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A B S T R A C T   

Sulfated glycosaminoglycans (sGAG) show interaction with biological mediator proteins. Although collagen- 
based biomaterials are widely used in clinics, their combination with high-sulfated hyaluronan (sHA3) is un
explored. This study aims to functionalize a collagen-based scaffold (Mucograft®) with sHA3 via electrostatic 
(sHA3/PBS) or covalent binding to collagen fibrils (sHA3+EDC/NHS). Crosslinking without sHA3 was used as a 
control (EDC/NHS Ctrl). The properties of the sHA3-functionalized materials were characterized. In vitro growth 
factor and cytokine release after culturing with liquid platelet-rich fibrin was performed by means of ELISA. The 
cellular reaction to the biomaterials was analyzed in a subcutaneous rat model. The study revealed that covalent 
linking of sHA3 to collagen allowed only a marginal release of sHA3 over 28 days in contrast to electrostatically 
bound sHA3. sHA3+EDC/NHS scaffolds showed reduced vascular endothelial growth factor (VEGF), trans
forming growth factor beta 1 (TGF-β1) and enhanced interleukin-8 (IL-8) and epithelial growth factor (EGF) 
release in vitro compared to the other scaffolds. Both sHA3/PBS and EDC/NHS Ctrl scaffolds showed a high 
proinflammatory reaction (M1: CD-68+/CCR7+) and induced multinucleated giant cell (MNGC) formation in 
vivo. Only sHA3+EDC/NHS scaffolds reduced the proinflammatory macrophage M1 response and did not induce 
MNGC formation during the 30 days. SHA3+EDC/NHS scaffolds had a stable structure in vivo and showed 
sufficient integration into the implantation region after 30 days, whereas EDC/NHS Ctrl scaffolds underwent 
marked disintegration and lost their initial structure. In summary, functionalized collagen (sHA3+EDC/NHS) 
modulates the inflammatory response and is a promising biomaterial as a stable scaffold for full-thickness skin 
regeneration in the future.   

1. Introduction 

Collagen-based biomaterials are frequently utilized in different 
medical indication fields, especially in terms of tissue engineering [1,2]. 
Additionally, collagen-based materials are used as wound dressings to 
support wound healing in critical size wounds and to avoid autologous 

skin transplantation [3]. 
Collagen is a ubiquitous protein in the extracellular matrix (ECM) 

that exhibits different beneficial properties to facilitate the regeneration 
process [4]. It serves as a scaffold for regenerative cells, and its natural 
source and interindividual biocompatibility make it a favorable material 
for clinical application [5]. However, during processing and purification 
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of naturally derived biomaterials, different protocols, including physical 
and chemical methods, may affect its natural structure and lead to a 
foreign body reaction in vivo [6,7]. 

After biomaterial application in vivo, the initial wound healing pro
cess modulates the biomaterial-induced cellular reaction [8]. Some 
studies have shown that the biomaterial surface properties predefine the 
induced cellular reaction [8,9]. Xenogeneic collagen-based materials 
gained from identical species, e.g., porcine, can induce different in vivo 
cellular reactions dependent on to their physicochemical characteristics, 
such as pore size, thickness, surface hydrophilicity and surface rough
ness, and the processing methods they undergo [10,11]. The implanta
tion of a non-crosslinked collagen membrane gained from porcine 
donors in a subcutaneous mouse model showed a mild cellular reaction 
including only mononuclear cells (MNCs), which are critical for the 
physiological wound healing (for example monocytes, macrophages and 
lymphocytes) [12]. Consequently, the material preserved its initial 
structure over the observation time of 60 days and did not show early 
degradation [12]. Using the same implantation model, further studies 
showed different patterns of cellular reactions for many different 
collagen-based biomaterials, that are extracted from the same species, i. 
e., porcine. In this case, the materials induced, in addition to MNCs that 
are part of the wound healing process, multinucleated giant cells 
(MNGCs) [6]. Consequently, on day 60 after implantation, the materials 
lost their initial structure and underwent premature degradation and 
fibrous tissue influx. Studies have reported that the formation of 
biomaterial-induced MNGCs takes place after the accumulation and 
fusion of macrophages during a chronic inflammation process [6]. 
Similarly, these cells were observed in diseases such as tuberculosis 
[13]. However, the function of biomaterial-induced MNGCs in the im
plantation bed is not yet completely elucidated [14]. These studies 
highlight the role of the physicochemical properties of the materials and 
the material origin for the induced cellular reaction and inflammatory 
pattern. 

Various modification techniques have been introduced to promote 
the regenerative potential of collagen-based biomaterials, such as sur
face modification and crosslinking [15]. However, changing the physi
cochemical properties of biomaterials directly influences cellular 
reactions, especially with respect to macrophages [16]. For example, 
chemical crosslinking of collagen-based materials that should improve 
the mechanical stability of the materials resulted in a strong inflam
matory reaction [17]. As main players in the wound healing process, 
macrophages have different phenotypes and can express either proin
flammatory (M1) [18] or anti-inflammatory (M2) molecules [19]. 
During regeneration, the polarization of macrophages towards these 
phenotypes may change according to the inflammatory pattern of their 
microenvironment [20]. In particular, the biomaterial surface and 
interaction with the immune system have a great influence on macro
phage polarization and thereby the course of the regeneration process. 

In addition to collagen, glycosaminoglycans (GAGs) including hya
luronan (HA), are important multifunctional substances in the skin ECM 
[21]. Collagen consists not only of peptide sequences required for cell 
adhesion but also positively charged binding sites for GAGs [22]. This 
property can be utilized to noncovalently bind negatively charged 
molecules, such as sulfated hyaluronan (sHA3) derivatives, within a 
collagen network [23]. A further approach to tether GAG derivatives to 
protein-based scaffolds is covalent amine coupling, which also results in 
the crosslinking of collagen [24]. In particular, sHA3, which contains 3 
sulfate groups per disaccharide unit, demonstrated promising potential 
to functionalize biomaterials since it promotes the proliferation of fi
broblasts and endothelial cells [25,26]. Furthermore, sHA3 has immu
nomodulatory properties and shows a strong interaction with several 
biological mediator proteins, such as the growth factors and cytokines 
involved in dermal wound healing [27–29]. The aim of the present study 
was to evaluate the hypothesis that the inflammatory response of 
collagen-based scaffolds may be modified by sHA3. In this context, this 
study analyzes the regenerative capacity of collagen-based scaffolds 

modified by surface functionalization using negatively charged sHA3. 
Three different modifications per collagen-based scaffold were charac
terized and evaluated in vitro and in vivo to elucidate the influence of 
sHA3 and crosslinking via EDC/NHS on the cellular inflammatory re
action, vascularization and degradation patterns of the biomaterials. 

2. Material and methods 

2.1. Materials 

A collagen matrix commonly used clinically as a scaffold (Mucog
raft®) was purchased from Geistlich (Baden-Baden, Germany). The 
collagen matrix is composed of non-cross-linked collagen type I and III. 
High-sulfated hyaluronan (sHA3) was synthesized and characterized as 
described previously [30]. On average, sHA3 contained 3.0 sulfate 
groups per disaccharide unit (D.U.) as determined by elemental analysis. 
Further, gel permeation chromatography and laser light scattering 
detection revealed a weight-average molecular weight of 62 kDa. 

