’s balanced salt solution (HBSS) only. The heparin func-
tionalized grafts were incubated in a solution of 20 ng mL−1 of heparin
sodium salt (Sigma-Aldrich, St. Louis, MO) in HBSS. For the heparin/IL-
4 functionalized group, first 0.2 ng mL−1 of rat recombinant IL-4 (400-04
Peprotech, Rocky Hill, NJ) was diluted in a 20 ng mL−1 solution of hep-
arin sodium salt in HBSS and allowed to premix for 30 min at 4 °C, after
which the electrospun graft was placed in the solution for overnight in-
cubation. Shortly before implantation, the grafts were rinsed in HBSS to
remove unbound heparin and IL-4.

Ethical Statement—In Vivo Study: Study approval was obtained from
the Animal Ethics Committee of the University of Utrecht (Instantie voor
Dierenwelzijn, protocol number DEC-2013-108; 105134-1). All procedures
were performed in accordance with and approved by the Institutional An-
imal Care and Use Committee of the University of Utrecht. Animal exper-
iments were performed at the Central Lab Animal Research Facility of the
University of Utrecht, The Netherlands. The study is reported in accor-
dance with the Animal Research: Reporting In Vivo Experiments (ARRIVE)
guidelines.[83]

Animals and Housing: Eighty-four healthy inbred specific pathogen
free (SPF) male Lewis rats were purchased from Charles River (10–12
weeks old, 250–290 g). Each animal was fed ad libitum and housed in
groups in cages with cage bedding and enrichment in an environment
maintained at room temperature for 24 h a day and with a 12 h light–12
h dark cycle. The rats were carefully monitored for food intake, hind limb
temperature, social behavior, and general physical condition and activity.
The rats were randomly assigned into three different groups and follow-up
time periods. Only male rats were chosen to avoid sex-related disturbances
in immune cell expression and function due to hormone fluctuation.[84]

Sample Size Calculations: The sample size was calculated using the
formulaof L. Sachs

𝜂 = 2
( z𝛼

2
− 2𝜋

)2
∗
(
𝜎

𝛿

)2
(1)

F = 2
( z𝛼

2
− 2𝜋

)2
(2)

Based on pervious data by Talacua et al., in which a bioactive molecule
was added to an electrospun arterial graft in a similar rat model, it was
hypothesized that the order of magnitudes of 𝛿 and 𝜎 would be 15% and
10%, respectively.[18] With an 𝛼 of 0.05 and 𝜋 of 80%, the sample size
resulted in 7 animals/group. With 7 animals per condition, with four time-
points and three different experimental groups a total of 84 animals were
included in the study.

Graft Implantation: Vascular grafts were implanted as aorta interpo-
sition by using a previously described technique.[18] Briefly, all animals
were examined by a veterinarian prior to surgery and were determined to
be in good health. Before implantation of the graft, buprenorphine (Tem-
gesic 0.05 mg kg−1, Schering Ploug) was administered subcutaneously.
Subsequently, animals were anesthetized with inhalation of isoflurane gas
(induction 3–4%, maintenance 1.5–2.5%). Once adequate anesthesia was
achieved, a midline laparotomy was performed and the abdominal viscera
was lateralized for exposure of the abdominal aorta and the inferior vena
cava. The aorta was separated from the inferior vena cava and the sur-
rounding tissue. Subsequently, the segment of the abdominal aorta be-
tween the renal arteries and the aortic bifurcation was occluded using mi-
crovascular clamps. To prevent backflow, lumbar vessels originating from
the aorta were ligated using single 10-0 sutures. The aorta was transected
and the graft was sutured to the proximal and distal ends of the native
aorta via 8–10 interrupted sutures (Figure 1G). After removal of the mi-

crovascular clamps, the pulsatile flow was confirmed in the aorta distal
to the graft and the abdomen was closed. No heparin or other antico-
agulants or antiplatelet drugs were administered during or after surgery.
Maximum ischemia time was kept below 1 h. Animals recovered on heat
pads to maintain adequate body temperature. Before rats returned to their
cage, they were assessed for hind-limb paralysis or acute graft thrombo-
sis. Postoperatively, animals received subcutaneous analgesia (buprenor-
phine (0.05 mg kg−1).[83]

