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ABSTRACT
Optimal healing of full-thickness skin wounds remains a clinical challenge. While current skin substitutes aid burn wound man-
agement, there is still a need to effectively minimize scarring. Therefore, we developed type I collagen scaffolds with covalently 
bound ReGeneraTing Agent (RGTA) OTR4120 (OTR), a synthetic heparan sulphate analogue resistant to glycanase degradation 
(Col I + OTR). To further stimulate skin regeneration, collagen scaffolds with and without OTR4120 were subsequently loaded 
with sonic hedgehog (SHH), a key effector molecule in embryogenesis. The presence of OTR4120 and SHH in scaffolds was bio-
chemically and histologically confirmed after crosslinking and sterilization. SHH was found deeper into collagen scaffolds in the 
presence of OTR4120. Addition of SHH to scaffolds showed lower expression of M1-like cell surface markers, while Col I + OTR 
significantly enhanced IL-10 production. The potential of OTR4120 in wound healing was further evaluated in vivo using a rat 
full-thickness wound model over 28 days. By day 14, macroscopic images revealed that OTR-treated wounds better maintained 
the original wound shape. Histological analysis showed increased blood vessel formation, fewer scaffold remnants and more 
contiguous sebaceous glands in the granulation tissue with Col I + OTR scaffolds. This study demonstrates that OTR4120 could 
be a promising addition to acellular skin substitutes for improving acute wound healing.

1   |   Introduction

Deep and extensive injuries, such as burns, often lead to signifi-
cant scarring, which can cause contraction and mobility limita-
tions for patients [1]. Full-thickness skin wounds compromise 
the integrity of the epidermis and dermis, including appendages, 
creating a need for skin replacement to avoid complications [2]. 

The gold standard treatment for this type of wound involves 
split-thickness skin transplants [3]. However, this method not 
only creates an additional superficial wound in the patient but 
can also lead to incomplete skin repair, often resulting in fibrotic 
tissue [4]. Dermal templates, such as collagen scaffolds, can pro-
vide structural support for dermal restoration during the wound 
healing process [5, 6].
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Wound healing stages consist of overlapping phases: hae-
mostasis, inflammation, proliferation and remodelling [7]. 
Haemostasis initiates wound healing by rapidly constrict-
ing blood vessels, forming a fibrin clot to stop bleeding and 
releasing signalling molecules that recruit immune cells 
[8]. During inflammation, monocyte-derived macrophages 
(M0) arrive at the wound site and polarize toward M1 (pro-
inflammatory) macrophages to remove debris and patho-
gens, which are replaced by M2 (pro-healing) macrophages 
that help resolve inflammation and signal the start of prolif-
eration [9–11]. During this phase, fibroblasts transform into 
myofibroblasts and secrete extracellular matrix (ECM) com-
ponents to form granulation tissue and contract the wound, 
while endothelial cells promote angiogenesis to support tissue 
growth [12]. Fast wound contraction during the skin healing 
process usually leads to scarring [13]. Keratinocytes cover the 
wound and the provisional ECM is degraded to allow tissue 
reconstruction [14], while (myo)fibroblasts deposit type I col-
lagen [15].

One way to improve the function of dermal templates is 
through biofunctionalization with molecules present in the 
ECM. Several studies described incorporating heparin in colla-
gen scaffolds for its potential to bind growth factors, which can 
enhance skin wound healing [16, 17]. However, after an injury 
the environment is characterized by a catabolic activity leading 
to a rapid degradation of heparan sulphate and other mole-
cules [18]. To tackle this, dextran-derived analogues, such as 
ReGeneraTing Agents (RGTA), have been developed to mimic 
the structural and functional properties of heparan sulphate 
but are resistant to degradation by heparanases, chondroiti-
nases, hyaluronidase and dextranase [19, 20], due to the pres-
ence of 1–6 bonds between the monosaccharides instead of 
the natural 1–4 glycosidic bonds in heparan sulphates [21]. We 
therefore decided to construct collagen scaffolds with RGTA 
OTR4120 (OTR) to evaluate its potential as a dermal template 
in acute wounds.

Effector molecules are essential for ECM signalling during 
wound healing [22]. Sonic hedgehog (SHH) is a key regulator 
in the hedgehog pathway that influences tissue formation, hair 
follicle development, cell fate and epidermal patterning during 
embryogenesis [23]. Higher SHH expression has been observed 
in embryonic mice with regenerated wounds compared to 
older mice that developed scars [24, 25]. Sulphation of heparan 
sulphate is crucial for SHH binding, as a study demonstrated 
SHH dimers assemble on heparin chains with three sulphate 
groups per disaccharide [26]. The formed complex enhances 
SHH bioavailability, a principle that can be applied in scaf-
folds. Moreover, SHH has shown to act as a chemoattractant 
for macrophages in vivo [27]. The incorporation of SHH and 
OTR4120 in collagen scaffolds may thus impact macrophage 
polarization. Recently, our research group described an anti-
fibrotic effect of type I collagen scaffolds functionalized with 
OTR4120 in combination with FGF2 in an in vitro model using 
fibroblasts [28]. In this study, we evaluate the binding capac-
ity of OTR4120 for SHH in collagen scaffolds, as well as its 
effect on macrophages in vitro. The wound healing potential 
of OTR4120 bound to collagen scaffolds is further evaluated 
in vivo using a rat full-thickness wound model.