Human recombinant epidermal growth factor (EGF) was purchased 
from MACS Miltenyi Biotec (Bergisch Gladbach, Germany). Reagents 
were supplied by Sigma-Aldrich (Schnelldorf, Germany) if not noted 
otherwise. 

2.2. Scaffold modification and characterization 

2.2.1. Functionalization of collagen-based scaffolds with sulfated 
hyaluronan 

Collagen-based scaffolds (2 × 3 cm in case of Mucograft®) were 
incubated with 2.5 mM D.U. sHA3 dissolved in phosphate-buffered sa
line (pH 7.4) (PBS) to allow the noncovalent association of sHA3 with 
positively charged regions of the collagen fibrils. For the covalent link
age of sHA3 to collagen, scaffolds were treated for 240 min with 2.5 mM 
D.U. sHA3 was dissolved in 50 mM 2-(N-morpholino)ethane sulfonic 
acid (MES) buffer (pH 5.5) including 0.1 M N-(3-dimethylaminopropyl)- 
N′-ethylcarbodiimide (EDC) and 0.05 M N-hydroxysuccinimide (NHS) to 
activate the carboxylic acid groups of sHA3. Samples that were treated 
in a similar way with 50 mM MES buffer (pH 5.5) comprising 0.1 M EDC 
and 0.05 M NHS without sHA3 served as crosslinked controls. After
wards, the samples were lyophilized. The freeze-dried scaffolds were 
washed twice with water for 120 s, transferred into new well plates and 
freeze-dried again (Fig. 1 A). 

Sterile samples for use in in vivo experiments were obtained by using 
sterile filtrated solutions and by conducting each scaffold functionali
zation step under sterile conditions. For in vitro and animal experiments, 
scaffolds with a diameter of 6 mm were prepared using disposable bi
opsy punches (Pfm medical, Cologne, Germany). 

2.2.2. Scaffold characterization 
The functionalized scaffolds were incubated in PBS for up to 28 days 

to examine their stability and sHA3 release profiles. The amounts of 
sHA3 within the scaffolds were quantified after complete collagen 
degradation via papain (1 mg/ml in PBS) at 60 ◦C using the cationic dye 
dimethylmethylene blue (DMMB) according to a previous study [31]. 
Defined concentrations of sHA3 dissolved in PBS were used for cali
bration. The distribution of sHA3 inside the functionalized scaffolds was 
visualized using Toluidine Blue staining as described before [24]. In 
brief, scaffolds were incubated in 1 ml of Toluidine Blue solution (0.05 
mg/ml in 10 mM hydrochloric acid) for 10 min and destained with 
deionized water till the sHA3-free control samples were decolorized 
completely. Afterwards the hydrogels were cut in halves and 
freeze-dried. The amount of released collagen was determined via Lowry 
assay [32] with collagen type I as the protein standard. 

The number of free ε-amino groups within the collagen scaffolds was 
determined after reaction with 2,4,6-trinitrobenzenesulfonic acid as 
described by Wang et al. [33] with modifications according to another 
previous study [34]. The crosslinking degree was calculated by 
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subtracting the quotient of the absorption of the crosslinked and the 
non-crosslinked collagen samples with respect to one. The volume in
crease (VI) of the scaffolds when rehydrated was determined after in
cubation of 3 mm cylindrical punches of the scaffolds in PBS for 2 h with 
a digital measuring slide using the following formula: IV [%] =
(VHG-VSC)/VSC × 100% with VHG being the volume of the hydrogel and 
VSC being the volume of the scaffold. Furthermore, the elastic modulus 
of the hydrogels was characterized using a CellScale MicroTester (Wa
terloo, Canada). For determination, 3 mm cylindrical scaffold punches 
were incubated in PBS for 2 h and measured with 5 μm/s within a 
maximum strain of about 15%. The slope of the linear graph was used to 
determine the elastic modulus. 

The experiments for scaffold characterization were performed at 
least in triplicate. 

2.2.3. Scanning electron microscopy (SEM) 
The freeze-dried samples were mounted onto a sample holder con

taining carbon tape. Then, the samples were sputtered with a thin car
bon layer. A scanning electron microscope (Philips ESEM XL 30, FEI) 
with a back-scattered electron detector was used to examine the scaffold 
morphology. 

2.3. In vitro study 

Liquid platelet-rich fibrin (PRF) is a cell suspension including blood 
cells such as platelets, leukocytes and their subgroups. This was applied 
to examine the matrix permeability to fibrin and cells. Moreover, the 
ability of the scaffold surfaces on the cells in PRF to release different 
growth factors and cytokines was evaluated [35]. The application of PRF 
in this study was conducted following the principle of informed consent 
as approved by the responsible Ethics Commission of the state of Hessen, 
Germany (265/17). 

2.3.1. PRF preparation 
Three healthy donors not taking systemic medication were included 

as blood donors after signing an informed consent document. From each 
donor, two tubes (20 ml) were withdrawn from the antecubital vein by 
means of a 24-gauge butterfly needle and i-PRF tubes (Process for PRF, 
Nice, France). Centrifugation was performed using a tabletop centrifuge 
(Duo centrifuge, Process for PRF, Nice, France; Mectron, Cologne, Ger
many, radius: 110 mm). The blood was centrifuged at 600 rpm (44×g) 
for 8 min [36]. After the centrifugation process, the blood formed two 
phases: the lower phase includes mainly red blood cells and the upper 
phase includes the liquid PRF. The liquid PRF, including platelets, 
lymphocytes and leukocytes [35] was withdrawn and homogenized 
prior to its application on the biomaterial. 

2.3.2. Biomaterial incubation in vitro 
Punches of the functionalized collagen-based scaffolds (6 mm 

diameter) were used for this procedure. The biomaterials were placed 
under sterile conditions in 48-well plates with the spongy layer facing 
upwards (CELLSTAR®, Greiner bio-one). Liquid PRF (300 μl) was added 
to the scaffolds and cultivated at 37 ◦C for 1 h until clotting. After 

clotting, the scaffolds were covered with 400 μl of the “Roswell Park 
Memorial Institute” (RPMI) medium with 1% penicillin/streptomycin 
and cultivated for 3 days. The supernatant was collected, aliquoted and 
saved at − 80 ◦C until use. The experiments were performed in triplicate. 
The explants were fixed using Histofix (Roti-Histofix 4% acid free pH 7, 
Carl-Roth, Germany) for 24 h and analyzed histologically. 

2.3.3. Enzyme-linked immunosorbent assay (ELISA) 
The supernatants collected after biomaterial incubation with PRF 

(section 2.3.2) were used to measure the concentrations of vascular 
endothelial growth factor (VEGF), epidermal growth factor (EGF) 
transforming growth factor beta-1 (TGF-β) and interleukin 8 (IL-8). 
ELISA kits (Quantikine® ELISA, R&D Systems, Minneapolis, USA) were 
used according to the manufacturer’s protocols and measured by a 
microplate reader (Infinite® M200, Tecan, Grödig, Austria). The mea
surements were performed using a wavelength of 450 nm and a refer
ence reading at 570 nm. 

2.4. Animal experimental design and surgery 

The design, analyses and reporting of this experiment were per
formed following the ARRIVE guideline checklist for reporting animal 
research [37]. All the animals participating in this experiment were part 
of an approved project by the animal care facility ([ZFE] Frankfurt am 
Main, Germany) from the Department of Medicine of the Johann 
Wolfgang Goethe University Frankfurt and the regional council com
mittee (Project No. FK/1023; Darmstadt, Germany) according to 
German law. During the study time, animals were kept under controlled 
environment (20 ◦C, light/dark cycles of 12 h and humidity of 40%– 
70%, regular rodent pellets and water ad libitum). Surgery was per
formed after 1 week of acclimatization period at the animal facility. 