Graft Explanation: Prior to sacrifice, rats underwent general physi-
cal examination to evaluate their condition. At termination, animals were
anesthetized with inhalation of isoflurane gas (induction 3–4%, mainte-
nance 1.5–2.5%). The abdomen was opened through the old incision. Mi-
crovascular clamps were re-positioned proximally and distally from the
implanted tubes. The tubes were carefully explanted, dissected free from
surrounding tissues, flushed with PBS and cut according to a predefined
cutting scheme (Figure S1, Supporting Information) and stored in the ap-
propriate solutions for analysis (Table S1, Supporting Information). Part
of the native aorta was explanted and used as control tissue.

General Histology: Explanted grafts were fixed in 10% formalin
overnight and embedded in paraffin. 5 μm thick sections for histological
analysis and 10 μm thick sections for Raman measurements were cut us-
ing a microtome (Leica RM 2165, Leica microsystems) and transferred to
poly-l-lysine coated glass slides (Thermo Fisher). The glass slides were
dried in an oven at 37 °C and stored at room temperature. Before further
processing, the slides were heated for 15 min at 60 °C and cooled down
to room temperature. Tissue slides were deparaffinized in xylene (Merck)
and dehydrated in graded series of ethanol. A modified Russell–Movat
pentachrome stain (American MasterTech)[85] was performed to visualize
overall tissue composition and organization. In addition, the slides were
washed in acidified water (0.5% and 0.1% acetic acid). After staining, the
slides were dehydrated and embedded in Entellan (Merck Serono).

Immunohistochemistry: Macrophages were stained using ED1+
(mouse antirat CD68, ab31630, 1:250; Abcam, Cambridge, UK). 5 μm
deparaffinized sections were first blocked with 5% hydrogen peroxide/PBS
and subsequently subjected to indirect heat-induced antigen retrieval
using either TRIS/EDTA, pH 9.0. After blocking with Superblock (Thermo
Fischer Scientific, San Jose, CA, USA), the primary antibody was incu-
bated for 1 h at room temperature. Sections were covered with eukitt after
incubation with secondary horseradish peroxidase (HRP)-conjugated
goat-antirabbit IgG (Brightvision Immunologic) visualization with Nova
Red and hematoxylin counterstain.

Immunofluorescence: Before samples were stained, different antigen
retrieval methods were performed, depending on the primary antibody
used (Table S2, Supporting Information). For heat-mediated antigen re-
trieval, the tissue slides were washed twice in PBS and heated in a 96 °C
water bath for 20 min in 1:10 citrate buffer (pH 6.1; Target Retrieval
Solution, DAKO, Glostrup, Denmark). After heating, slides were slowly
cooled down to room temperature for 45 min. For enzymatic antigen re-
trieval, 0.05% pepsin (Sigma) in 10 × 10−3 m hydrochloric acid (HCL) or
0.6 U mL−1 Proteinase K (Sigma, in 50 × 10−3 m Tris Base, 1 × 10−3 m
ethylene-di-amine-tetra-acetic acid (EDTA, ED2SS), 0.05% Triton X-100,
pH 8.0) was applied to tissue slides for 12 min at a heat plate at 37 °C.
Nonspecific binding was blocked with the blocking solution consisting
of either 5% goat serum (Invitrogen) or 5% horse serum (Life Technolo-
gies) in 2% bovine serum albumin (BSA, Sigma) in PBS/0.05% Tween-
20 (Merck Serono) for 2 h at room temperature in a humidified cham-
ber. Primary antibodies were prepared in the optimized concentrations in
1:10 blocking solution. For the negative control, the samples were incu-
bated with 1:10 diluted blocking solution only. Tissue slides were incu-
bated overnight at 4 °C in a humidified chamber and then washed three
times with PBS/Tween-20. The fluorescently labeled secondary antibody
staining antibodies (vWF/vimentin/𝛼SMA, CD68/ELN, CD31) were di-
luted 1:500 in PBS/Tween-20. After incubation with the primary antibod-
ies, the slides were washed in PBS/Tween-20 and incubated with the sec-
ondary antibodies for 1.5 h at room temperature in a humidified cham-
ber. Directly after incubation with the secondary antibodies, the cell nuclei
were counter stained with 4′,6-diamidinno-2-phenylindole (DAPI, Sigma)
for 10 min at room temperature. Finally, the slides were washed three
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times in PBS/Tween-20, and embedded in Mowiol (Sigma). For the an-
tibody combination CD68/iNOS/Arg1 the primary antibody combination
of CD68 and iNOS was performed first, followed by a blocking step with
normal rabbit serum and subsequently incubated with the Arg1 antibody.

