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Abstract
Although autografts represent the gold standard for anterior cruciate ligament (ACL) reconstruction, tissue-engineered 
ACLs provide a prospect to minimize donor site morbidity and limited graft availability. This study characterizes the 
ligamentogenesis in embroidered poly(L-lactide-co-ε-caprolactone) (P(LA-CL)) / polylactic acid (PLA) constructs using a 
dynamic nude mice xenograft model. (P(LA-CL))/PLA scaffolds remained either untreated (co) or were functionalized by 
gas fluorination (F), collagen foam cross-linked with hexamethylene diisocyanate (HMDI) (coll), or F combined with the 
foam (F + coll). Cell-free constructs or those seeded for 1 week with lapine ACL ligamentocytes were implanted into nude 
mice for 12 weeks. Following explantation, cell vitality and content, histo(patho)logy of scaffolds (including organs: liver, 
kidney, spleen), sulphated glycosaminoglycan (sGAG) contents and biomechanical properties were assessed.
Scaffolds did not affect mice weight development and organs, indicating no organ toxicity. Moreover, scaffolds maintained 
their size and shape and reflected a high cell viability prior to and following implantation. Coll or F + coll scaffolds seeded 
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with cells yielded superior macroscopic properties compared to the controls. Mild signs of inflammation (foreign-body giant 
cells and hyperemia) were limited to scaffolds without collagen. Microscopical score values and sGAG content did not differ 
significantly. Although remaining stable after explantation, elastic modulus, maximum force, tensile strength and strain at 
Fmax were significantly lower in explanted scaffolds compared to those before implantation, with no significant differences 
between scaffold subtypes, except for a higher maximum force in F + coll compared with F samples (in vivo). Scaffold func-
tionalization with fluorinated collagen foam provides a promising approach for ACL tissue engineering.

Graphical abstract
a Lapine anterior cruciate ligament (LACL): red arrow, posterior cruciate ligament: yellow arrow. Medial anterior meniscoti-
bial ligament: black arrow. b Explant culture to isolate LACL fibroblasts. c Scaffold variants: co: controls; F: functionaliza-
tion by gas-phase fluorination; coll: collagen foam cross-linked with hexamethylene diisocyanate (HMDI). c1-2 Embroidery 
pattern of the scaffolds. d Scaffolds were seeded with LACL fibroblasts using a dynamical culturing approach as depicted. 
e Scaffolds were implanted subnuchally into nude mice, fixed at the nuchal ligament and sacrospinal muscle tendons. f Two 
weeks after implantation. g Summary of analyses performed. Scale bars 1 cm (b, d), 0.5 cm (c). (sketches drawn by G.S.-T. 
using Krita 4.1.7 [Krita foundation, The Netherlands]).

Keywords  Tissue engineering · Anterior cruciate ligament · Ligamentogenesis · Embroidered · Poly(L-lactide-co-ε-
caprolactone) (P(LA-CL)) · Polylactic acid (PLA) scaffolds · Dynamic nude mice xenograft model

Abbreviations
AB	� Alcian blue
ACL	� Anterior cruciate ligament
CLSM	� Confocal laser scanning microscopy
co	� Unfunctionalized control constructs
coll	� Collagen foam cross-linked with HMDI func-

tionalization of the constructs
CSA	� Cross-sectional area
DAPI	� 4′,6′-Diamidino-2-phenylindol
dist	� Distilled

DMMB	� Dimethylmethylene blue
dpi	� Dots per inch
ECM	� Extracellular matrix
EDTA	� Ethylenediaminetetraacetic acid
ETOH	� Ethanol
F	� Gas-phase fluorination of the constructs
FBGC	� Foreign-body giant cells
FBS	� Fetal bovine serum
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F + coll	� Gas fluorination combined with colla-
gen foam cross-linked with HMDI of the 
constructs

FDA	� Fluorescein diacetate
Fmax	� Maximum force
HBSS	� Hank’s balanced salt solution
HE	� Hematoxylin/eosin
HMDI	� Hexamethylene diisocyanate
L	� Lapine
LACL	� Lapine anterior cruciate ligament
nondist	� Nondistilled
PBE	� Phosphate-buffered EDTA
PBS	� Phosphate-buffered saline
PCL	� Polycaprolactone
P(LA-CL)	� Poly(L-lactide-co-ε-caprolactone)
PFA	� Paraformaldehyde solution in PBS
PI	� Propidium iodide
PLA	� Polylactic acid
RT	� Room temperature
s.c.	� Subcutaneous(ly)
SD	� Standard deviation
sGAG​	� Sulphated glycosaminoglycan
SR	� Sirius red
TBS	� TRIS buffered saline

Introduction

The anterior cruciate ligament (ACL) helps to maintain knee 
joint stability and is one of the most commonly injured liga-
ments. Ruptured ACLs are usually reconstructed by autografts 
such as hamstring tendons. To avoid donor site morbidity and 
limited autograft availability, tissue engineered ACLs may pre-
sent a prospect strategy for the surgical reconstruction after 
ACL injury (Rathbone et al. 2012; Riley et al. 2018). However, 
graft materials used as carriers need to demonstrate a high 
resilience to sustain continuous mechanical loading, degrade 
slowly, and should not be releasing harmful degradation or 
wear of friction products. Braided scaffolds based on synthetic 
polymers or silk showed substantial mechanocompetence, 
which was promising for ligament tissue engineering (Cédric 
Laurent 2018). As an alternative scaffold fabrication method 
to braiding, the embroidery technology allows the generation 
of scaffolds with a tailored three-dimensional (3D) structure, 
porosity, and appropriate biomechanical properties, and uses 
synthetic thread materials (Hahn et al. 2019). The embroidery 
pattern can be adapted by varying stitch length and angle as 
well as the duplication shift. In addition, multilayered and mul-
tiphase structures can be created. To allow cell adherence after 
seeding or cell ingrowth, surface characteristics (composition, 
topology) are of high importance. Unfortunately, most syn-
thetic polymers show poor cell adherence (Hoyer et al. 2014). 
Therefore, appropriate functionalization strategies are required 

to increase cell adherence and spreading (Hoyer et al. 2014). 
Collagen supplementation is a common strategy for scaffold 
functionalization (Chang et al. 2020; Dong et al. 2016) and 
was also applied in the present study. Another functionaliza-
tion opportunity seems to be gas-phase fluorination. Recently, 
gas-phase fluorination has been demonstrated as a new and 
effective method of facilitation of fibroblast adhesion (Schröp-
fer et al. 2020). However, so far, it has not been investigated 
whether this strategy also affects in vivo biocompatibility. The 
cell response mechanism to surface modification by fluorina-
tion is still unclear (Schröpfer et al. 2020). To assess the main 
aspects of biocompatibility of tissue-engineered constructs 
and monitor their effect on ligamentogenesis, the nude mice 
xenograft model can be used (Dai et al. 2015; Han et al. 2017; 
Lohan et al. 2018; Ni et al. 2013; Noack et al. 2014; Xu et al. 
2014). To study the contribution of cells to ligamentogene-
sis, we decided to preseed the scaffolds with ligamentocytes. 
Another approach would be to use mesenchymal stem cells or 
progenitor cells (Archer et al. 2018) as a more accessible and 
more abundant cell source for therapeutic approaches com-
pared to ACL ligamentocytes. The attachment of the biomate-
rial to the autochthonous back muscle system of the mice was 
expected to provide some additional biomechanical tensional 
stimuli during mouse movements in addition to those of the 
shear forces of the skin covering the construct after subcutane-
ous implantation. This less common approach of a dynamic 
nude mice xenograft model has been reported previously (Ni 
et al. 2013; Xu et al. 2014).