2.4.1. Subcutaneous biomaterial implantation 
In total, sixty (n = 4 rats per group (5) per time point (3) = 60 rats) 

female Wistar rats (Rattus norvegicus, 6–8 weeks) were obtained from 
Charles River (Sulzfeld, Germany). Anesthesia was induced with a 
combination of ketamine (50 mg/kg) and xylazine (5 mg/kg), that was 
injected intraperitoneally. After anesthesia, the animal’s subscapular 
region was shaved and sterilized using antiseptic solution (Octeni
derm®, Bonn, Germany). All biomaterials were prepared in punches 6 
mm in diameter. Briefly, an incision was performed at the skin of the 
rostral portion of the interscapular region. Subsequently, the subcu
taneous pocket was prepared within the tissue under the skin muscle as 
previously described [40,41]. The animals received the differently 

Fig. 1. Functionalization and characterization of collagen-based scaffolds A) Schematic of scaffold functionalization with sHA3. Upper panel from left to right: 
Negatively charged residues of sHA3 interact with positively charged regions within the collagen fibers, leading to collagen-based scaffolds with physically bound 
sHA3 (sHA3/PBS). Carboxylic groups of sHA3 present within the collagen fibers react with ε-amino groups of collagen after activation with EDC/NHS. This reaction 
results in crosslinked collagen scaffolds with covalently bound sHA3 (sHA3 + EDC/NHS). Collagen scaffolds incubated with EDC/NHS in the absence of sHA3 served 
as crosslinked controls (EDC/NHS Ctrl). Lower panel: Structure of the repeating disaccharide unit of sHA3. B) The remaining amounts of collagen after collagen 
matrix treatments with sHA3 and/or EDC/NHS were indirectly determined by measuring the amount of protein in the supernatants via the Lowry method after 
incubation in PBS at 37 ◦C. The amounts of incorporated sHA3 after collagen matrix (C) functionalization and incubation in PBS at 37 ◦C were quantified via the 
DMMB assay. Distribution of sHA3 within the hydrogels was determined via the Toluidine Blue assay. After staining the hydrogels were cut into halves and freeze- 
dried (D). The amount of free ε-amino groups before and after incubation of the collagen-based materials was used to calculate the crosslinking degree of collagen (E). 
Modified scaffolds were swollen at room temperature in PBS for 2 h and volume increase was determined (F). The elastic modulus was determined after swelling in 
PBS at room temperature (G). Volume increase and elastic modulus was not determined (n.d.) for Mucocraft® due to its low stability in PBS. Two-way ANOVA: (**) p 
< 0.01 and (***) p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Animal number and distribution.  

Group Material Animals per group Time points 

1 Ctrl 4 3, 15, 30 days 
2 sHA3/PBS 4 
3 sHA3+EDC/PBS 4 
4 EDC/NHS Ctrl 4 
5 Sham OP 4  
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modified scaffolds (Table 1). Subsequently, the subcutaneous pockets 
were sutured using 5.0 Prolene (Ethicon, NJ, USA). After surgery care 
included daily health check, oral supplement of tramadol (1–3 mg/kg 
per day) for pain reduction during the first 3 days after surgery. 

2.4.2. Tissue preparation and histology 
The tissue samples were fixed in 4% buffered formalin (Roti-Histofix 

4% acid free pH 7, Carl-Roth, Germany) for 24 h. Next, the explants were 
cut into five equal sections, placed in histological cassettes, processed by 
dehydration using a tissue processor (Leica TP1020) and embedded in 
paraffin blocks. A slide of each segment was cut and stained with he
matoxylin and eosin (H&E) for the general histological screening of the 
implantation bed. Based on the first evaluation, the segment with the 
best cross-section was selected for each animal for further preparation 
and staining. Six further consecutive slides with a thickness of 2–3 μm 
per block per group were cut by means of a rotary microtome (Leica RM 
2255, Wetzlar, Germany). Immunocytochemical staining was performed 
to detect macrophages using a pan marker (CD-68) and to determine 
their polarization into M1 (CCR-7) and M2 (CD-206); TRAP staining was 
performed for the detection of tartrate-resistant acid phosphatase ac
tivity and von Willebrand factor (VWF) for evaluating vascularization. 
After deparaffinization and rehydration, the antigen was retrieved using 
the heat-induced epitope retrieval (HIER) method with citrate buffer 
with a pH of 6 at 95 ◦C for 20 min. The samples were rinsed with a buffer 
solution (Tris buffered saline with Tween 20:1) before staining with 
monoclonal mouse anti-rat CD-68 (Dako, M0823; concentration 1:800), 
mouse anti-rat CCR7 (ab32527, concentration: 1:1000, Abcam, UK) 
mouse anti-rat CD-206 (ab64693, concentration 1:1000, Abcam, UK) 
and rabbit anti-rat von Willebrand factor (VWF), (ab6994; concentra
tion 1:800; Abcam, UK), matrix metallopeptidase 9 (MMP-9), (Ab58803, 
concentration 1:250; Abcam, UK) via Autostainer (Lab Vision Autos
tainer 360, Thermo Fisher Scientific). An anti-mouse secondary anti
body was used (HRP Ultravision Quanto Detection System, Thermo 
Fisher Scientific), and chromogenic visualization was obtained using 
AEC peroxidase (Dako). Finally, the slides were counterstained with 
Mayer’s hematoxylin. The samples of the in vitro experiments were 
analyzed histologically using conventional hematoxylin and eosin 
(H&E) staining, and immunohistochemical staining for the antibodies 
CD-61 (ab225742, concentration 1:2000, Abcam, UK) and CD-45 
(ab10558, concentration 1:50, Abcam, UK) using the same protocol 
described above. 

2.4.3. Histological and histomorphometric evaluation of the inflammatory 
response 

Histological and histomorphometric analyses were performed using 
a light microscope and the slides stained as described in section 2.4.2. 
The total area of the stained slides was scanned using the “total scan” 
tool from NIS-Elements software (Nikon, Tokyo, Japan) via a DS-Fi1 
digital camera with an Eclipse 80i histological microscope (Nikon, 
Tokyo, Japan) and an automatic scanning table (Prior Scientific, Rock
land, MA). The total scan results in a large image of the whole sample at 
high resolution (x200 magnification) and allows objective analysis of 
the total sample. NIS-Elements software was used to perform histo
morphometry. For this purpose, the cells were counted using the ‘‘an
notations and measurements” tool. The cell density of positively stained 
macrophages and their polarized subtypes (M1/M2) were determined 
within the biomaterial and the implantation bed after 3, 15 and 30 days 
of implantation. Manual count of the cells was performed and the 
number of cells per square millimeter was calculated from the total area 
of the implantation bed divided by the total number of cells [cells/ 
mm2]. Similarly, the total numbers of multinucleated giant cells (CD-68 
positive) and positively stained cells for CCR-7, MMP-9 or CD-206 were 
counted manually in the total region of interest and are expressed as the 
cell density [cells/mm2]. The biomaterial thickness was measured in the 
histological cross-section at 50 different points in each sample. The 
mean of the measurement was considered the biomaterial thickness for 

each slide. 