Imaging: Light microscopy images and tile scans were made using a
bright field microscope (Zeiss Axio Observer Z1, 1 pixel = 0.27 μm with a
40×/1.3NA Plan-Apochromat lens) and Zeiss ZEN software (version 3.2).
The immunohistochemical CD68 staining was photographed on BX-51 mi-
croscope (Olympus, 1.25× magnification). To analyze macrophage posi-
tive area, NovaRed surface area in relation to total scaffold surface (%)
was analyzed using ImageJ version 1.53 (National Institutes of Health,
Bethesda, MD, USA). Fluorescent images and tile scans were recorded
with a fluorescent microscope (Leica DMi8, 1 pixel = 0.65 μm with a
20×/0.4 HC PL Fluotar lens), and further processed using Leica Applica-
tion Suite X software (version 3.7, Leica Microsystems CMS GmbH).

Raman Imaging and Spectral Analysis: Confocal Raman microspec-
troscopy and analysis were performed as described before.[29,86] In short,
paraffin embedded 10 μm slices of 3 month explants were imaged using
a WITec alpha300 R Raman microscope equipped with a charge-coupled
device (CCD) camera (WITec GmbH), a 532 nm laser, a 63x W Plan-
Apochromat water dipping objective (N.A. 1.0 Carl Zeiss GmbH) and a
spectrograph with a 600 g mm−1 grating for spectral acquisition. First, a
bright-field image was taken of the complete explant, then a representative
area was chosen that included a transverse section of the vascular graft
wall (covering adventitial tissue, degrading scaffold, matrix in between
scaffold fibers and luminal tissue). Spectral mapping was performed at
2 μm pixel resolution, an acquisition time of 0.05 s per spectrum and
a laser power of 50 mW. Explanted native aorta, non-implanted ce-UPy-
PCL+UPy-HBP were used as reference spectra. Spectral pre-processing
and analysis were performed using Project FIVE 5.3 Plus software (WITec
GmbH). The data sets were cropped (300–3050 cm−1 wavenumbers),
inspected for cosmic rays, background shape-corrected and normalized
(area to 1) before performing TCA as also previously described.[86,87] TCA
was used for the identification of components describing the distributions
of synthetic material, collagen and actin rich regions across the spectral
map. The data was then segmented based on the TCA results and 100 ran-
dom single spectra were extracted using MATLAB (The MathWorks, Inc.).

Spectral differences were evaluated using PCA with Unscrambler X
(CAMO Software AS). The spectral datasets were reduced in dimension-
ality via a vector-based approach. Each vector, called a PC, describes a
source of variation within the data set. The first PC represents the highest
contributing variation, the subsequent PCs refer to the next one and so on.
PC values can be plotted against each other to visualize the correlation or
separation of two or more data sets. Moreover, by using a pre calculated
PCA model, new data can be projected into an existing model to be com-
pared and categorized. PC score values and loadings were used to visual-
ize and interpret molecular differences between native aortic ECM, the de
novo ECM components (collagen and actin-rich) as well as the different
scaffold resorption.

Biochemical Assays: DNA, GAG, HYP as a measure for collagen and
ELN content were quantified from the explants. Prior to these assays, both
wet weight and, after lyophilization overnight, dry weight was measured.
After weighing, samples for DNA, GAG, HYP measurements were trans-
ferred to Nalgene cryogenic vials (Thermo Scientific, 5000-0012) contain-
ing Ø 3 mm beads (Santorius, Goettingen, Germany), snap frozen in liq-
uid nitrogen and disrupted to a fine powder using a micro-dismembrator
(3 × 30 s at 3000 rpm, Sartorius, Goettingen, Germany). After disruption,
500 μL papain-enriched digestion buffer (100 × 10−3 m phosphate buffer
(pH 6.5), 5 × 10−3 m L-cysteine (C1276, Sigma), 5 × 10−3 m ethylene-
diamine-tetra-acetic acid (EDTA, ED2SS, Sigma), and 140 μg mL−1 papain
(P4762, Sigma) was added, and the suspensions were transferred to new
Eppendorf tubes for overnight digestion (16 h at 60 °C). Following diges-
tion, samples were vortexed and centrifuged at 12 000 rpm for 10 min to
precipitate scaffold remnants. The supernatant was used for DNA, GAG
and HYP quantification. DNA content was quantified employing the Qubit
dsDNA Broad Range Assay Kit (Thermofisher Scientific) and the Qubit
Fluorometer (Thermofisher Scientific) according to the manufacturer’s de-
scription. GAG quantities were determined with dimethyl methylene blue