2   |   Materials and Methods

2.1   |   Scaffold Construction and Characterization

Porous collagen scaffolds (Col I) were prepared using 0.8% (w/v) 
collagen fibrils in 0.25 M acetic acid, swollen overnight at 4°C 
under constant agitation. The collagen was isolated from bovine 
Achilles tendon obtained from a local slaughterhouse [29]. For 
collagen scaffolds with RGTA OTR4120 (Col I + OTR), 0.025 
(w/v) % of heparan sulphate mimetic (OTR3, Paris, FR) [30] 
was added to the 0.8% (w/v) collagen suspension. The suspen-
sions were homogenized and poured into standard suspension 
culture plates (6-well format, Cellstar, Greiner Bio-One, cat. 
no. 657185) at 4 mL per well (corresponding to 960 mm2 surface 
area per well). The plates were then frozen at −20°C before lyo-
philization using a Lyoph-pride 03 freeze dryer (ilShin BioBase 
Europe, Ede, NL), creating untreated non-crosslinked scaffolds 
(U). Scaffolds for characterization, in vitro and in vivo testing 
were chemically crosslinked (X) for 3 h, applying 33 mM 1-ethy
l-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 6 mM N-
hydroxysuccinimide (NHS) in 50 mM 2-morpholinoethane sul-
phonic acid (MES, pH 5.0) (Sigma-Aldrich, St. Louis, MO, USA) 
containing 40% ethanol. Scaffolds were washed with 0.1 M 
Na2HPO4, 1 M NaCl, 2 M NaCl and demineralized water, and 
lyophilized. Finally, Ø 12-mm scaffolds were gamma sterilized 
(Steris company, Ede, NL) with a minimum dose of 25 kGy.

Col I + OTR/SHH scaffolds were prepared by incubating dry 
Col I + OTR scaffolds in 3.5 μg/mL human SHH C24II (Lot. 
5,221,207,908, SHH, Miltenyi Biotec, Teterow, DE) in phos-
phate buffered saline (PBS, pH 7.2) overnight. Scaffolds without 
OTR4120 (Col I + SHH) were used as a control for characteri-
zation. Scaffolds were washed 3 × 15 min in PBS to remove un-
bound SHH and processed for further analysis. Samples for 
in vitro studies were used immediately. Samples for characteri-
zation, including the supernatants from the washing steps, were 
stored either in sample buffer (1.0% w/v sodium dodecyl sulphate 
(SDS), 1.25% v/v 2-mercaptoethanol, 2.5% v/v glycerol and 0.04% 
w/v bromophenol blue in 31.25 mM Tris–HCl in Milli-Q water) 
at −20°C or in Tissue-Tek O.C.T. compound (Sakura Finetek, 
Alphen aan den Rijn, NL) at −80°C.

The extent of crosslinking was evaluated by measuring the re-
sidual primary amine groups through 2,4,6-trinitrobenzene sul-
phonic acid (TNBS) assay [31]. Glycine solutions (0–80 μg/mL) 
prepared in 4% NaHCO3 were used for calibration, and absor-
bance was measured at 420 nm using a SpectraMax iD3 plate 
reader (Molecular Devices, CA, USA). The pore structure of the 
scaffolds was visualized using scanning electron microscopy 
(SEM). In short, the cross-sectional side of the scaffolds was at-
tached to carbon tape, coated with gold in an Edwards Scancoat 
Six Sputter Coater (Crawley, UK) and imaged with a Zeiss Sigma 
300 SEM (Jena, DE) at 3 kV.

The amount of OTR4120 bound to the scaffolds was deter-
mined by performing a dot blot colorimetric assay with Alcian 
blue staining. Scaffolds were digested at 65°C overnight using 
2.5 U/mL papain (P3125, Merck, Darmstadt, DE) in 50 mM 
sodium phosphate, 2 mM EDTA, and cysteine (pH 6.5). The 
samples were spotted on a polyvinylidene fluoride membrane 
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(0.45 μm, Thermo Scientific, Waltham, MA, USA) activated 
with 0.25 (w/v) % cetylpyridinium chloride (CPC) in methanol 
with 30% isopropanol alongside a serial dilution of OTR4120 
starting from 500 ng. Alcian blue staining solution contained 
2.5 (w/v) % Alcian blue (Sigma) in de-staining solution (40 mM 
guanidinium chloride, 1.8 mM H2SO4, and 0.025 v/v % Triton 
X-100 in 50% aqueous ethanol). Membranes were stained for 
30 min in Alcian blue solution, followed by a 5 min incubation 
in de-staining solution and 5 min in demineralized water [32]. 
Membranes were imaged with the Molecular Imager Gel Doc 
XR system (Bio-Rad) on a White Light Conversion Screen (Bio-
Rad, Hercules, CA, USA) in grayscale. The OTR4120 content of 
the samples was measured as μg OTR4120/mg collagen.

2.2   |   SHH Quantification and Localization

The amount of SHH bound to the scaffolds was measured 
using Western blotting. Samples and SHH for the calibration 
curve in sample buffer were boiled for 10 min. Samples, in-
cluding a Protein Ladder (PageRuler Plus, Thermo Scientific), 
were run on a 12% SDS-PAGE gel for 1.5 h at 100 V. Proteins on 
the gel were blotted onto a nitrocellulose membrane (0.2 μm, 
Bio-Rad) at 100 V for 1 h in blotting buffer (25 mM Tris, 40 mM 
glycine, in 20% aqueous methanol with 0.4% SDS). Membranes 
were blocked with 2% bovine serum albumin (BSA) in PBST 
(0.1% Tween-20 in PBS) overnight at 4°C under constant agita-
tion. Immunostaining was performed by incubating the mem-
brane with rabbit anti-human SHH (1:5000, sc-9024 Santa 
Cruz Biotechnology, Dallas, TX, USA) for 1 h, followed by goat 
anti-rabbit IRDye 680 CW conjugated (1:5000, 929–32,221, 
Li-COR Biotechnology, Lincoln, NE, USA) for 1 h. Blots were 
washed with PBST for 3 × 5 min between antibody incuba-
tions. Blots were scanned using the Odyssey CLx imager 
(Li-COR), and the signal was quantified using Image Studio 
Version 6.0 (LI-COR).