In the present study, we investigated a slowly degrad-
ing combination of synthetic polymers (poly(lactic-co-ε-
caprolactone)/polylactic acid)(P(LA-CL)/PLA) functionalized 
with gas-phase fluorination (F) and collagen foam cross-
linked with hexamethylene diisocyanate (HMDI) (coll) for 
the first time in vivo using the dynamic nude mice xenograft 
model to assess ligamentogenesis. The combination of P(LA-
CL) with PLA allowed lapine ligamentocyte adherence and a 
biomechanical competence of the construct comparable to the 
native lapine ACL (LACL) (Hahn et al. 2019). The function-
alization of the material combination with gas-phase fluori-
nation and collagen provided promising properties in several 
in vitro studies (Gögele et al. 2020a, 2021; Hahn et al. 2019).

Materials and methods

Preparation and functionalization of scaffolds

A monofilament P(LA-CL) thread (USP 7–0, Gunze Ldt., 
Osaka, Japan) and a melt spun PLA multifilament consist-
ing of six single filaments (Tt = 155 dtex, Ingeo biopolymer 
6202D, NatureWorks, Minnetonka, MN, USA, fiber melt 
spinning at the Leibniz-Institut für Polymerforschung Dres-
den e.V. (IPF) (Dresden, Germany)) were used for scaffold 
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fabrication with an embroidery machine (Type TLMX-
901, Tajima Industries, Nagoya, Japan). P(LA-CL) served 
as upper and PLA as lower thread during the embroidery 
process. Three plies having a zig-zag pattern design (1.8 
mm stitch length, 15° stitch angle, and 0.2 mm duplication 
shift) were stacked and pinned together. A water-soluble 
non-woven made of polyvinyl alcohol (PVA, Freudenberg 
Einlagestoffe KG, Weinheim, Germany) was used as an 
embroidery base material, later washed out by rinsing three 
times for 30 min in pyrogen-reduced water on a compact 
shaker (KS 15 A, Edmund Bühler GmbH, Bodelshausen, 
Germany). After that, the remaining porous scaffolds were 
dried at room temperature (RT). The porosity of the scaf-
folds measured previously by µCT (Breier 2015) ranged 
between 65 and 75% (continuously through the whole 
structure).

Gas-phase fluorination was performed at the FILK 
Freiberg Institute (Freiberg, Germany) in a fluorination batch 
reactor (Fluor-Technik-System GmbH, Lauterbach, Ger-
many), using a mixture of 10% fluorine gas in synthetic air 
for 60 s. After the fluorination process, the scaffolds selected 
for additional collagen functionalization were flushed with 
synthetic air prior to immersion in solved bovine acid col-
lagen and subsequently refibrillated with phosphate buffer 
and NaCl. The resulting collagen hydrogel pervading the 
embroidered scaffold was desalted and lyophilized to form a 
porous foam between the threads. The collagen cross-linking 
was executed with HMDI in gas phase in a desiccator.

Scanning electron microscopy

The basis scaffold (co, without gas-phase fluorination) 
was visualized using scanning electron microscopy (SEM, 
Philips, XL30 ESEM-FEG, 3 kV, high vacuum, working 
distance 10 mm). Samples were put on a carbon pad speci-
men holder and sputtered with gold 10–20 nm.

LACL isolation

LACL-derived ligamentocytes were harvested from six adult 
males, healthy 12-month-old ACLs of New Zealand Rabbits, 
obtained from the regional slaughterhouse. The explanted 
LACLs were split into 2-mm2 pieces and were cultivated 
in T25 culture flasks in growth medium (Dulbecco's modi-
fied Eagle’s medium [DMEM]/Ham’s F12 medium [1:1, 
Merck KGaA, Darmstadt, Germany] supplemented with 
10% fetal bovine serum [FBS, Merck KGaA], 1% penicil-
lin/streptomycin solution [Merck KGaA], 25 μg/ml ascorbic 
acid [Sigma-Aldrich, Munich, Germany], 2.5 μg/ml ampho-
tericin B [Merck KGaA], MEM amino acid solution [Sigma-
Aldrich]). After 7–10 days, ligamentocytes emigrated and 
were expanded using 0.05% trypsin/0.02% ethylenediami-
netetraacetic acid (EDTA) for the subsequent experiments.

Dynamic ligamentocyte scaffold culture

Four scaffold variants (co, control: unfunctionalized [1], 
functionalized only by gas-phase fluorination [2] or only 
HMDI cross-linked collagen foam (coll) [3] or combina-
tion of gas-phase fluorination and HMDI cross-linked col-
lagen foam (F + coll) [4], were disinfected in 70% ethanol 
(ETOH, Applichem GmbH, Darmstadt, Germany) for at 
least 30 min before being thoroughly rinsed with sterile and 
hypotonic water with low pyrogen content (Carl Roth GmbH 
and Ko.KG, Karlsruhe, Germany). The disinfected scaffolds 
were incubated for 1 h in FBS for protein absorption. Sub-
sequently, the scaffolds were seeded with 8333 ligamento-
cytes/mm3 scaffold, suspended in 5 ml growth medium in 
TubeSpin bioreactor tubes (TPP, Trasadingen, Switzerland) 
using a rotator device (Bartelt GmbH, Graz, Austria) with 
36 rpm at 37 °C. Culture medium was changed two times a 
week and cultivation was ceased at day 7–8.

Dynamic nude mice xenograft model

Female 6–8 weeks old athymic nude mice (NU-Foxn1nu/
nu, Charles River Laboratories, Sulzfeld, Germany, n = 80) 
were purchased and held in a 12-h light/12-h dark cycle at 
23 °C. Animal experimental protocols were approved by 
the local animal review board (RUF-55.2.2–2532.2–1011-
30), as well as the universities’ internal scientific commit-
tee. All experiments were performed in compliance with the 
animal protection FELASA guidelines. The animals were 
randomly divided into eight different groups for the four 
different scaffold types used either seeded or not with LACL 
ligamentocytes (Table 1) and were weekly weighted as part 
of the weekly clinical surveillance to observe any influence 
of the construct on the growth curves of the animals after 
construct implantation. Prior to implantation, the scaffolds 
were dynamically cultivated for 7–8 days with LACL liga-
mentocytes or maintained in growth medium without cells 
for similar durations, all in the same temperature conditions. 
Immediately afterwards, implantation into the subnuchal 
subcutaneous space of the mice followed for 3 months.

The mice received pre-operatively (2 h before surgery) 
4 mg/kg body weight Rimadyl (Pfizer, Karlsruhe, Ger-
many) subcutaneously (s.c.), administered as analgesic 
premedication. Inhalation anesthesia followed by 3% 
isoflurane (Forene 100%, Abbott, Wiesbaden, Germany) 
for induction and 1.5% for preservation in oxygen (1.5 
L/minute), delivered via an anesthetic mask. For 3 days 
post-operatively, they received again 4 mg/kg body weight 
Rimadyl s.c., twice daily every 12 h. For surgery, the 
subnuchal skin of the back was incised along the spine 
(0.5 cm) under sterile conditions, a pocket was stumpy 
prepared beneath the incision and the construct was 
inserted. Scaffolds were fixed with prolene 6:0 (Ethicon, 
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Bridgewater, NJ, USA) at the nuchal ligament and sac-
rospinal muscle tendons. The incision was sutured with 
6–0 Vicryl (Ethicon, Raritan, NJ, USA). The cell-free 
scaffolds were treated in the same manner. Twelve weeks 
after implantation of the constructs, the animals were  sac-
rificed using CO2. The explanted constructs were photo-
documented (Canon G9 X, Canon, Öta, Tokyo, Japan), 
macroscopically scored using a self-designed scoring 
system (Table 2) according to Lohan et al., (Lohan et al. 
2018) and then measured. Internal organs (liver, kidneys, 
and spleen) were explanted for histopathology.