2.4.4. Statistical analyses 
The experiments for scaffold characterization and in vitro cultivation 

were performed at least in triplicate. For the in vitro and in vivo experi
ments, statistical analyses were conducted using the collected data dis
played as the mean ± the standard deviation. One-way analysis of 
variance (ANOVA) was used to analyze the quantitative data of the in 
vitro experiments and two-way ANOVA for in vivo experiments using 
Tukey’s test with GraphPad Prism (version 7, GraphPad Software, La 
Jolla, USA). Intraindividual (•) and interindividual (*) significant dif
ferences were reported as significant (•; /*) at p values < 0.05 and as 
highly significant (••/**) at p values < 0.01 and ( … /***) at p values <
0.001. 

3. Results 

3.1. Characterization of sHA3-functionalized scaffolds 

Collagen-based scaffolds were functionalized with sHA3, as shown in 
Fig. 1. After 1 h in buffer, the non-cross-linked samples contained the 
highest amounts of collagen, while at later time points, the amounts of 
remaining collagen were almost comparable between the collagen 
matrices treated with sHA3/PBS and sHA3 + EDC/NHS. However, sta
bility analyses of the collagen-based material treated with EDC/NHS 
alone (EDC/NHS Ctrl) showed significantly higher amounts of remain
ing collagen after 9–28 days of incubation in buffer than that in samples 
incubated with sHA3 in the absence or presence of EDC/NHS (sHA3/ 
PBS, sHA3+EDC/NHS; Fig. 1 B). After treatment with sHA3 in the 
absence or presence of EDC/NHS, the collagen matrices contained 
approximately 4 wt% or 2.5 wt% sHA3, respectively (Fig. 1 C). The 
latter remained quite stable over time, while matrices with physically 
bound sHA3 (sHA3/PBS) released almost 90% of the initially bound 
sHA3 within nine days of incubation. It is of note that there was no 
significant difference regarding the crosslinking degree between EDC/ 
NHS treated samples (Fig. 1 E). 

Toluidine Blue staining indicates that sHA3 is well distributed within 
the spongy layer, while the compact layer was stained to a lesser extent. 
Scaffolds with physically bound sHA3 (sHA3/PBS) displayed a lighter 
color in comparison to the EDC/NHS bound sHA3 hydrogels (sHA3
+EDC/NHS) due to a lower amount of sHA3 which is already released 
during the washing procedure (Fig. 1 D). The volume increase of the 
scaffolds when incubated in PBS was highest for the EDC/NHS- 
crosslinked samples (EDC/NHS: 71± 31% and sHA3+EDC/NHS 71 ±
5%) and less than a half for the sHA3/PBS samples (30± 8%), while all 
three scaffolds had a comparable starting volume (sHA3/PBS: 17.8 ±
1.6 mm3, EDC/NHS: 17.0 ± 0.2 mm3 and sHA3+EDC/NHS: 17.5 ± 1.7 
mm3) (Fig. 1F). Mucograft® itself is not mechanically stable after in
cubation in PBS; hence values for VI and elastic modulus could not be 
determined. Interestingly, physically bound sHA3 alone (sHA3/PBS) 
already improves the stability of Mucograft® enabling the determina
tion of VI and elastic modulus. However, the elastic modulus of sHA3/ 
PBS hydrogels with 0.5 ± 0.3 kPa was around 5 times lower than that of 
EDC/NHS- crosslinked hydrogels (EDC/NHS: 2.4 ± 1.2 kPa and sHA3
+EDC/NHS: 2.7 ± 0.8 kPa), which displayed a higher elastic modulus 
due to additional crosslinks (Fig. 1G). The scaffold morphology after 
functionalization with sHA3 was examined via SEM (Fig. 2A–F). The 
collagen matrices comprise a compact layer (Fig. 2 A - C) and a spongy 
layer (Fig. 2 D - F). The scaffolds show their characteristic bilayered 
surface structure after lyophilization independent of the treatment with 
sHA3 and/or crosslinking reagents. 

3.2. In vitro: platelet rich fibrin – biomaterial interaction and growth 
factor release 

All the evaluated collagen matrix groups allowed the infiltration of 

S. Al-Maawi et al.                                                                                                                                                                                                                              



Bioactive Materials 8 (2022) 420–434

425

fibrin, platelets and leukocytes into the central region of the materials. 
Fibrin and cells were observed in both the spongy and compact layers 
(Supplementary Fig. 2). TGF-β1 release was the highest in the sHA3/PBS 
group. The difference was statistically significant compared to all the 
other groups (p < 0.0001), showing comparable concentrations of TGF- 

β1 without statistically significant differences (Fig. 2 G). VEGF release in 
the EDC/NHS Ctrl group was significantly higher than that in the Ctrl (p 
< 0.0001) and sHA3+EDC/NHS (p < 0.01) groups. The sHA3/PBS 
group released significantly higher VEGF than the Ctrl (p < 0.001) and 
sHA3+EDC/NHS groups (p < 0.05) (Fig. 2 H). A different pattern was 

Fig. 2. Surface morphology of functionalized collagen-based scaffolds. SEM images of the low-porosity surface (A–C) and porous surface (D–F) of the collagen 
matrix are depicted after functionalization with sHA3 via noncovalent association (A, D), via covalent coupling (B, E) or after the crosslinking of collagen in the 
absence of sHA3 (C, F). G-J) Growth factors and cytokine release 3 days after cultivation with liquid platelet-rich fibrin. G) TGF-β1 release, H) VEGF release, I) EGF 
release and J) IL-8 release. Significant findings (*) with a p value < 0.05 and highly significant findings (**) with a p value < 0.01, (***) a p value < 0.001 or (****) a 
p value < 0.0001. 
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observed for the release of EGF. In this case, the highest concentration 
was released by the sHA3+EDC/NHS group, which was statistically 
significant compared to that released by the Ctrl (p < 0.001) and sHA3/ 
PBS groups (p < 0.01). However, the sHA3/PBS group released signif
icantly higher EGF concentrations than the Ctrl group (p < 0.01). The 
released EGF concentration of the EDC/NHS Ctrl group was significantly 
higher than that of the Ctrl group (p < 0.001) (Fig. 2 I). Interleukin 8 (IL- 
8) release was the highest in the sHA3+EDC/NHS group, which was 
statistically significant compared to that in the Ctrl (p < 0.0001) and 
EDC/NHS Ctrl (p < 0.0001) groups. The sHA3/PBS group released 
significantly higher concentrations of IL-8 than the Ctrl group (p < 0.05) 
(Fig. 2 J). 

3.3. In vivo cellular reaction to sHA3-functionalized collagen-based 
scaffolds 

All animals recovered from the surgery without any complications. 
No adverse reactions, dehiscence or wound healing disorders were 
evident. Atypical feeding or sleeping behaviors were not observed in any 
group. 

3.3.1. Morphological analysis of the cellular reaction to the different 
matrices 

Mononuclear cells expressing CD-68 as a pan marker for macro
phages, CCR-7 as a proinflammatory marker and CD-206 as an anti- 
inflammatory marker were assessed within the implantation region for 
the different evaluation time points over 30 days. 

Three days after implantation, mononuclear cells accumulated in the 
surgery area in all groups. Macrophages (CD-68 (+)) of inflammatory 
type (CCR-7 (+)) accumulated on the peripheral surface of the 
implanted scaffolds and did not reach the central region of any group at 
this time point (Supplementary Fig. 3). 