The distribution of OTR4120 and SHH was visualized using 
indirect fluorescence microscopy. Then, 7-μm cryosections of 
scaffold cross-sections were blocked with 2% BSA in PBST for 
30 min. All antibodies were diluted in blocking solution (BSA-
PBST) and left for incubation for 1 h, followed by washes of 
PBST 3 × 5 min between labelling steps. Three antibodies were 
used to stain OTR4120: primary single chain antibody HS4C3V 
with a VSV tag (1:10 periplasmic fraction, produced in house), 
secondary mouse anti-VSV P5D4 hybridoma supernatant (1:10, 
produced in house), [33], tertiary goat anti-mouse IgG (H + L) 
Alexa 488 conjugated (1:500, A-11001, Molecular Probes Inc). 
To visualize SHH, anti-rabbit SHH (1:100, Santa Cruz) was 
used, followed by secondary goat anti-rabbit IgG (H + L) Alexa 
594 conjugated (1:500, A-11012, Molecular Probes Inc). Slides 
were fixated in absolute ethanol and mounted with Mowiol 
4–88 (Merck). Images were taken using ZOE Fluorescence Cell 
Imager (Bio-Rad).

2.3   |   In Vitro Analysis With Human Macrophages

Primary human monocytes were isolated from peripheral blood 
mononuclear cells of healthy donors (3 donors), using magnetic 
activated beads, CD14+ (130–050-201, Miltenyi Biotech, Teterow, 

DE). Each donor was tested in an independent experiment per-
formed at separate times. Informed consent was given in ac-
cordance with the Declaration of Helsinki and Dutch national 
and Sanquin internal ethic boards. Monocytes were stimulated 
with 50 ng/mL macrophage colony-stimulating factor (M-CSF, 
PeproTech by Thermo Scientific, Waltham, MA, USA) for 6 days 
to obtain M0 macrophages. As controls, M0 macrophages were 
stimulated for 24 h with 100 ng/mL lipopolysaccharides (LPS, 
vac-3pelps, InvivoGen, San Diego, CA, USA) with 20 ng/mL in-
terferon gamma (IFNγ, PeproTech) to polarize them to M1-like 
macrophages or with 20 ng/mL interleukin 4 (IL4, 170–076-
135) + 20 ng/mL interleukin 13 (IL13, 130–112-412) to polarize 
them to M2-like macrophages (both from Miltenyi Biotech). On 
day 7, cells were harvested with a cell scraper using 2 mM EDTA 
in PBS. In total, 200,000 M0 macrophages were seeded onto 
crosslinked collagen-based scaffolds, which included the fol-
lowing experimental conditions: Col I (control), Col I + OTR and 
Col I + OTR/SHH. As additional controls, Col I scaffolds were 
also seeded with either M1- or M2-like macrophages that were 
pre-differentiated. Macrophages were cultured on scaffolds for 
48 h in RPMI 1640 medium containing 10% foetal bovine serum 
(FBS, Gibco), 1% ultraglutamine and 1% antibiotic/antimycotic 
with their respective stimulators (M0: /; M1: LPS + IFNγ; M2: 
IL4 + IL13) during the differentiation process and without these 
factors during scaffold culture.

Cell phenotype was evaluated using flow cytometry. 
Macrophages were enzymatically retrieved from the scaffolds 
using 0.25 U/mL collagenase A (Roche, Mannheim, DE) in a 
shaking water bath for 30 min at 37°C. PBS containing EDTA 
was added to the scaffolds and incubated for 30 min at 4°C. 
Isolated cells were labelled with eFluor 780-APC-Cy7 (1:2000, 
65–0865-14, ThermoFisher, Carlsbad, CA, USA) to detect viable 
cells. For cell surface labelling, antibodies were used from either 
BD Biosciences (Franklin Lakes, NJ, USA) or BioLegend (San 
Diego, CA, USA) and corresponded to CD45 (1:20, 304,026), 
CD80 (1:20, 305,220), PD-L1 (1:30, 557,924), HLA-DR (1:20, 
307,646), CD206 (1:40, 551,135), CD163 (1:40, 562,643) and 
MerTK (1:50, 367,610). Mean fluorescence intensity (MFI) was 
measured with BD FACSVerse Cell Analyser flow cytometer 
(BD BioSciences) and calculated using FlowJo X (vX 0.7, Tree 
STAR, Ashland, OR, USA). Gating strategy consisted of spotting 
singlet live cells, CD45+cells, and a specific CD marker.

Cytokine concentrations in supernatants were quantified using 
ELISA kits for IL-12 (88–7126), IL-6 (88–7066) and IL-10 (88–7106) 
(Invitrogen, ThermoFisher, Vienna, AT), following the manufac-
turer's instructions. Absorbances were recorded at 450 nm using 
the iMark Microplate Absorbance Reader (Bio-Rad, Basel, CH).

2.4   |   In Vivo Analysis With Rats

All procedures were performed according to the Institute of 
Laboratory Animal Research guide for Laboratory Animals. 
The study was approved by the Ethics Committee of the 
Radboud University Nijmegen DEC 2023–0016 under the proj-
ect licence AVD10300202317189. A powered analysis based 
on a similar approach by Nillesen et al. [16] was performed, 
taking into account the wound contraction percentage be-
tween untreated and collagen-based substitute, calculating a 
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relevant detectable contrast of 20%. This resulted in a sample 
size of 9 rats for a power of 80% and alpha = 0.05 (two sided). 
Nine Wistar rats (male, 3 months old, weight 300–400 g, WI 
(WU), Charles River) were purchased and housed with two 
rats per cage. They were fed with pellets, sunflower seeds, 
booster food (Ssniff Spezialdiäten, Soest, DE) and water ad li-
bitum. The rats were labelled by ear punch upon arrival and 
were handled and trained for a period of 1–2 weeks before 
surgery.