Viability testing

The scaffolds (in vitro cultured or explanted from the nude 
mice 12 weeks postoperatively) were incubated in 5 µl/ml 
fluorescein diacetate (FDA, Sigma-Aldrich, 3 mg/ml dis-
solved in acetone as a stock solution) and 1 µl/ml propidium 
iodide (PI, 1% solution, Carl Roth GmbH and Ko.KG) in 
phosphate-buffered saline (PBS) for 1 min at RT. Viable 
cells were green and dead cells were red as visualized by 
confocal laser scanning microscopy (CLSM, SPE-II, Leica 
Microsystems GmbH, Wetzlar, Germany).

Histological staining

Selected scaffolds and organs (liver, kidney, and spleen) 
were fixed overnight in 4% paraformaldehyde solution in 
PBS (PFA/PBS, Santa Cruz Biotechnology Inc., Dallas, TX, 
USA). In addition, scaffolds explanted for biomechanical 
analyses were equilibrated at 4 °C (30 min) before frozen 
and stored at − 80 °C. The left over pieces after prepar-
ing the scaffolds for biomechanical testing were also fixed 
in 4% PFA/PBS for histopathology. Subsequently, samples 
were dehydrated using an increasing ethanol series (70, 80, 
96 and 99.6%) with each step lasting 4 min followed by 
10 min’ xylene (all EtOH and xylene from Carl Roth GmbH 
and Ko.KG) and then, embedded in paraffin (Shandon Path-
center, Thermo Scientific, Waltham, MA, USA). Paraffin 
sections (7 µm thick) were prepared, histologically stained, 
and analyzed using histological scoring systems adapted 
from Lohan et al., (Lohan et al. 2018) (Table 3).

Hematoxylin–Eosin (H&E)

Paraffin sections (thickness: 7 µm) were deparaffinized using 
xylene and a series of decreasing aqueous ethanol concen-
trations (99.6, 96, 80, and 70%) for all histological staining 
procedures. HE staining was used to get an overview of his-
toarchitecture of the neotissues. Deparaffinized sections were 
incubated for 4 min in Harris hematoxylin solution (Sigma-
Aldrich), then rinsed in tap water and counterstained for 4 min 

Table 1   Experimental groups

Hist histology, BA biomechanical analysis, I implantation

Groups Without cells With cells

Explanted Before I Explanted Before I

Analysis after 12 weeks in vivo Hist., vitality BA, assays BA, vitality Hist., vitality BA, assays BA, vitality

co: Scaffolds without functionalization 8–10 6–8 3 10 6–8 3
F: Scaffolds with gas-phase fluorination 8–10 6–8 3 10 6–8 3
coll: Scaffolds with cross-linked collagen foam 8–10 6–8 3 10 6–8 3
F + coll: Scaffolds with gas-phase fluorination and collagen 8–10 6–8 3 10 6–8 3

Table 2   Macroscopic score system for ligament explants

According to Lohan et al. (2018)

Macroscopic score Points

Color
 White, glossy 2
 Rose, rough 1
 Other color 0

Surface structure
 Smooth, tight, intact 2
 Rough 1
 Surface with clefts and holes 0

Shape
 Similar as before implantation 2
 Unregular, tight 1
 Diffuse, smooth 0

Size
Similar like before implantation 2
Shrunken or swollen 1
Nearly disappeared 0
Maximum count 8
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in eosin (Carl Roth GmbH and Ko.KG). After rinsing with 
distilled (dist.) water, the sections were dehydrated in a series 
of ascending alcohol concentrations (70, 80, 96, and 99.6%). 
Finally, the stained sections were mounted with Entellan 
(Merck KGaA, Darmstadt, Germany) and analyzed using a 
light microscope (DM1000 LED, Leica Microsystems GmbH).

Alcian blue (AB) staining

Alcian blue (AB) staining indicates the deposition of sul-
phated glycosaminoglycans by a blue color. For AB stain-
ing, the deparaffinized sections were incubated for 3 min 
in 1% acetic acid (Carl Roth GmbH and Ko.KG) and then 
immersed for 30 min in 1% AB in acetic acid (pH 2.5) (Carl 
Roth GmbH and Ko.KG). Subsequently, they were rinsed in 
3% acetic acid. Cell nuclei were counterstained using nuclear 
fast red aluminum sulphate solution (Carl Roth GmbH and 
Ko.KG) for 5 min. The sections were dehydrated in a series 
of ascending alcohol concentrations (70, 80, 96, and 99.6%) 
before being embedded in Entellan (Merck KGaA) and kept 
in the dark until analyzed by light microscopy (DM1000 
LED, Leica Microsystems GmbH). AB scoring was per-
formed according to the following criteria:

The staining intensity was slightly or substantially lower or 
higher as the native rabbit ACL (1 or 0 points) or the staining 
intensity was similar to the native rabbit ACL (2 points). The 
staining was homogeneously distributed (2 points) or slightly 
(1 point) or severely inhomogeneously stained (0 point). 
Hence, the possible maximum was 4 points.

Sirius red (SR) staining

SR staining was performed to depict distribution of collagen. 
Deparaffinized sections were washed in nondistilled (nondist.) 
water for 4 min. Cell nuclei were stained with Weigerts hema-
toxylin (MORPHISTO GmbH, Frankfurt am Main, Germany) 
for 8 min. Afterwards, they were washed with distilled water 
for 5 s, followed by rinsing in nondistilled water for 10 min 
and in distilled water for 1 min. The sections were stained 
using SR (MORPHISTO GmbH) for 60 min, before being 
twice incubated in 30% acetic acid (Carl Roth GmbH and 
Ko.KG) for 1 min each and then twice in 96% EtOH for 4 min. 
Finally, stained sections were mounted with Entellan (Merck 
KGaA) and analyzed using a light microscope (DM1000 
LED, Leica Microsystems GmbH). SR scoring was performed 
according to the following criteria: The staining intensity was 
classified as absent (0 point), faint (1 point), clearly detectable 
(2 points) or intense (3 points). The distribution was described 
as severely inhomogeneous (0 point), slightly inhomogeneous 
(1 point), or homogeneously distributed (2 points). Hence, the 
maximum of available points was 5 points.

Measurement of total DNA and glycosaminoglycan 
content

The DNA contents of the scaffolds were measured using 
CyQuant assay (Invitrogen, Carlsbad, CA, USA) according 
to the user manual including calf thymus DNA as a standard. 
Each scaffold was homogenized after biomechanical analysis 
with a 7-mm stainless-steel bead (RNase and DNase free, 

Table 3   Histological scoring of 
ligament constructs

Adapted from Lohan et al. (2018)

Criterion Observation (points)

Inflammation No (2), only focally (1), generalized or focally pronounced (0)
Vascularity Low (2), no/slightly increased (1), severely hyperemic (0)
Capsule No (2), thin (1), thick (0)
Cellularity Like ligament (2), increased or diminished in comparison to 

native ligament (0–1)
Cell distribution Homogenous (2), inhomogeneous (1–0)
Cell morphology Mainly elongated (ligamentocyte-like) (2),

Many round cells (1),
Mainly inflammatory cells (0), many debris (0)

Orientation A trend of uniaxial order (ligament-like) (1)
No major order (0),

Cell-to-ECM ratio Few cells, many ECM (2),
Many cells, many ECM (immature tissue) (1),
Many cells, few ECM or several cell free areas (0.5),
No ECM (0)

ECM Dense (2), only moderately dense (1), loose (0)
Fatty tissue No (2), yes (0–1)
Maximum count 19 points
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sterile, Qiagen, Hilden, Germany) by using TissueLyser LT 
(Qiagen, Hilden, Germany, 50 Hz, 5 min, RT). The sam-
ples were digested using a proteinase K solution (0.5 mg/
ml, Carl Roth GmbH and Ko.KG) dissolved in 50 mM Tris/
HCl, 1 mM EDTA, 0.5% Tween20, pH 8.5) for 16 h at 56 °C 
under continuous shaking (36 rpm), before being centrifuged 
for 30 min at 10,000 rpm. The supernatants were frozen at 
− 20 °C for 30 min to stop the reaction. A 10-µl sample and 
150-µl TE buffer were mixed. Triplicates of specimens (each 
25 µl) were transferred to a black 96-well plate with a flat 
bottom (Brand GmbH, Wertheim, Germany) and 25 µl dye 
solution (1 × HBSS + dye solution 1:250) was added. Plates 
were protected from light and incubated at 37 °C for 60 min. 
The fluorescence was measured at λ = 485 excitation/ λ = 530 
emission using a fluorometric plate reader (Infinite M200, 
Tecan Austria GmbH, Grödig, Austria). The cell content of 
the scaffolds was calculated based on the assumption that 
each cell contains approximately 7.7 pg DNA (Kim et al. 
1988).