After 15 days, only mononuclear cells were observed in the groups 
Sham-OP, Ctrl and sHA3+EDC/NHS. The cells penetrated the peripheral 
superficial layers of the Ctrl group but did not reach the central region. 
Most of the observed cells were CD-68 (+) and CCR-7 (+). In the group 
of sHA3+EDC/NHS mononuclear cells were adherent on the scaffold 
surface but did not penetrate any area of the biomaterial. In the groups 
of sHA3/PBS and EDC/NHS Ctrl multinucleated giant cells (MNGCs) 
were detected in addition to the accumulated mononuclear cells. Both 
macrophages and MNGCs expressed CD-68, MMP-9 and CCR-7 rather 
than CD-206. The mononuclear cells invaded the peripheral parts of the 
scaffolds, whereas MNGCs were mainly located at the surface of the 
biomaterials in both groups (Fig. 3). 

Thirty days after implantation, all materials were still detectable 
within the implantation area. The sham operation group was fully 
healed without any abnormal cellular reaction. No MNGCs were 
detected in the groups: Sham-OP, Ctrl and sHA3+EDC/NHS. Most of the 
mononuclear cells were CD-68 (+) and CCR-7 (+). They invaded the 
scaffold of the Ctrl group but did not destroy its initial structure. By 
contrast, sHA3+EDC/NHS showed a stable structure and was resistant 
to cellular invasion. Here, most cells observed were negative for CCR-7 
and CD-68 and represented rather fibroblasts or endothelial cells. The 
sHA3/PBS group showed a higher number of MNGCs than that on day 
15. MNGCs were mostly located at the biomaterial peripheral surface 
and were CCR-7 and MMP-9 positive. In the EDC/NHS Ctrl group, the 
biomaterial was fully penetrated by MNGCs. Almost all MNGCs 
expressed CCR-7 and MMP-9 but not CD-206. Additionally, the scaffolds 
lost their initial structure due to the penetration of these cells, which 
resulted in their breakdown and influx of connective tissue (Fig. 4A–L), 
(supplementary Fig. 6 A-D). 

No material encapsulation was found for any scaffold at any time 
point. No TRAP-positive cells were found at any time point in any 
biomaterial. 

3.3.2. Histomorphometric analyses of the cellular reaction over 30 days 
The inflammatory pattern and the vascularization of the scaffolds 

were evaluated by histomorphometry for all time points to analyze in
flammatory cell kinetics and biomaterial degradation. 

3.3.2.1. Inflammatory activation of macrophages in response to the 
implanted biomaterials. Different inflammatory patterns were observed 
in the evaluated groups. Interestingly, the sHA3-EDC/NHS group 
induced the lowest number of inflammatory cells (CD-68 (+), CCR-(+), 
CD-206 (+)) at all the evaluated time points. Particularly after 3 days, 
the highest number of CD-68-positive cells was detected in the Ctrl 
group and the lowest number was detected in the sHA3+EDC/NHS 
group. The difference was statistically significant compared to the levels 
detected in the sHA3+EDC/NHS group (***p < 0.0001), EDC/NHS Ctrl 
group (***p < 0.0001) and the sham operation group (*p < 0.05). The 
sHA3/PBS samples showed a significantly higher number of CD-68- 
positive cells than the sHA3+EDC/NHS group (***p < 0.0001) and 
the EDC/NHS Ctrl group (***p < 0.0001). The number of CD-68-positive 
cells in the sham-OP group was significantly higher than that in the 
sHA3+EDC/NHS (***p < 0.0001) and EDC/NHS Ctrl (***p < 0.0001) 
groups. CCR-7-positive cells were highest in the Ctrl group. The differ
ence was statistically significant compared to the sHA3/PBS (**p <

Fig. 3. In vivo cellular reaction to the 
collagen-based scaffolds 15 days after im
plantation. Immunohistological images showing 
different inflammatory patterns of the bio
materials and the appearance of multinucleated 
giant cells in sHA3/PBS and EDC/NHS Ctrl (A–D) 
CD-68+ cells, (E–H) CCR-7+ cells and (I–J) CD- 
206+ cells; all cells were stained red-brown. The 
black dashed line outlines the interface between 
the collagen matrix (C) and the peri-implantation 
area. All images were captured at x200 magnifi
cation. (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the Web version of this article.)   
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0.01), sHA3+EDC/NHS (**p < 0.0001) and EDC/NHS Ctrl (**p < 0.01) 
groups. The sham-OP group induced a significantly higher number of 
CCR-7 positive cells than that induced by the sHA3/PBS (*p < 0.05), 
sHA3+EDC/NHS (****p < 0.0001) and EDC/NHS Ctrl (**p < 0.01) 
groups. The number of CD-206-positive cells was highest in the Ctrl 
group and lowest in the sHA3+EDC/NHS group. It was significantly 
lower than that in the Ctrl and Sham-Op groups (*p < 0.05 for both), 
(Fig. 5 A). 

Fifteen days after implantation, the Ctrl group induced a high 
number of CD-68-positive cells, while the sHA3+EDC/NHS group 
induced the lowest number. The former was significantly higher than 
that induced by the sHA3+EDC/NHS (***p < 0.001), EDC/NHS Ctrl 
(***p < 0.001) and sham-OP (**p < 0.01) groups. The sHA3/PBS group 
showed a comparable number of CD-68 positive cells to that of the Ctrl 
group without a significant difference. However, the difference was 
statistically significant compared to that induced by the sHA3+EDC/ 
NHS (****p < 0.0001), EDC/NHS Ctrl (****p < 0.0001) and sham-OP 
(***p < 0.001) groups. The sham-OP group induced a higher number of 
CD-68-positive cells than the sHA3+EDC/NHS and EDC/NHS Ctrl 
groups, but without statistically significant differences. The highest 
number of CCR-7-positive cells was detected in the EDC/NHS Ctrl group, 
and the lowest number was detected in the sHA3+EDC/NHS group. The 
number of CCR-7 positive cells in the EDC/NHS Ctrl group was signifi
cantly higher than that in the sHA3/PBS (****p < 0.0001), sHA3+EDC/ 
NHS (****p < 0.0001), Ctrl (****p < 0.0001) and sham-OP (***p <
0.001) groups. The Ctrl group induced the highest number of CD-206- 
positive mononuclear cells, which was significantly higher than that 
induced by the sHA3/PBS (*p < 0.05), sHA3+EDC/NHS (*p < 0.05), 
and EDC/NHS Ctrl (*p < 0.05) groups but not significantly different 
compared to that of the sham-OP (Fig. 5 B) group. The HA3+EDC/NHS 
group induced the lowest number of CD-206 cells. 