The experimental design consisted of the following treatment 
groups: untreated wound, Col I scaffold and Col I + OTR scaf-
fold. Note that the experiment contained another collagen-based 
condition not related to this study. The treatment location was 
randomized using rando​mizat​or.​org to avoid repetitions of sets. 
Spots were assigned A–D on the back of the rats, and treatments 
1–4 were allocated in a different order. Rats were sacrificed at 
day 28 after implantation (Supporting Information Figure S1).

Rats were anesthetized with isoflurane 1.5%–2.5%. Eye cream 
(Ophtosan, AST Farma, Oudewater, NL) was applied to their 
eyes. Their backs were trimmed using a hair clipper and hair re-
moved by applying Veet cream (Reckitt Benckiser, Slough, UK). 
Four full-thickness wounds of Ø 12 mm were made on the back 
of each rat, between the shoulders and hind legs using a biopsy 
punch (220,701, SMI AG, St. Vith, BE) and curved scissors. Sterile 
scaffolds were placed on the wounds in such a way that they 
fitted exactly and touched the wound edge. The scaffolds were 
kept in place using 6–8 resorbable sutures (100L6P, Monocryl 
4–0, Ethicon, Raritan, NJ, USA). Wounds were covered with a 
silicone dressing (Mepilex Border Flex Lite, 581,277, Mölnlycke, 
Gothenburg, SE), an elastic bandage (PetFlex 10,009,403,914, 
Andover healthcare, Portsmouth, NH, USA) and adhesive plaster 
(250, Leukoplast, Hamburg, DE). Post-operative analgesia was 
given after surgery and for the next 3 days with 0.1 mL/100 g body 
weight injections of carprofen (5 mg/mL, Rimadyl, Capelle a/d 
IJssel, NL). Wound dressing and bandaging were replaced when 
needed, generally 1–3 times per week.

Digital photos of the wounds were taken at days 0, 7, 14, 21 and 28 
post surgery, plus when dressings and bandages were changed. 
Rats were sacrificed on day 28 by CO2 inhalation, and scaffolds 
with surrounding tissue were harvested. Half of the tissue was 
stored in 4% paraformaldehyde (PFA) in PBS overnight and re-
placed with 1% PFA in PBS thereafter. The other half was snap-
frozen in liquid N2, stored in TissueTek and frozen at −80°C.

2.4.1   |   Morphology and Wound Contraction Analysis

Macroscopic images were processed in FIJI 1.53 t (ImageJ soft-
ware, Bethesda, MD, USA) and calibrated using the photographed 
ruler in each photo to obtain the width, length and wound area by 
manually tracing the wound edge (n ≤ 9). The morphology was 
evaluated according to the ratio observed between the width and 
length of the wound (Supporting Information Figure S2). A mor-
phology closer to 1 represents a rounder wound, which is an indi-
cation of less contraction. The formula used was

Wound contraction was evaluated by determination of the re-
maining wound area using the photographs at the different 
timepoints (7, 14, 21 and 28 days) compared to day 0 (i.e., 100% 
of the wound area) per condition. The formula used to calculate 
the wound contraction was

where: Ai = Initial wound area at day 0; Axe = Wound area at the 
timepoint (i.e., day 7, 14, 21 or 28).

2.4.2   |   Microscopical Analysis

Histological analysis: PFA fixed samples were embedded in 
paraffin and sections of 5 μm thickness were cut. Sections 
were stained with haematoxylin and eosin (H&E) or Masson's 
trichome blue and scanned with a whole-slide scanner 
(3DHISTECH, Budapest, HU). CaseViewer 2.4 software was 
used to analyse the histological sections and immunostainings. 
The stainings were used to visualize skin layers, appendages 
and scaffold remnants.

2.4.2.1   |   Immunohistochemistry.  Samples were stained 
for alpha smooth muscle actin (α-SMA, 1:2000, clone 1A4, 
A-2547, Merck) to visualize myofibroblasts and mature blood 
vessels and for cluster of differentiation 68 (CD68, 1:200, 
MCA341R, AbD Serotec) to study macrophages. Sections were 
deparaffinized and incubated with 0.5% hydrogen peroxide 
(K44653709, Merck) for 1 h. After washing with demineral-
ized water for 5 min, the samples were incubated for 10 min in 
boiling citrate buffer (10 mM tri-sodium citrate, pH 6.0). After 
cooling for 40 min, sections were rinsed in demineralized water 
for 2 × 2 min and incubated with blocking solution (0.5% BSA 
in PBS + 0.05% Triton X-100) for 30 min. All antibodies used in 
this methodology and ABC kit were diluted in blocking solu-
tion and washed with PBS 2 × 5 min. Primary antibodies were 
incubated for 45 min. From this point, reagents were from Vec-
tor Laboratories (Newark, CA, USA). Secondary antibody goat 
anti-mouse IgG (H + L) biotinylated (1:200, BA-9200) was incu-
bated for 45 min. Elite ABC kit, peroxidase (PK-6100) was applied 
for 1 h. AEC substrate kit, peroxidase (SK-4205) was incubated 
for 5–8 min. Sections were counterstained with haematoxylin 
and mounted using VectorMount (H-5501).

2.4.2.2   |   Quantitative Measurements.  Using H&E, the epi-
dermal thickness at both the wound and unwounded healthy skin 
was measured at three different areas. The wound area was 
marked by the presence of granulation tissue. The number of hair 
follicles and sebaceous glands was counted within the wound 
and in the adjacent area. The histological wound deformation was 
calculated by dividing the width of the middle of the wound by 
the width of the wound just below the epidermis.