The lysates were diluted in phosphate-buffered EDTA 
(PBE) buffer (100 mM Na2HPO4 and 5 mM EDTA, pH 8.0) 
to quantify the sulphated glycosaminoglycan (sGAG) con-
tents, before the dimethylmethylene blue (DMMB, Appli-
Chem, Darmstadt, Germany) dyeing solution (8.9  mM 
DMMB hydrochloride in 600 mg glycerine, 467 mg NaCl 
and 200 ml of distilled water) was added. The absorption 
shifts from λ = 525 nm to λ = 595 nm were measured. sGAG 
content was calculated based on chondroitin sulphate sodium 
salt from shark cartilage (Sigma-Aldrich) as a standard (Infi-
nite M200, Tecan Austria GmbH). The sGAG content was 
divided through the calculated cell number.

Biomechanical analyses

Biomechanical properties of the scaffolds cultured for only 
1 week in vitro before implantation and those explanted after 
3-month incubation in vivo were measured. Biomechanical 
analysis included maximum force (Fmax), elastic modulus, 
tensile strength and strain at Fmax. Prior to the mechani-
cal tests, the samples were stored at − 80 °C. The time 
between specimen removal from the freezer and testing was 
kept to a minimum. Prior to the testing, the samples were 
thawed quickly to reach room temperature (20 °C). A cus-
tom 3D-printed punch was used to stamp a dog-bone shape 
from the specimens (Nelson et al. 2020). This dog-bone 
shape shows a slender midsection and wider ends, result-
ing in a reduced cross-sectional area and therefore stand-
ardized failure sites at the samples’ midsections. Removed 
tissues following the tapering were kept in 4% PFA for fur-
ther analyses (histopathology). To determine the CSA in the 
failure zone, the samples’ midsection was carefully molded 
in silicone (Panasil initial contact; Kettenbach, Eschenburg, 
Germany). The silicone was left to cure according to the 

datasheet, after which the cast was nicked with a surgical 
blade and opened up by hand. This ensured that the blade 
never came in contact with the sample. After removing the 
sample, the casts were split perpendicular to the samples 
longitudinal axis and scanned at a resolution of 2400 dpi. 
From these images, showing a cross-sectional imprint of 
the samples’ midsection, the CSA, thickness, and width of 
the samples were determined using ImageJ software (U.S. 
National Institutes of Health, Bethesda, MD, USA) (Scholze 
et al. 2018). The tensile tests were conducted on a univer-
sal testing machine (Z020 equipped with Xforce HP, 500 N 
Loadcell, both ZwickRoell, Ulm, Germany). Prior to testing, 
the samples were preconditioned for ten loading–unloading 
cycles from 0 to 6 N at 0.1 mm/s. The preconditioning load 
was set at 5% of the Fmax, as determined in preliminary tests. 
The failure tensile tests were performed at a testing velocity 
of 0.1 mm/s until a force drop below 95% of maximum force 
(Fmax) was detected. The force and strain were recorded by 
testXpert III (ZwickRoell). After testing, the samples were 
stored at 7 °C and used for CyQuant and DMMB assay. The 
CSA and the force-strain data were processed in a Matlab 
routine (R2020a; MathWorks, Natick, MA, USA) to cal-
culate the elastic modulus, the strain at failure, and tensile 
strength. Due to a section of non-linear behavior before Fmax, 
the evaluation of stiffness was limited to 0–40% of the maxi-
mum force reading. This gave a linear region for each sample 
to evaluate.

Statistical analyses

All values were expressed as mean with standard devia-
tion using GraphPad Prism 8 (GraphPad Software Inc., 
San Diego, CA, USA). Data based on score values (ordinal 
scaled data, e.g., scoring values) and non-parametric data 
(e.g., DNA and GAG contents, biomechanical properties) 
were analyzed using Kruskal–Wallis test followed by Dunn's 
post hoc test. The Rout test was used to identify outlier. Nor-
mality was assessed using a Shapiro–Wilk test. Statistical 
significance was set at a p value of ≤ 0.05.

Results

Clinical observations

The animals showed no change in their behavior follow-
ing the scaffold implantation, and during the following 
12 weeks before scaffold explantation (Fig. 1a). The overall 
body weight development of the mice during these 12 weeks 
revealed a continuous increase until the 11th week (supple-
mental Fig. 1) and did not differ between the groups with dif-
ferent scaffold types implanted (Fig. 1b1) and also not from 
the expected body weight provided by the supplier (Charles 
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River Laboratories). A significant increase in body weight 
could be detected in each group compared to that before 
implantation.

Scaffold weights, size maintenance, and stability

The scaffold showed a high porosity visualized by SEM 
(supplemental Fig. 2). The scaffold weight before implan-
tation ranged between 0.115 ± 0.007  g (control with-
out cells) and 0.16 ± 0.03 g (fluorinated with collagen 
and cells) and at the time point of explantation between 
1.41 ± 0.02 g (fluorinated, pre-seeded LACL ligamento-
cytes) and 1.91 ± 0.034 g (fluorinated with collagen and 
preseeded with cells) (Fig. 1b2). Before implantation, 
scaffolds with collagen foam, irrespective of whether 

seeded with cells or not, were heavier than controls (not 
significant) and solely fluorinated scaffolds, but there was 
no significant difference after implantation (Fig. 1b1, 2). 
The weights of all scaffold variants were significantly 
higher following the explantation when compared to their 
weight before implantation except for the scaffolds sup-
plemented with collagen, irrespectively whether fluori-
nated and seeded or not. Scaffolds implanted without or 
with cells, irrespective of whether functionalized or not, 
generally remained stable and maintained their shape and 
size (Fig. 2c). However, the pores visible in the scaffolds 
before implantation were then filled with tissue. A very 
thin translucent membrane and often some fatty tissue sur-
rounded the implanted scaffolds.

Fig. 1   Body weight development of the animals, weight, and macro-
scopical appearance of the scaffold variants before implantation (after 
1  week in  vitro) and after explantation after 3  months in  vivo. a1 
Mice with a scaffold implanted into the subnuchal region. b1 Body 
weight of the mice in the week before scaffold implantation (red box 
plots) and in the week of explantation (black box plots). b2 Scaffold 
weight (wet weights, red box plots) pre-implantation and post explan-
tation (black box plots). Macroscopical appearance of the lapine ante-

rior cruciate ligament (LACL) (c1, red arrow) and the scaffold vari-
ants before implantation (c2–c5) and after explantation (c6–c13). d 
Results of macroscoring of the scaffolds. Co: controls; F: function-
alization by gas fluorination; coll: collagen foam cross-linked with 
HMDI, -: implanted without cells, + : implanted with LACL-derived 
ligamentocytes, cultured for 1 week on the scaffold before scaffold 
implantation. p values: * < 0.05, ** < 0.01. Scale bars 1 cm
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Macroscopical appearance, size, and shape stability

A macroscopical scoring system (Table 2) was used to 
detect differences of the macroscopical appearance as well 
as changes in the size and shape of the explanted scaffolds. 
As references, the appearance of the native LACL and the 
scaffolds before implantation were used (Fig. 1c, c1–c5). 
Collagen supplementation of the scaffolds led generally to 
a ligament-like appearance resembling the native LACL and 
accordingly, higher score values. Scaffolds with collagen 
combined with cells exhibited the most ligamentous impres-
sion with significantly higher score values than fluorinated 
scaffolds without or with LACL ligamentocytes and the 
control constructs without cells. The gas-phase fluorinated 
scaffolds with cross-linked collagen foam, but without cells, 
also had significantly higher score values (Fig. 1c6–c13, d).