On day 30, a change in the inflammatory pattern was observed. The 
highest number of CD-68-positive cells was detected in the EDC/NHS 
Ctrl group. The number of CD-68-positive cells in the EDC/NHS Ctrl 
group was significantly higher than that in the Ctrl (***p < 0.001), 
sHA3/PBS (***p < 0.001), sHA3+EDC/NHS (****p < 0.0001) and 
sham-OP groups (****p < 0.0001). The number of CD-68-positive cells 
was significantly higher in the Ctrl group than that in the sHA3+EDC/ 
NHS (**p < 0.01) group. The EDC/NHS Ctrl group showed the highest 
number of CCR-7-positive cells. It was significantly higher than that in 
the Ctrl (***p < 0.001), sHA3/PBS (***p < 0.001), sHA3+EDC/NHS 
(****p < 0.0001) and sham-OP groups (****p < 0.0001). Additionally, 

the Ctrl group showed a relatively high number of CCR-7-positive cells 
that was comparable to the numbers found in the sHA3/PBS and sham- 
OP groups. The sHA3+EDC/NHS group showed the lowest number of 
CCR-7-positive cells, which was significantly lower than that of the Ctrl 
group (**p < 0.01). The numbers of CD-206-positive cells were com
parable in all groups and showed no statistically significant differences 
(Fig. 5C–F). 

3.3.2.2. Multinucleated giant cells formation. No multinucleated giant 
cells (MNGCs) were found in any group at the first observation time 
point (day 3). After 15 days, MNGCs were detected only in the sHA3/ 
PBS and EDC/NHS Ctrl groups and were not observed in the Ctrl, 
sHA3+EDC/NHS and sham-OP groups. No TRAP-positive cells were 
detected at any time point; therefore, this marker was excluded from the 
histomorphometric analysis. 

The number of CD-68-positive MNGCs was the highest in the EDC/ 
NHS Ctrl group, which was highly significant compared to that of the 
Ctrl (****p < 0.0001), sHA3+EDC/NHS (****p < 0.0001), sham-OP 
(****p < 0.0001) and sHA3/PBS (*p < 0.05) groups. The number of CD- 
68-positive MNGCs in the sHA3/PBS group was significantly higher than 
that in the Ctrl (**p < 0.01), sHA3+EDC/NHS (**p < 0.01) and sham- 
OP groups (**p < 0.01). A high number of MNGCs expressed CCR-7 in 
the EDC/NHS Ctrl group, which was significantly higher than the 
number of cells observed in all the other groups (****p < 0.0001). 
Similarly the number of MMP-9-positive cells was the highest in the 
group of EDC/NHS Ctrl, which was significantly higher than the number 
of cells observed in all the other groups (****p < 0.0001). Only a few 
CCR-7-positive and MMP-9-positive MNGCs were found in the sHA3/ 
PBS group. In contrast, a higher number of CD-206-positive cells was 
found in the sHA3/PBS group than in the EDC/NHS Ctrl group without a 
statistically significant difference (Fig. 6 I). 

On day 30, the MNGC numbers increased in both the sHA3/PBS and 
EDC/NHS Ctrl groups. In contrast, the Ctrl, sHA3+EDC/NHS and sham- 
OP groups did not have any induced MNGCs at this time point. The 
number of CD-68-positive MNGCs in the former two groups was 
significantly higher than that in all the other groups (****p < 0.0001 
and **p < 0.01). A similar pattern was found for CCR-7-positive and 
MMP-9-positive cells. A high number was found in the EDC/NHS Ctrl 
group, which was significantly higher than that observed in all the other 
evaluated groups (****p < 0.0001 for both). Additionally, a small 
number of MNGCs expressed CD-206 in the sHA3/PBS and EDC/NHS 
groups (Fig. 6 A-H and J). 

Fig. 4. In vivo cellular reaction to the 
collagen-based scaffolds 30 days 
after implantation. Immunohisto
logical pictures showing different in
flammatory patterns of the biomaterials 
and an increased number of multinu
cleated giant cells in sHA3/PBS and 
EDC/NHS Ctrl (A–D) CD-68+ cells, 
(E–H) CCR-7+ cells and (I–J) CD-206+
cells; all cells were stained red-brown. 
The black dashed line outlines the 
interface between the collagen matrix 
(C) and the peri-implantation area All 
images were captured at x200 magnifi
cation. (For interpretation of the refer
ences to color in this figure legend, the 
reader is referred to the Web version of 
this article.)   
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3.3.2.3. Vascularization pattern. Three days after implantation, no 
vessel formation was found in any biomaterial. However, in the sham- 
OP group, a small number of vessels was detected. The number of ves
sels in the sham-OP group was not significantly higher than that 
detected in all the other groups. After fifteen days, vessel formation was 
detected in the EDC/NHS Ctrl group, this being mostly localized in the 
periphery. Their number was comparable to that observed in the sham- 
OP group. The EDC/NHS Ctrl group showed blood vessels within the 
biomaterial, especially in close relation to the MNGCs. Their density was 
significantly higher than the Ctrl (***p < 0.001), sHA3/PBS (***p <
0.001) and sHA3+EDC/NHS (***p < 0.001) groups. The vessel density 
of the sham-OP group was significantly higher than that of the Ctrl (*p <
0.05), sHA3/PBS (*p < 0.05) and sHA3+EDC/NHS (*p < 0.05) groups. 
After thirty days, the vessel density in the EDC/NHS Ctrl group was the 
highest. In this group, blood vessels were located at the biomaterial 
surface but not within the biomaterial body. The density was signifi
cantly higher than that in all the other evaluated groups (****p <

0.0001). It was significantly lower in the sHA3/PBS group than that in 
the sham-OP group (***p < 0.001) but was not significantly different 
from that in the Ctrl and sHA3+EDC/NHS groups. In contrast, the vessel 
density of the sham-OP group was significantly higher than that of the 
Ctrl (****p < 0.0001) and sHA3+EDC/NHS (****p < 0.0001) groups 
(Fig. 7A–E). 

Additionally, there was a statistically significant increase in the 
vessel density over time, only in the EDC/NHS Ctrl group, from day 3–15 
(●● p < 0.01) and from day 15–30 (●●●● p < 0.0001). Similarly, the 
vessel density increased significantly when comparing days 15–30 (●● 
p < 0.01), (Supplementary Fig. 5). 

3.3.2.4. Degradation pattern. On day 3, the sHA3+EDC/NHS modifica
tions and EDC/NHS Ctrl modifications showed biomaterial structures 
that were almost six times thicker. Biomaterial degradation was defined 
as the thickness reduction over time. In the Ctrl, sHA3/PBS and sHA3
+EDC/NHS groups, no statistically significant differences were detected 

Fig. 5. In vivo inflammatory pattern of mononuclear cells (MNCs) in response to different collagen-based biomaterials over 30 days. Histomorphometric 
and statistical analyses after A) day 3, B) day 15, and C) day 30. D-F) The inflammatory kinetics of the differently activated mononuclear cells over 30 days. Sig
nificant findings (*) with a p value < 0.05 and highly significant findings (**) with a p value < 0.01, (***) a p value < 0.001 or (****) a p value < 0.0001. 
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in the thickness over the study period. However, the EDC/NHS Ctrl 
group revealed a thickness reduction from day 3 to day 15 without a 
significant difference. The difference was statistically significant from 
day 15 to day 30 (**p < 0.01). Additionally, the material thickness on 
day 30 was significantly lower than that on day 3 (***p < 0.001) 
(Fig. 8A–E). 

4. Discussion 

Different collagen-based materials are available for clinical appli
cations, such as intraoral tissue regeneration [12,38] or full-thickness 
skin regeneration [39]. However, many limitations are faced concern
ing their biomaterial-induced high inflammatory cellular reactions, 
biomaterial degradation patterns and degradation time periods [40]. 

This study was performed to analyze the regenerative capacity of a 
collagen-based scaffold after biomaterial functionalization using sHA3. 