2.4.2.3   |   Semi-Quantitative Scoring.  The healed tissue 
was semi-quantitatively scored by two independent individu-
als (NA, RK) for the presence of myofibroblasts, macrophages, 

Morphology (1) =
width (cm)

length (cm)

Wound contraction (%) =
Ai − Ax

Ai
⋅ 100%

Deformation (1) =
Width from the middle dermis (�m)

Width from the top dermis (�m)
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angiogenesis and residual collagen based on AEC and trichrome 
blue staining. Scores were assigned from 0 (not present) to 1, 2 
or 3 (low, medium, high abundance, respectively). If differences 
occurred between observers (when intra-class correlation coeffi-
cient, ICC < 0.75), slides were re-evaluated to obtain consensus.

2.5   |   Statistical Analysis

Data were analysed and visualized using GraphPad Prism 10.4.1. 
Scaffolds characterization and histological analysis from rat tis-
sues were evaluated using one-way ANOVA with Tukey's multiple 
comparisons test. For in vitro studies and macroscopical analyses 
of in vivo studies, two-way ANOVA with Tukey's multiple compar-
ison test was performed. Type I error was set at 5% (i.e., α = 0.05). 
IBM SPSS Statistics 29 (Armonk, NY, USA) was used to determine 
the ICC to evaluate if the reliability was good (> 0.75) or excel-
lent (> 0.9) between scorers in the histology section (Supporting 
Information Table S1).

3   |   Results

3.1   |   Effect of Sterilization and Crosslinking on 
OTR4120 Bound to Collagen Scaffolds

Porous scaffolds were prepared containing type I collagen 
(Col I) or type I collagen with 0.025% OTR4120 (Col I + OTR). 
Scanning electron microscopy images revealed that crosslinked 
Col I + OTR scaffolds showed more compressed pores than Col 
I, but pore morphology was similar in both untreated (non-
crosslinked) scaffolds (Figure 1A and Supporting Information 
Figure S3). For in vitro and in vivo studies, scaffolds were ster-
ilized by gamma radiation. Then, the amount of free amine 
groups was used to calculate the crosslinking degree (i.e., ~62%), 
which did not change after sterilization (Figure 1B). The amount 

of bound OTR4120 to collagen scaffolds remained constant with 
24 ± 5 μg OTR4120/mg collagen scaffold in crosslinked scaffolds 
before and after sterilization, showing that gamma sterilization 
did not affect the amount of OTR4120 bound to scaffolds after 
crosslinking. However, the OTR4120 amount slightly increased 
in untreated Col I + OTR after sterilization (Figure 1B).

3.2   |   Presence of OTR4120 and SHH in 
Collagen-Based Scaffolds

OTR4120 is a heparan sulphate mimetic capable of binding 
heparin-binding sites of proteins such as effector molecules 
and, to a lesser extent, collagen. SHH has positively charged 
amino acid residues that interact with OTR4120. Col I and 
Col I + OTR scaffolds captured similar amounts of SHH, as 
quantified by Western blotting (Figure 2A,B). Col I contained 
0.15 ± 0.10 μg SHH/mg scaffold and Col I + OTR captured 
0.13 ± 0.20 μg/mg. After consecutive washes, the SHH was 
not detected in the wash solutions (Supporting Information 
Figure S4). The distribution of OTR4120 and SHH in the scaf-
folds was visualized using immunofluorescence assays. The 
antibody for heparan sulphate cross-reacts with OTR4120. 
Staining for heparan sulphate showed an even localization 
of OTR4120 in the whole scaffold of Col I + OTR, while there 
was no staining in the Col I scaffold. SHH bound to both types 
of scaffolds but was concentrated at the edge of Col I scaffolds. 
SHH penetrated deeper inside the Col I + OTR scaffold, show-
ing some overlap in the merged image of OTR4120 and SHH 
(Figure 2C).

3.3   |   In Vitro Analysis With Human Macrophages

Since incorporation of OTR4120 and SHH in collagen scaf-
folds may affect the macrophage phenotype, we seeded M0 

FIGURE 1    |    Effect of crosslinking and gamma sterilization of scaffolds. (A) Representative images of the pore morphology in cross-section of 
crosslinked (X) and untreated (U) collagen scaffolds using scanning electron microscopy. Scale bar is 200 μm. (B) Table displaying the characteristics 
of Col I scaffolds with and without OTR4120, before and after sterilization. ‘-’ represents below detection limits. N = 3 (mean ± SD). Two-way ANOVA 
followed by Tukey's multiple comparison test was performed for primary amine groups. *Significant reduction in primary amine group content was 
observed in crosslinked scaffolds compared to their non-crosslinked counterparts (p < 0.001).
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6 of 13 Wound Repair and Regeneration, 2025

macrophages to evaluate whether scaffold components would 
convert the cells toward an M1 (pro-inflammatory) or M2 
(pro-healing) subtype. Flow cytometry was used to measure 
the cell surface markers. Additional controls included M1-like 
and M2-like macrophages, which were seeded on Col I scaf-
folds to analyse the cell surface markers on non-functionalized 
scaffolds.