Cell viability of the scaffolds before implantation 
and after explantation

At the time point of scaffold implantation in the mice 
subnuchal space, which was respectively 7–8 days after 
cell-seeding, all scaffolds were covered by mostly viable 
LACL cells (Fig. 2a1–a4). The scaffold’s functionalization 
with collagen foam, alone or combined with fluorination, 
revealed the most densely colonized surface of the scaffold 
(Fig. 2a3–a4). Immediately after explantation, constructs 
contained mainly viable cells, with no difference between 
the different scaffold variants and whether cell seeding was 
performed before implantation or not (Fig. 2a5–a12).

DNA content of the scaffold variants

The DNA content was quantified to estimate cell quanti-
ties in the scaffold. Despite that, the DNA content did not 
significantly differ between all investigated scaffold variants 

Fig. 2   Cell viability and content in the scaffolds before implantation 
and after explantation after 3 months remaining in vivo. Cell viability 
in the scaffold variants before implantation after 1 week (a1–a4) and 
after explantation after 3 months in the nude mice model (a5–a12), 
scaffolds implanted without cells (a5–a8), and with lapine anterior 
cruciate ligament (LACL)-derived ligamentocytes, cultured for 1 
week on the scaffold before scaffold implantation (a9–a12), control 
(a1, a5, a9), F (a2, a6, a10), collagen (a3, a7, a11) and F + colla-

gen (a4, a8, a12). Living cells are stained green and dead cells are 
stained in red. b Measurement of DNA contents (pg DNA per cm3 
scaffold) of the scaffold variants after implantation. Co: controls; F: 
functionalization by gas-phase fluorination; coll: collagen foam cross-
linked with hexamethylene diisocyanate (HMDI), -: implanted with-
out cells, + : implanted with LACL-derived ligamentocytes. Scale bar 
100 µm
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implanted without or with ligamentocytes (Fig. 2b). When 
calling up a previous study where we determined a mean 
DNA content of 2.1 ± 1.2  µg/cm3 in the native LACL 
(Gögele et al. 2021), the DNA contents in the scaffold vari-
ants of this study were substantially higher than that of the 
native LACL.

Histology and organ toxicity

No histopathological changes of the liver, kidney, and spleen 
were observed, with no presence of monocytes or foreign-
body giant cell formation (FBGC) as indicators of inflam-
mation, suggesting no toxic effects induced by the implanted 
constructs (Supplemental Figs. 3–5). This underlines that 
all scaffold variants exerted no organ toxicity. Scaffold 
histology revealed tissue formation within the scaffolds 
(Fig. 3a1–a9) with no significant differences in the score 

values between scaffold variants. However, some inflam-
matory and foreign-body giant cell formation (Fig. 3a10) 
could be detected in the immediate neighborhood of the 
fibers, within the scaffolds without collagen foam, whereas 
those with collagen showed a lower degree of inflammation 
(Fig. 3). Cells were generally randomly distributed within 
the constructs. In the collagen foam, there were often only a 
few cells. However, none of the scaffolds showed cell align-
ment when compared to the native LACL and also the ECM 
density was less and not as organized as observed in the 
native LACL.

Sulphated glycosaminoglycan content

Sulphated glycosaminoglycan (sGAG) deposition was 
visualized using AB staining (Fig. 4a1–a9) and classified 
using a scoring system related to the normal staining in 

Fig. 3   Scaffold histology after explantation after 3  months in  vivo 
depicted by HE staining. Histology of the tissue is shown within the 
scaffold variants implanted without cells (-cells, a1–a4) and with 
lapine anterior cruciate ligament (LACL)-derived ligamentocytes 
(+ cells, a5–a8). Control (co, a1, a5), functionalization by gas-phase 
fluorination (F, a2, a6), collagen foam cross-linked with hexam-
ethylene diisocyanate (HMDI) (coll, a3, a7) and F + coll (a4, a8). 

Native LACL (a9). Foreign-body giant cell and inflammatory cells 
visible in a co-cells scaffold variant (a10, FBGC). -cells: implanted 
without cells, + cells: implanted with LACL-derived ligamentocytes. 
BV blood vessel, PLA poly lactic acid, P(LA-CL) poly(lactic-co-ε-
caprolactone). Double-headed black arrows capsule. In all images, 
the outer capsule surrounding the scaffold variants can be expected at 
the upper border. Scale bar 200 µm (a1–a9), 250 µm (a10)



Histochemistry and Cell Biology	

1 3

the native LACL (Fig. 4a9). The native LACL showed a 
faint AB staining (Fig. 4a9) and only the interfascicular 
extracellular matrix (Fig. 4a9) and the enthesis region 
displayed a focally more intense staining in the fibro-
cartilage regions (not shown). There were no significant 
differences between the score values of all scaffold vari-
ants investigated (Fig. 4b). In addition, a quantitative 
assessment of the sGAG content was brought off with 
the DMMB assay (Fig. 4c). Nevertheless, there was no 
significant difference in the sGAG content of the different 
groups, irrespective of whether seeded with cells or not. 
In comparison to the sGAG content of the native LACL 
(36.8 ± 12.9  pg/cell) measured in our previous study 
(Gögele et al. 2021), the sGAG contents of the scaffold 
variants were generally lower.

Collagen content and distribution

Collagen has been visualized in all scaffold variants using 
SR staining (Fig. 5a1–a9). In most samples, there was 
a more intensely stained envelope around the construct 
(double headed arrows) containing a more faintly stained 
tissue within the fiber network. The scaffolds functional-
ized with collagen either combined with or without fluori-
nation revealed lesser collagen stain inside. The native 
LACL showed a homogenous more orange SR stain and 
densely packaged fiber bundles. The difference in staining 
was clearly detectable by polarization microscopy where 
the native LACL was much more yellow, indicating organ-
ized type I collagen than the tissue in the scaffold variants 
(supplemental Fig. 6). The latter show only focal yellow 
areas. Only the epiligament and interfascicular ECM was 
stained in red (Fig. 5a9, Epi, IFM). SR scoring (Fig. 5b) 

Fig. 4   Visualization of sulphated glycosaminoglycans in the different 
scaffold variants explanted after 3 months in vivo. AB stain to visu-
alize sulphated glycosaminoglycans (sGAGs) of the tissue within the 
scaffold variants without cells (-cells, a1–a4) and with lapine ante-
rior cruciate ligament (LACL)-derived ligamentocytes, cultured for 
1 week on the scaffold in  vitro before implantation into nude mice 
for 12 weeks (a5–a8), control (co, a1, a5), functionalization by gas-

phase fluorination (F, a2, a6), collagen foam cross-linked with hexa-
methylene diisocyanate (HMDI) (coll, a3, a7) and F + coll (a4, a8). 
AB-stained native LACL (a9). b Results of AB scoring. c sGAG 
content measured by dimethyl methylene blue (DMMB) assay. -: 
implanted without cells, + : implanted with LACL-derived ligamento-
cytes. Kruskal–Wallis test was used for analyses followed by Dunn's 
post hoc test. p values: * < 0.05. Scale bars 100 µm (a1–a9)
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revealed significantly higher score values for fluorinated 
scaffolds without cells compared to those with collagen 
foam pre-seeded with cells irrespective of fluorination. 
In addition, the scaffolds with cells and fluorination had 
significantly higher score values than those with collagen 
foam and fluorination. In the envelope of several samples, 
emigrated adipocytes could be visualized (Fig. 5a4–a7).