Fig. 6. In vivo inflammatory pattern of the induced multinucleated giant cells (MNGC) in response to different collagen-based scaffolds over 30 days. 
Representative images of the observed MNGCs (black arrows), A-D) in the group of sHA3/PBS and E-H) in the group of EDC/NHS Ctrl on day 30 after in vivo 
implantation. Histomorphometric and statistical analyses after I) day 15 and J) day 30. Significant findings (*) with p value < 0.05 and highly significant findings 
(**) with a p value < 0.01, (***) a p value < 0.001 or (****) a p value < 0.0001. 
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Fig. 7. Vascularization over 30 days after 
the implantation of different collagen- 
based scaffolds in vivo. Immunohisto
chemical staining highlights Von Willebrand 
Factor-positive structures in a red-brown 
color. Vascularization pattern is presented 
at different time points A-D) day 3 E-H) day 
15 and I-L) day 30. Arrows point to vessel 
structures within the biomaterial body. All 
images were captured at x400 magnifica
tion. M) Histomorphometric and statistical 
analysis of the vessel density of the collagen- 
based materials over 30 days. Significant 
findings (*) with a p value < 0.05 and highly 
significant findings (**) with a p value <
0.01, (***) a p value < 0.001 or (****) a p 
value < 0.0001. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 8. In vivo degradation patterns of different collagen-based scaffolds over 30 days in vivo. 
The material thickness on day 3 of A) sHA3+EDC/NHS and B) EDC/NHS Ctrl and the thickness on day 30 of C) sHA3+EDC/NHS and D) EDC/NHS Ctrl. Images were 
captured at x40 magnification for total hematoxylin and eosin staining. E) Histomorphometric and statistical analysis of the thickness reduction of the collagen-based 
materials over 30 days. Findings were highly significant (**) with p values < 0.01 and (***) p values < 0.001. 
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Three different types of modification of collagen-based matrices were 
characterized and evaluated in vitro and in vivo to elucidate the impact of 
sHA3 on the inflammatory response, vascularization, and degradation 
patterns of the scaffolds. 

Hydrogels containing sHA3 were shown to function as growth factor 
reservoirs and to provide a suitable microenvironment for proliferating 
cells [25]. Previous in vitro studies recently demonstrated that the 
addition of hyaluronan to the extracellular matrix leads to a decrease in 
monocyte differentiation into macrophages [41]. Moreover, sHA3 was 
shown to reduce the proinflammatory release of tumor necrosis 
factor-alpha and thereby inhibit the proinflammatory activation of 
macrophages in vitro [28]. 

Using a mixture of EDC and NHS, Wissink et al. achieved a collagen 
crosslinking degree of approximately 52% [5], which is lower than that 
observed in our study in which we used EDC/NHS concentrations that 
were more than two times higher. However, when also using an 
EDC/NHS ratio of 0.5 and the GAG heparin, the authors likewise 
immobilized approximately 25 μg GAG per mg, suggesting that the 
amount of covalently bound GAG is related to the efficiently activated 
carboxylic groups and not to the GAG type present. Collagen matrices 
with covalently tethered sHA3 showed only a marginal sHA3 release 
over time. In contrast, a continuous release of sHA3 was observed from 
samples treated with sHA3/PBS in the absence of carbodiimides (even 
though their sHA3 content was comparable (2–2.5 wt%) after 1 h of 
incubation in PBS). This finding highlights the stabilizing effects of 
crosslinking documented by the percent of remaining sHA3 after up to 
28 days. In addition, our findings show that crosslinked sHA3 was still 
able to interact with mediator proteins. 

Biomaterials are mainly implanted in a surgically prepared wound, 
thus the first contact between the biomaterial and the host tissue occurs 
through blood. In this study, a blood concentrate (liquid PRF) [35] was 
used to simulate this phase and to evaluate the interaction of the 
differently modified collagen matrices with blood cells (platelets, leu
kocytes and lymphocytes). After 3 days, TGF-β1 was highest in the su
pernatants of sHA3/PBS, whereas the highest concentrations of VEGF 
were detected in both the sHA3/PBS and EDC/NHS Ctrl groups. The 
release of EGF and IL-8 was highest in the sHA3+EDC/NHS group. This 
biomaterial-dependent growth factor and cytokine release pattern may 
be explained in two ways. First, cellular activation occurs in response to 
the modified biomaterial surface to release different growth factors. 
Second, sHA3 affects the biomaterial surface and the cells included in 
liquid PRF. Sulfated HA was shown to strongly bind to VEGF-A and 
TGF-β1 [42,43]. Interestingly, VEGF and TGF-β1, the sHA3+EDC/NHS 
group that contained the highest amounts of the functionalized sHA3 
scaffolds showed lower growth factor release than the other groups. 
Most likely, the concentration detected here may not reflect the total 
amount of these mediator proteins because significant protein amounts 
should remain bound to sHA3 within the matrix. In contrast, the highest 
concentration of released EGF was found for the sHA3+EDC/NHS 
group. Since EGF does not interact with sHA3, as demonstrated by SPR, 
any EGF retardation by sHA3 within the biomaterial can be excluded, 
which suggests a cell stimulating effect of covalently linked sHA3 during 
the production of EGF. In the case of IL-8, the release by lymphocytes 
and macrophages in the liquid PRF was enhanced by the interaction 
with sHA3. A previous study has shown that the combination of a 
collagen matrix with a different blood concentrate system PRP leads to 
increased angiogenesis and vascularization. Moreover, this combination 
led to a lower release of the pro-inflammatory marker MIP-1α and an 
increased release of the anti-inflammatory marker IL-1 [44]. Therefore, 
the sHA3-functionalized scaffolds loaded with liquid PRF have a high 
potential to enhance wound healing. 

After the first blood contact with the biomaterial in the recipient 
area, the host cells react to the applied biomaterial, leading to a specific 
biomaterial-induced cellular reaction that may predefine and influence 
its regenerative capacity [45,46]. In this study, the focus was placed on 
the type of induced cells by the different scaffolds and the expression 

pattern of pro- and anti-inflammatory molecules. Interestingly, our 
findings demonstrated a different inflammatory dynamic in the groups 
Ctrl, sHA3/PBS and sham-OP, showing decreasing numbers of inflam
matory cells from day 3–30 in the sham- op group compared to the 
increasing number of inflammatory cells in the groups sHA3/PBS and 
EDC/NHS Ctrl. This pattern may be related to chronic inflammation by 
the recruitment of a high number of proinflammatory cells in response to 
the implanted crosslinked scaffold [47]. Interestingly, in the sHA3
+EDC/NHS group, the number of CD-68- and CCR-7-positive proin
flammatory cells was constant over time. This pattern suggests that the 
implanted material resulted in a reduction of the proinflammatory cell 
number by crosslinked sHA. Notably, the sHA3/PBS group, which con
tained lower amounts of sHA3, did not show an inhibitory effect on 
proinflammatory mononuclear cells. These results highlight the impor
tance of the technique used for biomaterial functionalization with sHA3. 
Physically bound sHA3 in the sHA3/PBS group showed a high initial 
release of sHA3. In contrast, the covalent binding of sHA3 to collagen in 
the sHA3+EDC/NHS led to a low release of sHA3 over 28 days and 
higher amounts of scaffold-bound sHA3 as well. In this context, sHA3 
could utilize its anti-inflammatory capability in vivo in the sHA3
+EDC/NHS group. Remarkably, sHA3 did not show a supportive effect 
on CD-206 anti-inflammatory macrophages in either group. However, in 
the present study, only one marker for each macrophage phenotype was 
evaluated. Within this limitation, it is likely that other pro- or 
anti-inflammatory signaling molecules, e.g., Cox-2 and iNOS or CD-163 
or CD-86, may have shown an altered expression pattern. This remains 
to be determined. 