OTR4120 and SHH appeared to modulate macrophage polar-
ization by slightly reducing certain pro-inflammatory mark-
ers and modestly enhancing anti-inflammatory cytokine 
production. The three conditions, Col I, Col I + OTR and Col 
I + OTR/SHH, tended to show lower expression of CD mark-
ers associated with pro-inflammatory phenotypes, such as 
CD80, HLA-DR and PD-L1 (Figure  3A), than the M1-like 
macrophages control. In contrast, M2-associated markers 
showed no significant differences across scaffold conditions 
seeded with M0 macrophages (Figure  3B), although CD163 
expression was significantly higher in control and slightly el-
evated in OTR (p = 0.26) and SHH (p = 0.25) compared to the 
M2-like control. Cytokine analysis of culture supernatants 
(Figure 3G–I) revealed reduced IL12 levels in all M0-seeded 
scaffold conditions—Col I (p = 0.11), OTR (p = 0.10) and SHH 
(p = 0.08)—relative to M1-like macrophages. IL10 was signifi-
cantly higher (~30-fold) in the Col I + OTR condition com-
pared to all conditions, while the 10-fold increase in OTR/
SHH was not statistically significant (p = 0.22). These findings 
suggest a trend toward an anti-inflammatory profile, particu-
larly with OTR treatment, though variability between donors 
limits definitive conclusions.

3.4   |   OTR4120 In Col I Scaffolds Enhance Wound 
Healing

Col I and Col I + OTR scaffolds were implanted in full-thickness 
wounds in rats. To compare the wound healing efficiency, un-
treated wounds were used as controls for scaffold treatment, 
while Col I was used as a control to assess the effect of incorpora-
tion of OTR4120. After surgery, rats experienced weight loss and 
discomfort from bandaging. To improve well-being, adjustments 
were made, including substituting the elastic band (Petflex) for 
a softer cotton material (2,310,057, Kruidvat, NL). Despite these 
efforts, two rats died during the third postoperative week—one 
was found dead in its cage, likely due to bandage-related dis-
tress, and another was euthanized at a humane endpoint follow-
ing marked weight loss and signs of discomfort. The remaining 
seven animals completed the 28-day study period.

Macroscopic photos of the wound area were taken at day 0, 7, 
14, 21 and 28, but accurate wound measurements could not be 
performed after day 14 due to scab formation (Figure  4A). To 
avoid disrupting the underlying neo-epidermis and granulation 
tissue, scabs were left intact, as they typically detached only 
after 5 weeks in this full-thickness wound model, consistent 
with previous observations in a similar study with porous col-
lagen biomaterials that followed healing up to 56 days [34]. On 
day 14, wounds treated with scaffolds presented less wound con-
traction at day 7 with 17% in Col I and Col I + OTR compared to 
40% in the untreated group. This difference increased by day 14, 
where the untreated wounds had contracted more than 78% in 
contrast to the treated scaffolds, with 24% and 26% for Col I and 

FIGURE 2    |    SHH bound to Col I and Col I + OTR scaffolds after incubation with 3.5 μg SHH/ml overnight. (A) SHH detection using western blot-
ting. Positive bands are stained in red around 19 kDa. The image shows the calibration curve, Col I and Col I + OTR scaffolds from three different 
batches. (B) Quantification of SHH bound to scaffolds from bands on Western blots (n = 3) gave no significant differences. (C) Detection of OTR4120 
(green) and SHH (red) using immunostaining. OTR4120 was identified with single chain antibody HS4C3 against heparan sulphate. SHH was con-
centrated at the edge of the Col I scaffold while it showed a deeper penetration in OTR-containing scaffolds. Dashed line indicates the outer edge of 
the scaffold. Scale bar is 100 μm.
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FIGURE 3    |     Legend on next page.
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8 of 13 Wound Repair and Regeneration, 2025

FIGURE 3    |    Effect of OTR4120 and/or SHH in collagen scaffolds on primary human macrophages. Type I collagen scaffolds with M0 macro-
phages were used as control. As secondary controls, Col I with either M1 or M2 macrophages were included. Mean fluorescence intensity (MFI) was 
measured by flow cytometry for (A) M1 associated markers and (B) M2 associated markers. (C) Cytokine concentrations in the supernatants. Every 
donor is represented with a different symbol. Data are represented as mean ± SD (n = 3). p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

FIGURE 4    |    Wound contraction and morphology assessment in rats. Twelve millimetre wounds were created on the back of the rats and left un-
treated or treated with Col I or Col I + OTR scaffolds. (A) Representative macroscopical images of the wounds, from day 0 to day 28. Scale bar is 1 cm. 
(B) Wound contraction at day 7 and day 14 compared to day 0. (C) Wound morphology assessment using the width to length ratio of the wound., where 
1 represents a symmetric circular shape. Note that circular patterns visible in Col I and Col I + OTR groups result from the texture of the wound dress-
ing. These superficial imprints persist in the scabs due to drying but did not interfere with the underlying healing process. Values are represented as 
the mean ± SD (n = 9). Comparison between groups was analysed using 2-way ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Col I + OTR, respectively (Figure 4B). These trends suggest that 
scaffold-treated wounds exhibit more gradual contraction. The 
morphology of wounds during closing may impact the develop-
ment of scars. The full-thickness wounds created on the back of 
the rats were a round circle of 12 mm diameter at day 0 with a 
width/length of ~1. On day 14, the untreated wounds tended to 
become oval shaped with a width/length ratio close to 0.36 in 
comparison to 0.65 in Col I and 0.71 in Col I + OTR (Figure 4C).

The full wound areas with surrounding healthy skin were taken 
at day 28 and analysed using (immuno) histochemistry. H&E 
staining of cross-sections of day 28 reflected our macroscopic 
observations of a significant contraction from untreated condi-
tion followed by collagen scaffolds with and without OTR4120. 
Granulation tissue formed an hourglass shape, which was most 
pronounced in untreated wounds as observed with the dotted line, 
indicating a higher wound deformation compared to scaffold con-
ditions (Figure 5A,B). The epidermis was significantly thicker in 
Col I followed by Col I + OTR with untreated condition featuring 
a similar thickness to unwounded skin (Figure 5C). The wound 
area was larger in Col I condition compared to untreated wounds, 
probably due to the reduced skin contraction (Figure 5D).