Biomechanical analyses

The biomechanical parameters of the scaffold variants 
explanted after 3 months either cell-free or seeded with 
cells did not significantly differ. Hence, the scaffolds with-
out and with cells, were pooled for the comparison of scaf-
folds before implantation into the nude mice and 3 months 
later, after explantation.

Comparison of biomechanical parameters after 12 
weeks in vivo

Statistical comparison of maximum force yielded 
significantly lower values for f luorinated scaffolds 
(77.2 ± 27.0 N) when compared to scaffolds with colla-
gen foam (118.4 ± 25.8 N; p = 0.02) and those fluorinated 
and supplemented with collagen foam (112.8 N; p = 0.04), 
respectively (Fig. 6a). Elastic modulus and tensile strength 
did not differ between the explanted samples (Fig. 6b, c). 
However, the elastic modulus gave for F ± cells, coll-cells 
and F + coll-cells much broader variations when compared 
to the other groups. Similarly, tensile strength and strain at 
Fmax yielded similar and statistically non-different results 
to the mechanical values (Fig. 6c, d).

Fig. 5   Visualization of collagen in the different scaffold vari-
ants explanted after 3  months in  vivo. SR stain to visualize colla-
gen organization of the tissue within the scaffold variants without 
cells (a1–a4) and implanted with lapine anterior cruciate ligament 
(LACL)-derived ligamentocytes, cultured for 1  week on the scaf-
fold in vitro before explanted after 12 weeks in vivo (a5–a8), co (a1, 
a5), F (a2, a6), coll (a3, a7) and F + coll (a4, a8). Native LACL (a9). 

Double-headed black arrows indicate an envelope rich in collagen 
surrounding the scaffold. b Results of Sirius red scoring. -: implanted 
without cells, + : implanted with LACL-derived ligamentocytes. Ad 
adipocytes, BV blood vessels, Epi epiligament, IFM interfascicular 
matrix. *prolene thread used for scaffold fixation. Kruskal–Wallis 
test was used for analyses followed by Dunn's post hoc test. p values: 
* < 0.05. Scale bars 400 µm (a1–a9)
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Comparison of biomechanical parameters 
of scaffolds before implantation 
and after explantation

In most cases, maximum force, elastic modulus, tensile 
strength, strain at Fmax differed significantly between the 
scaffolds before implantation and the samples explanted 
after 12 weeks (in vivo) (Fig. 7). There was a general trend 
of the data before implantation to give higher values than the 
in vivo data 12 weeks later. For maximum force, the values 
for control scaffolds before implantation were significantly 
higher than those for the same scaffolds after additional 
12 weeks in vivo (173.2 ± 6.3 vs. 90.8 ± 13.0 N; p = 0.003), 
the fluorinated scaffolds cultured only 1 week in vitro before 
implantation had higher values than those implanted for 

additional 12 weeks in vivo (156.8 ± 29.4 vs. 77.2 ± 27.0 N; 
p = 0.003). In a similar manner, fluorinated scaffolds sup-
plemented with collagen had higher maximum forces after 
1 week in vitro before implantation than those explanted 
after 12 weeks in vivo (172.6 ± 12.0 vs. 112.8 ± 30.3 N; 
p = 0.05) (Fig. 7a).

Elastic modulus was similarly higher in the controls 
cultured only in vitro before implanted into nude mice 
when compared to the same samples explanted after 
3 months in vivo (5511.9 ± 1653.8 vs. 1354.5 ± 556.0 N/
mm2; p = 0.003) and also higher in the fluorinated samples 
before being implanted than in the same samples implanted 
for 3 months into nude mice (1277.3 vs. 696.8 N/mm2; 
p = 0.005). There was also a significant difference between 
the values for scaffolds fluorinated and supplemented 

Fig. 6   Biomechanical analyses of scaffold variants explanted after 
3  months in  vivo. a Maximum force, b elastic modulus, c tensile 
strength, d strain at maximum force. Co controls, F functionalization 
by gas fluorination, coll collagen foam cross-linked with hexameth-
ylene diisocyanate (HMDI), -: implanted without cells, + : implanted 

with lapine anterior cruciate ligament (LACL)-derived ligamento-
cytes, cultured for 1  week on the scaffold before scaffold implanta-
tion. Normality was assessed using a Shapiro–Wilk test and groups 
compared using Kruskal–Wallis test. p values: * < 0.05
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with collagen foam (3840.9 ± 169.9 vs. 1565.8 ± 351.1 N/
mm2; p = 0.04) before implantation and after explantation 
(Fig. 7b). Tensile strength was higher in the controls before 
being implanted vs. those after 3 months in vivo (173.2 ± 6.3 
vs. 15.6 ± 2.6 N/mm2; p = 0.003) and also the fluorinated 
samples differed significantly before implantation vs. 
after explantation after 3 months in vivo (156.8 ± 6.3 vs. 
14.5 ± 4.1 N/mm2; p = 0.003). There was also a significant 
difference between the samples supplemented with col-
lagen before implantation vs. those explanted from nude 
mice (162.6 ± 35.4 vs. 17.6 ± 3.4 N/mm2; p = 0.03) and 
between the fluorinated samples supplemented with col-
lagen before implantation vs. those explanted from nude 
mice (172.6 ± 12.0 vs. 17.1 ± 4.2 N/mm2; p = 0.008), respec-
tively (Fig. 7c). Of note, the values achieved for both elastic 

modulus and tensile strength before implantation averaged 
a multiple of the values observed in the scaffolds explanted 
from mice. Similarly, strain at Fmax was higher for the non-
functionalized scaffolds before implantation vs. the same 
variant after explantation (2.9 ± 0.1 vs. 1.8 ± 0.2%; p = 0.02) 
and fluorinated scaffolds before implantation vs. those 
cultured for 3 months (2.6 ± 0.2 vs. 1.5 ± 0.5%; p = 0.02) 
(Fig. 7d).

Discussion

This study provided biomechanical characteristics and 
proved for the first time the in vivo formation of an ECM-
rich connective tissue within the functionalized embroidered 

Fig. 7   Biomechanical analyses of scaffold variants explanted after 
3  months in  vivo compared to those before implantation (cultured 
1  week in  vitro). a Maximum force, b elastic modulus, c tensile 
strength, d strain at maximum force. Unseeded scaffolds and those 
seeded with cells were pooled. Co controls, F functionalization by 

gas-phase fluorination; coll collagen foam cross-linked with hexam-
ethylene diisocyanate (HMDI). Normality was assessed using a Shap-
iro–Wilk test and groups compared using Kruskal–Wallis test. p val-
ues: * < 0.05, ** < 0.01, *** < 0.005
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scaffold variants with a high collagen and a low sGAG con-
tent as expected in ligaments. The scaffolds with collagen 
supplementation had a macroscopical ligament-like appear-
ance. The scaffold variants remained stable in size and shape 
over the 3-month implantation time and showed high cell 
viability. The scaffold variants used in the present in vivo 
study have been previously tested in vitro, showing their 
high cytocompatibility (Gögele et al. 2020a). In the present 
in vivo study, no organ toxicity of the embroidered and func-
tionalized LACL scaffolds could be demonstrated. All tested 
scaffold variants indicated a high cell viability on the scaf-
folds after explantation and no detectable systemic effects on 
the animals, particularly, no toxic effects on metabolization, 
immune and excretion organs including the liver, spleen, and 
kidneys. Supporting these findings, animal weight develop-
ment and behavior remained unaffected throughout the entire 
study. The previous in vitro studies indicated that the func-
tionalization with gas-phase fluorination and a cross-linked 
collagen foam supported cell spreading and adherence on the 
scaffold (Gögele et al. 2021, 2020b). This preceding obser-
vation could be substantiated and expanded in the here given 
experiments. It was documented by a higher confluence of 
vital LACL ligamentocytes on functionalized scaffolds after 
7 days culturing in vitro before implantation into nude mice. 
The weight of most scaffold variants increased significantly 
after the in vivo incubation suggesting tissue formation and 
ingrowth. It was not surprising that before implantation the 
scaffolds supplemented with collagen foam showed higher 
weights probably due to the higher water binding capacity. 
However, this difference was diminished following implan-
tation. There was also no clear scaffold encapsulation seen, 
which is very often observed but unwanted when using bio-
materials (Sivam et al. 2022). There was only a thin, translu-
cent, shiny, and glossy membrane that covered the explants. 
Histologically, a collagen-rich envelope was detected, par-
ticularly in the scaffolds with collagen, which most prob-
ably represented the collagen foam covering the scaffold 
surface. Macroscopically, a ligament-like tissue formation 
was observed, particularly in the scaffolds functionalized 
with collagen and seeded with cells.