The sHA3/PBS and EDC/NHS Ctrl groups showed the formation of 
multinucleated giant cells (MNGCs) beginning with day 15 and 
continuing thereafter with increasing numbers. Previous studies re
ported that the induction of MNGCs takes place during a chronic in
flammatory reaction and is due to the fusion of macrophages [47–49]. A 
series of studies showed that the induction of these cells was evident 
regardless of the biomaterial origin, i.e., natural or synthetic [50], but 
depends primarily on biomaterial related physicochemical properties, 
such as porosity [11], thickness [51], chemical preparation techniques 
[52,53], and surface characteristics, including hydrophilic capacity 
[54]. The electrostatic loading of sHA3 did not lead to a sustained 
release over 30 days, as documented by the sHA3 release evaluation 
over 28 days (Fig. 1). This means the release of sHA3 in this group 
subsided after 15 days in vivo. The resulted scaffold however, did not 
show the same inflammatory pattern as the non-modified Ctrl. By 
contrast sHA3/PBS induced the formation of MNGCs starting on day 15. 
This interesting finding may be explained by changes in the surface 
structure, that might have taken place by the treatment with sHA3 in 
terms of changes in the collagen fibers. In previous studies it was shown 
that the presence of sHA modified the fibrillar structure of collagen 
when incubated during in vitro fibrillogenesis [55]. Thus, it might be 
concluded that after the release of sHA3, the remaining modified scaf
fold (sHA3/PBS) is not the same as the native non-modified Mucograft 
(Ctrl). Surface structure is one of the most important factors modulating 
the formation of MNGCs, as documented by previous studies [56,57]. 

These findings support the hypothesis that sHA3 may suppress the 
induction of MNGCs in vivo. Similarly, this aspect is clearly observable in 
the other evaluated groups, especially crosslinking via EDC/NHS 
induced a high number of MNGCs, while the same material, which was 
modified using sHA3+EDC/NHS, did not induce any MNGCs. This 
aspect may be in addition to the anti-inflammatory effect of sHA3 caused 
by the zeta potential of the biomaterial surface that was shown to be 
changed due to negatively charged sHA3 [58]. As a result, the bioma
terial surface has the capacity to bind positively charged proteins, which 
is a trend-setting effect for the following inflammatory pattern. The ef
fect of the biomaterial surface was demonstrated to have an impact on 
the foreign body reaction [54]. The adsorbed proteins on the biomaterial 
surface predefine the interface between the implanted biomaterial and 
the recipient tissue, which provides the initial possibility for the immune 

S. Al-Maawi et al.                                                                                                                                                                                                                              



Bioactive Materials 8 (2022) 420–434

432

cells to communicate with the introduced surface [59]. Additionally, it 
was previously shown that an enhanced hydrophilic capacity of bio
materials leads to a reduction in the macrophage number and thereby 
inhibition of their fusion to form MNGCs [60,61]. The hydrophilic na
ture of the sHA3 used here may have led to a similar effect and thereby 
inhibited the formation of MNGCs in the sHA3+EDC/NHS group 
compared to that observed in the EDC/NHS Ctrl group. The covalent 
binding of sHA3 to collagen strongly preserved this property compared 
to the noncovalent association of sHA3 in the sHA3/PBS group. How
ever, the latter induced a significantly lower number of MNGCs than the 
EDC/NHS Ctrl group. These findings substantiate the hypothesis that 
covalently bound sHA3 reduced the formation of MNGCs. Additionally, 
these observations support the hypothesis that chemical crosslinking 
may lead to a stable structure, but this method mostly results in a 
chronic inflammatory reaction induction of foreign body giant cells, 
while the non-crosslinked Ctrl did not induce any MNGCs. Similarly, 
some studies have shown that chemical crosslinking results in a stable 
physical structure, but a high inflammatory reaction and even faster 
degradation in vivo [62,63]. Most of the analyzed MNGCs expressed the 
proinflammatory marker CCR-7, whereas only a few MNGCs expressed 
CD-206 as an anti-inflammatory marker. Similar findings were previ
ously presented in an analysis of human biopsies including two indi
vidual bone substitute materials that induced MNGCs. In this cited 
study, a high number of the induced MNGCs expressed proinflammatory 
markers such as CCR-7 and Cox-2 [64]. Additionally, a high number of 
MNGCs expressed MMP-9. The expression of MMP-9 was previously 
evident in disease related MNGCs (e.g. tuberculosis) [65]. Moreover, it 
was shown to be involved in the inflammatory process of MNGCs for
mation [66]. As a matrix metalloproteinase, a high expression of MMP-9 
can result into extensive extracellular matrix degradation, especially 
collagen in different regions of the body [67]. Thereby, the high 
expression of MMP-9 in the groups of sHA3/PBS and EDC/NHS Ctrl may 
explain the high in vivo degradation of these groups and the enhanced in 
vivo stability of sHA3+EDC/NHS, in which MNGCs were not evident 
over the study period. 

Crosslinking is thought to enhance the mechanical stability and also 
enhance the degradation resistance of collagen-based biomaterials [17]. 
In line with this, our results showed a very stable structure in the 
EDC/NHS Ctrl group with significantly reduced release levels, higher 
amounts of preserved collagen after 28 days and higher elastic modulus 
compared to the PBS/sHA3 group. However, these findings were not 
mirrored in vivo. This is because of the limitation of the characterization 
model used here. As scaffold incubation was performed to compare the 
results with previous studies on sHA3-containing biomaterials in the 
absence of proteases, this system cannot mimic the natural in vivo 
microenvironment. Moreover, the collagen degradation observed in the 
EDC/NHS Ctrl group may have occurred due to cellular processes rep
resented by MNGCs in addition to the enzymatic degradation of the host 
tissue. 

Based on the obtained results, the material modification presented 
here for sHA3+EDC/NHS showed favorable characteristics in terms of 
material stability, inflammatory reaction, and growth factor release, 
that represent the most critical factors for wound healing and scar for
mation. Therefore, the presented material may fulfill the clinical re
quirements needed for full-thickness skin regeneration or chondral 
regeneration by supporting the regeneration process and reducing scar 
formation. However, these promising results need further verification in 
different animal models. 

5. Conclusion 

The present study evaluated three different types of modification of a 
clinically used collagen-based matrix. The evaluated groups included 
different sHA3 associations (sHA3/PBS and sHA3+EDC/NHS) and an 
EDC/NHS Ctrl group for which the materials were characterized and 
growth factor release in vitro and inflammatory and degradation patterns 

in vivo were analyzed. The results demonstrate the promising potential 
of covalently bound sHA3 (sHA3+EDC/NHS) to provide a physically 
stable collagen-based structure, controlled growth factor release in vitro 
and reduced induced inflammatory pattern without the formation of 
MNGCs in vivo. These findings suggest that the technique presented here 
has high potential for applications in full-thickness skin regeneration. 
However, further verification in different animal models is needed to 
prove whether these features may lead to optimized wound healing by 
providing a stable scaffold, enhancing epithelialization and reducing 
scar formation. 
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