(DMMB, Aldrich) assay.[88] Shark chondroitin sulfate (C4348, Sigma) was
included as a standard. In short, 40 μL of the supernatants and prepared
standards were pipetted in duplo in a 96-well plate. Subsequently, 150 μL
DMMB solution was added and absorbance was measured at 540 nm
and 595 nm using a microplate reader (Synergy HT, BioTek). To quantify
HYP content, digested samples were first hydrolyzed using 16 m hydroxide
(B1438798, Merck). Then, HYP content was quantified with a Chloramin-T
assay, including trans-4-hydroxyproline as a reference (H5534, Sigma).[89]

Absorbance was measured at a wavelength of 550 nm. DNA, GAG and
HYP contents were normalized to total dry mass to assess overall tissue
formation. Following tissue extraction via oxalic acid, soluble 𝛼-elastin was
quantified via Fastin elastin assay (Biocolor Ltd), according to the manu-
facturer’s protocol. ELN contents were normalized for the wet weight of
the scaffolds.

Mechanical Characterization: Mechanical properties of both non-
implanted scaffolds and explanted grafts were analyzed in PBS at 37° in
a uniaxial tensile setup (CellScale Biomaterial Testing, Waterloo, Canada;
equipped with a 1500 mN load cell) using LabJoy software (V8.01,
CellScale Biomaterial Testing, Waterloo, Canada). The construct length
and thickness were measured at 20 locations using a digital microscope
(VHX-500FE, Keyence). Thereafter, the samples were mounted in the bio-
rakes (tine diameter 245 μm, puncture depth 1.9 mm, CS-BT-BR-07 World
Precision Instruments). The ring shaped explants were mounted and
tested until break at a constant speed of 10 mm min−1 crosshead speed
until failure, and the associated forces and displacements were recorded
at a frequency of 5 Hz. The data was analyzed using an image-based
approach developed by Van Haaften et al. [90]. Briefly, the stretch outer
perimeter 𝜆OP is defined as the outer parameter length normalized to the
initial outer perimeter length, calculated from the image analysis. The esti-
mated ring stress 𝜎ring was derived from the force and displacement mea-
surements as previously described.[90]

Scanning Electron Microscopy (SEM): Explants analyzed for scaffold re-
sorption were rinsed in purified water and decellularized with 4.6% sodium
hypochlorite for 15 min at room temperature, followed by two washing
steps in purified water, dried in vacuum overnight. Samples were visual-
ized with SEM (low vacuum, 10 kV electron beam) (Quanta 600F; Thermo
Fisher).

Statistical Analysis: Pre-processing of data was applied for biochemi-
cal assays, in which the data was normalized against dry weight (for DNA)
of DNA (for GAG and HYP) or wet weight (for ELN). Sample size (n) for
each timepoint per experimental group are given in Table 1. Data are ex-
pressed as mean ± SD. Normality of the data was assessed by plotting the
frequency distribution and by performing the Shapiro Wilk test. When the
data was normally distributed, statistical differences were determined us-
ing the two-way ANOVA with a Tukey’s multiple comparison test. When the
data was not normally distributed, the non-parametric Kruskal Wallis test
with a Dunn’s multiple comparison test were performed to identify sta-
tistical differences over time or between material types. Differences were
considered as statistically significant for p-values below 0.05 and visual-
ized with *p < 0.05, **p < 0.01), and ***p < 0.001. Statistical analysis was
performed using Prism software 8.0 (GraphPad Software, La Jolla, CA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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