Collagen is the predominant formed ECM component 
in ligament tissues. An intense collagen staining could be 
detected in all scaffold variants underlining their content 
of collagen. However, there was less collagen detectable in 
the inner parts of constructs with collagen functionalization 
when compared to the scaffolds without collagen foam, as 
indicated by the SR staining. This may have been influenced 
by the lower cell content producing novel collagen. Never-
theless, the cell number was higher than that reported in a 
preceding study for the LACL (Gögele et al. 2021). This 
might indicate that the maturation of the tissue in the scaf-
fold variants after 12 weeks in vivo is not as advanced as to 
be expected in the native ligament. The scaffold variants, not 

only those supplemented with collagen foam, had a colla-
genous envelope stained more intensively red. This structure 
resembled somehow the epiligament of the native LACL. 
The native LACL stained for comparison had a less intense 
red color but showed a highly saturated orange staining, 
reflecting the densely packed type I collagen fibrils. Only 
the LACL epiligament and the interfascicular ECM showed 
a red color comparable to that in the scaffolds, particular 
their envelopes. Hence, one has to conclude that the collagen 
organization in the scaffolds is not as mature as in the LACL.

On the contrary, inflammation was more obvious in con-
structs without collagen functionalization, probably due to 
the direct contact between cells and scaffold fibers or the 
compensation of acidic by-products of degrading PLA in 
these non-functionalized scaffolds and the better access of 
the immune cells since the collagen foam formed a bar-
rier for them. Inflammation was mostly fiber-associated 
with FBGC. Macrophage-mediated FBGC reaction against 
PLA in healing tendons has been reported previously (Liu 
et al. 2017). Likewise, polycaprolactone (PCL) was associ-
ated with inflammation in a rat model of ACL substitution 
(Kawakami et al. 2021), and with few FBGC (Rashid et al. 
2020; Reifenrath et al. 2020). Fiber alignment influenced 
this inflammatory response of tendon fibroblasts to PCL 
(Schoenenberger et al. 2018). The study given here used a 
combination of P(LA-CL) with PLA. The P(LA-CL) mono-
filament is a copolymer of PLA and PCL with a ratio of 
75:25 (Tomihata et al. 1998), suggesting that the effect of 
PLA most probably dominates. This combination showed 
favorable biomechanical properties (Hahn et  al. 2019). 
Hence, it is not surprising that there was no major differ-
ence in the degree of macrophage and FBGC accumulation 
at either the P(LA-CL) fibers (larger diameter fibers) and 
PLA with smaller fiber diameters. Immune cells, particu-
larly macrophages, are well known to contribute to tendon 
healing (Schulze-Tanzil et al. 2022) and hence, macrophage 
polarization has to be considered. ECM components such 
as collagen (Kajahn et al. 2012), but also scaffold material, 
might influence macrophage polarization from pro-inflam-
matory M1 to anti-inflammatory M2 type, which is more 
favorable for healing processes in tendons (Schulze-Tanzil 
et al. 2022). Due to this observation, a cell-mediated fiber 
degradation should be considered. Nevertheless, the increase 
in DNA as an indicator for higher cell contents did not reach 
a level of significance. In agreement with the hypothesis 
of the onset of cell-mediated scaffold degradation, the bio-
mechanical analyses indicated that the scaffolds seeded for 
only 1 week in vitro had significantly higher biomechanical 
stability than scaffolds precultured for a similar time in vitro 
and then explanted after 12 weeks in vivo. In this regard, one 
has to consider that the scaffolds explanted from the mice 
are not only exposed for a one-fold longer time to cells but 
also to biomechanical and diverse other systemic stimuli. 



	 Histochemistry and Cell Biology

1 3

This process might be weaker in the samples with collagen 
foam since in contrast to the other variants, there was no sig-
nificant difference between the samples with collagen foam 
before implantation and those explanted from nude mice in 
regard to biomechanical properties including the maximum 
force, elastic modulus, and strain at Fmax. In scaffold samples 
with collagen, lesser collagen deposition was observed by 
Sirius red stain, but significantly greater mechanical resist-
ance. It seems as if the presence of collagen might inhibit 
further collagen synthesis but possibly also the release of 
degradative enzymes such as matrix metalloproteinases. 
Nevertheless, we think that the presence of inflammatory 
cells and FBGCs contributes substantially to biomechanical 
weakening of the fibers.

However, the fibers of all scaffold variants showed his-
tologically no signs of damage and had still a smooth fiber 
surface. Hahn et al. (2019) demonstrated that the same scaf-
folds, both seeded with ligamentocytes and unseeded, did 
not show major degradation after 14 and 28 days of in vitro 
culture. We do not know whether the lapine cells seeded on 
the scaffolds indeed survive and we could not test it in this 
study. In this previous study, the biomechanical behavior of 
degrading matrices with and without cells showed no sig-
nificant differences (Hahn et al. 2019) and was within the 
range of the native LACL as determined by Panjabi et al. 
(2001). Nevertheless, the testing procedure applied in this 
former study (Hahn et al. 2019) did not include a processing 
step into a dog-bone shaped structure before measurement, 
and hence, probably led to higher biomechanical values. 
The mentioned processing was performed to allow a scaf-
fold failure at a defined and comparable point of the scaffold. 
The calculated parameters except for maximum force were 
related to the cross-sectional area, but nevertheless, tailor-
ing might have weakened the embroidered scaffold structure 
since some loops of the embroidery are indeed destroyed. 
The same observation that cell seeding before implantation 
did not increase scaffold degradation could be confirmed by 
the fact that in the present study, no significant biomechani-
cal differences could be detected between the same scaffolds 
either implanted with or without cells. This suggests that the 
collagen foam and ECM components somehow cover poten-
tial immunogenic epitopes on the fibers or neutralize acidic 
degradation products of them. However, the thread materi-
als used for the embroidery served already since years as 
medical devices. Important ECM components in connective 
tissues are sGAGs, which are physiologically only weakly 
expressed in ligaments except for the enthesis part. The score 
values of AB staining showed no differences on a significant 
level. In agreement with this staining, the sGAG content 
measured by the DMMB assay was low in the explanted 
scaffolds with no significant difference detected between the 
different scaffold variants and we guess that longer implan-
tation time is needed. Nevertheless, the sGAG content in 

the scaffolds remained as visualized by the staining and the 
assay under the level to be expected in the native LACL 
(Gögele et al. 2021). However, the tissue density within the 
scaffold variants did not achieve the degree observed in the 
native LACL and the embedded cells were not aligned in 
the typical parallel order known for the LACL and demon-
strated in histological staining of the LACLs shown in this 
study. Due to the zig-zag embroidery pattern of the scaf-
folds, the fibers had only a limited uniaxial alignment. To 
promote this, probably more time, an enhanced mechanical 
provocation, or a substructure in micro- or nanoscale on the 
fibers would be necessary. Despite that the scaffold vari-
ants were fixed to the autochthonous muscle of the mice to 
create a dynamic model, the forces applied in this position 
might not be high enough for tissue training. Hence, using a 
heterotopic implantation model here in contrast to applying 
an orthotopic approach in the knee joint remains a limita-
tion of the present study. Nevertheless, this model allows a 
broader screening than orthotopic models. The subpopula-
tion of immune cells (such as M1 and M2 polarization of 
macrophages) was not further investigated here since the 
focus of this study was on tissue formation and biomechani-
cal properties.