To evaluate the degradation of scaffolds, residual collagen material 
was scored. Collagen scaffold remnants can be easily differenti-
ated from native collagen due to their thicker collagen bundles and 
intense blue staining using Masson's trichrome blue (Figure 6A). 

By day 28, there were still some remnants in Col I condition, fol-
lowed by OTR4120-containing scaffolds but with a mean score of 
less than 1. We semi-quantitatively scored myofibroblasts, macro-
phages and blood vessels within the granulation tissue to evaluate 
whether the different conditions influenced cell recruitment and/
or proliferation. No significant differences were found in the num-
ber of myofibroblasts (Figure 6B). An overview with α-SMA stain-
ing showed that myofibroblasts had migrated to the wound area 
from the bottom and the wound edges (Supporting Information 
Figure S5). Treatment with OTR-containing scaffolds was asso-
ciated with an increased number of macrophages (Figure  6C). 
Scaffold treatments also appeared to increase angiogenesis com-
pared to the untreated wounds (Figure 6D).

Appendages such as hair follicles and sebaceous glands ap-
peared next to the wound margins (approximately 300 μm 
away from the margin) (Figure  7A). The density of hair fol-
licles per area remained similar in all conditions (Figure 7B). 
In contrast, Col I + OTR slightly increased the content of 
sebaceous glands at the wound edge compared to untreated 
wounds (Figure 7C).

4   |   Discussion

Scarring remains a significant clinical challenge, often leading 
to morbidity and impaired skin regeneration. Therefore, there is 

FIGURE 5    |    Histological analysis of wound areas on day 28. (A) H&E staining of representative tissue sections. The dotted line is the interface be-
tween granulation tissue and unwounded skin, whereas the yellow arrow indicates the middle width of the dermis in the wound. Left images depict 
the complete tissue sample, while images on the right are an enlargement of the epidermal layer on the wound. Scale bar for skin overview is 2 mm 
and for epidermis 60 μm. (B) Microscopical wound deformation calculated as a comparison between the length of the wound between the middle 
and top of the dermis. Values closer to 0 represent a higher deformation. (C) Epidermal thickness above the granulation tissue. (D) Wound area in the 
longitudinal plane visible by granulation tissue and delimited by dotted lines on histology. Data represent mean ± SD (n = 7). One-way ANOVA with 
Tukey's multiple comparison test was used for statistical analysis. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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a pressing need for advanced biomaterials capable of promoting 
effective skin healing. In this study, we created innovative col-
lagen scaffolds containing RGTA OTR4120, a heparan sulphate 
mimetic molecule proven to improve wound healing in liquid 
format, such as CACIPLIQ20 [35].

In order to use skin substitutes in vivo, scaffolds were chemi-
cally crosslinked and sterilized by gamma irradiation. This 
sterilization step did not affect the crosslinking degree nor 
the amount of OTR4120 retained on crosslinked scaffolds, as 
OTR4120 was already covalently bound prior to sterilization. 
Interestingly, untreated (non-crosslinked) Col I + OTR scaffolds 
showed a slightly higher signal for OTR4120 after sterilization 
compared to their non-sterilized counterparts. Gamma rays can 
induce free radical formation and chemical modifications even 
in freeze-dried scaffolds, including chain scission or formation 
of new covalent bonds through oxidative pathways [36–38]. 
These alterations may facilitate more efficient papain digestion 

by breaking collagen chains and increasing the release of em-
bedded OTR4120. In contrast, chemically crosslinked scaffolds 
are more resistant to such changes, and the amount of retained 
OTR4120 remained consistent before and after sterilization.

We also tested the capability of OTR4120 to bind the effector 
molecule SHH, which is a promising effector molecule for skin 
regeneration. It is upregulated during embryonic development, 
promoting nerve growth [39], epidermal development [23] and 
hair follicle morphogenesis [40]. OTR4120 has been reported to 
bind heparin-binding growth factors such as FGF, VEGF and 
TGFβ [21]. In our study, collagen scaffolds with and without 
OTR4120 bound similar amounts of the heparin-binding growth 
factor SHH (0.13–0.15 μg SHH/mg scaffold). Similarly, another 
study on Col I + OTR showed a similar amount of FGF-2 binding 
compared to Col I but revealed a more gradual release of FGF2 
in OTR-containing scaffolds [28]. A slower release of SHH may 
benefit later stages of wound healing, such as re-epithelization 

FIGURE 6    |    Histological analysis of day 28 tissue samples of various treatments. The top row shows histological examples, and the bottom row 
presents the semi-quantitative scoring. (A) Remaining collagen scaffold visualized using trichrome blue. OTR-containing scaffold showed more deg-
radation. (B) Myofibroblasts stained for alpha smooth muscle actin (α-SMA) visualized as elongated cells with blue nuclei. (C) Macrophages stained 
with CD68 marker, Col I + OTR showed higher numbers. (D) Blood vessels were identified using α-SMA staining for mature blood vessels. More 
angiogenesis was seen for scaffold-treated wounds. Arrows depict examples of the corresponding parameter. Sections were scored for these aspects 
from 0 (not present) to 3 (abundant). Data are represented as mean ± SD (n = 7). Scale bars are 40 μm. *p < 0.05, **p < 0.01.

FIGURE 7    |    Quantitative histological analysis of appendages in healed skin. (A) Representative histological image showing hair follicles (HF, 
yellow arrow) and sebaceous glands (SG, grey arrow) in the transitional wound area visualized with Masson's trichrome blue staining. (B, C) 
Quantification of hair follicles (B) and sebaceous glands (C) in the adjacent wound area (< 300 μm). Scale bar is 100 μm. *p < 0.05, **p < 0.01.
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and stimulation of hair follicle neogenesis. Immunostainings 
showed that SHH penetrated deeper in Col I + OTR scaffolds, 
while concentrating at the edges in Col I. A previous study 
using collagen-heparin scaffolds incubated with 10 μg/mL SHH 
(nearly three times our 3.5 μg/mL) also found SHH primarily at 
the edges [25].

To assess the effect of OTR4120 and SHH on immune cells, 
in vitro testing was performed by culturing M0 macrophages 
on collagen scaffolds. Overall, it seems that collagen scaffolds 
seeded with M0 macrophages promote a macrophage pheno-
type more akin to M2-like than M1-like phenotypes. Although 
not statistically significant, Col I + OTR/SHH treatment con-
sistently showed lower mean expression of M1-associated 
markers, indicating a trend toward reduced pro-inflammatory 
macrophage activation. This aligns with previous reports 
where SHH reduced M1-related markers in macrophage cul-
tures [41]. The largest effect of OTR4120 was observed in the 
expression of IL10, being nearly 30 times higher in two do-
nors compared to Col I. IL10 is mainly produced by the M2c-
like phenotype [42] and can reduce inflammation, inhibit the 
transformation of fibroblasts into myofibroblasts and increase 
collagen reorganization [43–45], resulting in skin repair with 
less scarring.

To study the effect of OTR4120 in acute deep wounds, col-
lagen scaffolds with incorporated OTR4120 were applied on 
full-thickness wounds in a rat model over 28 days. By day 14, 
scaffold-treated wounds showed less macroscopic contraction 
compared to untreated wounds. A rapid contraction often leads 
to fibrosis and scar formation, a hallmark of mammalian heal-
ing but less pronounced in rodents [46]. In contrast, species ca-
pable of scarless regeneration, such as axolotls, exhibit delayed 
contraction and ECM deposition [47]. While we did not assess 
biomechanical properties of the scaffolds in this study, similar 
crosslinked type I collagen scaffolds had a Young's modulus of 
approximately 0.4 kPa [48], which is considerably lower than the 
~5 kPa threshold reported to induce fibroblast-to-myofibroblast 
transition [49], suggesting that our scaffolds are relatively soft 
and unlikely to mechanically restrain the wound or hold it 
open. In addition, Col I + OTR scaffolds helped preserve a more 
rounded wound shape, which may suggest a more uniform heal-
ing that could lead to less scar formation [50]. Although round 
wounds were initially created to evenly distribute mechanical 
forces, untreated wounds contracted faster and formed an oval 
shape. Histological analysis revealed that untreated wounds, 
despite faster macroscopic contraction, exhibited greater defor-
mation, indicating less coordinated healing and a higher risk 
of contractures. In contrast, scaffold-treated wounds showed 
slower, more organized closure with reduced deformation, 
supporting a more controlled healing process and potentially 
minimizing scarring [51, 52]. Re-epithelialization was complete 
across all conditions, but OTR-treated wounds showed a trend 
toward an epidermal thickness closer to native skin and with 
a slightly smaller wound area in the longitudinal section than 
Col I alone, which may be the result of a less rigid skin [53] and 
improved wound healing.

Immunostaining revealed that scaffolds delayed ECM depo-
sition, with more presence of granular tissue and slightly 
elevated levels of myofibroblasts and macrophages than in 

untreated wounds. Porous scaffolds facilitated cell infiltra-
tion from wound edges and deeper layers. Particularly, OTR-
treated wounds displayed a higher macrophage presence as 
evidenced by CD68 staining, which might be related to the 
faster scaffold degradation (Figure 6A,B). In contrast, a pre-
vious study in a foetal sheep model using collagen-heparin 
scaffolds with growth factors found more residual scaffold 
and lower macrophage presence (scoring < 1, scale 0–3) [17]. 
This suggests that OTR4120 influences macrophage recruit-
ment in adult rats, leading to accelerated scaffold degradation. 
A higher number of blood vessels was seen in scaffold-treated 
wounds, aligning with the proliferative phase [54]. While 
OTR4120 did not affect hair follicle abundance, it increased 
the number of sebaceous glands in the adjacent wound area. 
Given OTR4120's ability to bind heparin-binding effector mol-
ecules [55], it may interact with local growth factors, such as 
WNT, SHH, BMP and FGF [56], which are involved in seba-
ceous gland development [57].

A limitation of this study is that the Col I + OTR/SHH scaffold 
and OTR4120 alone were not evaluated in vivo. In vitro studies 
with SHH were limited to macrophages, thereby missing poten-
tial interactions with other relevant cells such as dermal papilla 
cells, neurons and epidermal cells. Future research should ex-
plore these interactions to better understand SHH's broader 
potential in skin regeneration. Additionally, the animal model 
presents limitations, as rats possess a panniculus carnosus layer 
which produces rapid wound contraction, which is absent in 
human skin [58]. Unlike general practice in humans and larger 
animal studies, we did not apply split-thickness skin grafts in 
these rodents, as this is highly challenging, limiting the ability 
to fully replicate skin treatments in humans. Pigs, with ECM 
skin more similar to human skin and comparable healing times, 
could be considered as an alternative animal model for future 
preclinical studies [46].

In conclusion, we successfully constructed chemically cross-
linked porous collagen scaffolds with bound RGTA OTR4120, 
which remained stable after gamma sterilization. These 
scaffolds retained the ability to bind the effector molecule 
SHH and showed a trend toward a pro-healing M2-like mac-
rophage phenotype in culture. In a rat full-thickness wound 
model, collagen-OTR scaffolds modestly influenced wound 
healing dynamics by supporting ECM remodelling, maintain-
ing improved wound morphology and moderating epidermal 
thickness, which may contribute to reducing fibrosis and 
improving skin regeneration outcomes. This study provides 
preliminary evidence that OTR4120 could be a promising ad-
dition to acellular skin substitutes for improving acute wound 
healing.
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