Conclusions

For all P(LA-CL)/PLA scaffold variants tested in this study 
in vivo, no organ toxicity, size and shape stability, as well as 
a content of viable and ECM producing fibroblasts have been 
confirmed. The results, especially for the gas-phase fluorina-
tion as a completely novel functionalization strategy, present 
a new approach for ACL reconstruction scaffolds. None of 
the functionalization strategies impaired biomechanical sta-
bility after 3-month in vivo following the applied biome-
chanical testing protocol in a dog-bone shape. The slight 
inflammatory cell response to the scaffold fibers might be 
modulated by collagen supplementation. Collagen supple-
mentation led to constructs that had macroscopically a typi-
cal white and glossy ligament-like appearance significantly 
superior to variants without collagen. However, histology 
indicated that the tissue formed during the observation time 
is still not mature. This suggests that longer in vivo tests 
and probably an ACL reconstruction model should follow to 
explain at which time the neo-tissue formed will be mature.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00418-​022-​02156-3.

Acknowledgements  The authors would like to thank Annika Hänel 
for her support. This study was supported by funding of the DFG 
(SCHU1979/9-1 and SCHU1979/14-1).

https://doi.org/10.1007/s00418-022-02156-3


Histochemistry and Cell Biology	

1 3

Author contributions  G.S.-T. and M.K. wrote the main manuscript 
text, F.P and N.H. wrote the biomechanical parts. C.G. prepared fig-
ures 2, supplemental figure 1 and 4C and performed the entire cell 
culture part. G.S.-T. and M.K. conducted the nude mice experiments/
surgeries/explantations. F.P. and N.H. prepared figures 6 and 7. All 
authors reviewed/corrected the manuscript. M.K. prepared supplemen-
tal figures 2–4. G.S.-T. prepared figures 1,3,4,5, tables and graphi-
cal abstract. B.K. prepared Fig. 1B1–B2 and contributed to statistical 
analyses. M.S. and M.M. performed scaffold functionalization. A.B. 
and J.H. prepared the scaffolds. C.W. performed sample processing, 
sectioning, and staining procedures.

Funding  Open access funding provided by Paracelsus Medical 
University.

Declarations 

Competing interests  The authors declare no competing interests.

Conflict of Interest  All authors declared that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Archer DE, Mafi R, Mafi P, Khan WS (2018) Preclinical studies on bio-
material scaffold use in knee ligament regeneration: a systematic 
review. Curr Stem Cell Res Ther 13:691–701

Breier AC (2015) Embroidery technology for hard-tissue scaffolds. 
Fundamentals, Applications and Tissue Engineering, Woodhead 
Publishing Series in Biomaterials, Biomedical Textiles for Ortho-
paedic and Surgical Applications, pp 23–43

Cédric Laurent XL, De Isla N, Wang X, Rahouadj R (2018) Defining 
a scaffold for ligament tissue engineering: What has been done, 
and what still needs to be done. J Cellular Immunotherapy 4:4–9

Chang CW, Lee JH, Chao PG (2020) Chemical optimization for func-
tional ligament tissue engineering. Tissue Eng Part A 26:102–110

Dai L, Hu X, Zhang X, Zhu J, Zhang J, Fu X, Duan X, Ao Y, Zhou 
C (2015) Different tenogenic differentiation capacities of differ-
ent mesenchymal stem cells in the presence of BMP-12. J Transl 
Med 13:200

Dong C, Lv Y (2016) Application of collagen scaffold in tissue engi-
neering: recent advances and new perspectives. Polymers 8(2):42

Gögele C, Hahn J, Elschner C, Breier A, Schröpfer M, Prade I, Meyer 
M, Schulze-Tanzil G (2020a) Enhanced growth of lapine anterior 
cruciate ligament-derived fibroblasts on scaffolds embroidered 
from poly(l-lactide-co-�-caprolactone) and polylactic acid threads 
functionalized by fluorination and hexamethylene diisocyanate 
cross-linked collagen foams. Int J Mol Sci 21(3):1132. https://​doi.​
org/​10.​3390/​ijms2​10311​32

Gögele C, Schulze-Tanzil G, Kokozidou M, Gabel C, Billner M, 
Reichert B, Bodenschatz K (2020b) Growth characteristics of 
human juvenile, adult and murine fibroblasts: a comparison of 
polymer wound dressings. J Wound Care 29:572–585

Gögele C, Konrad J, Hahn J, Breier A, Schropfer M, Meyer M, Merkel 
R, Hoffmann B, Schulze-Tanzil G (2021) Maintenance of ligament 
homeostasis of spheroid-colonized embroidered and functional-
ized scaffolds after 3D stretch. Int J Mol Sci 22(15):8204

Hahn J, Schulze-Tanzil G, Schröpfer M, Meyer M, Gögele C, Hoyer 
M, Spickenheuer A, Heinrich G, Breier A (2019) Viscoelastic 
behavior of embroidered scaffolds for ACL tissue engineering 
made of PLA and P(LA-CL) after in vitro degradation. Int J Mol 
Sci 20(18):4655. https://​doi.​org/​10.​3390/​ijms2​01846​55

Han W, Chen L, Liu J, Guo A (2017) Enhanced tenogenic differentia-
tion and tendon-like tissue formation by CHIP overexpression in 
tendon-derived stem cells. Acta Biochim Biophys Sin (Shanghai) 
49:311–317

Hoyer M, Drechsel N, Meyer M, Meier C, Hinuber C, Breier A, Hah-
ner J, Heinrich G, Rentsch C, Garbe LA, Ertel W, Schulze-Tan-
zil G, Lohan A (2014) Embroidered polymer-collagen hybrid 
scaffold variants for ligament tissue engineering. Mater Sci Eng 
C Mater Biol Appl 43:290–299

Kajahn J, Franz S, Rueckert E, Forstreuter I, Hintze V, Moeller S, 
Simon JC (2012) Artificial extracellular matrices composed of 
collagen I and high sulfated hyaluronan modulate monocyte to 
macrophage differentiation under conditions of sterile inflam-
mation. Biomatter 2:226–236

Kawakami Y, Nonaka K, Fukase N, Amore A, Murata Y, Quinn P, 
Luketich S, Takayama K, Patel KG, Matsumoto T, Cummins JH, 
Kurosaka M, Kuroda R, Wagner WR, Fu FH, Huard J (2021) 
A cell-free biodegradable synthetic artificial ligament for the 
reconstruction of anterior cruciate ligament in a rat model. Acta 
Biomater 121:275–287

Kim YJ, Sah RL, Doong JY, Grodzinsky AJ (1988) Fluorometric 
assay of DNA in cartilage explants using Hoechst 33258. Anal 
Biochem 174:168–176

Liu S, Chen H, Wu T, Pan G, Fan C, Xu Y, Cui W (2017) Mac-
rophage infiltration of electrospun polyester fibers. Biomater 
Sci 5:1579–1587

Lohan A, Kohl B, Meier C, Schulze-Tanzil G (2018) Tenogenesis 
of decellularized porcine Achilles tendon matrix reseeded with 
human tenocytes in the nude mice xenograft model. Int J Mol 
Sci 19(7):2059

Nelson SJ, Creechley JJ, Wale ME, Lujan TJ (2020) Print-A-Punch: a 
3D printed device to cut dumbbell-shaped specimens from soft 
tissue for tensile testing. J Biomech 112:110011

Ni M, Rui YF, Tan Q, Liu Y, Xu LL, Chan KM, Wang Y, Li G (2013) 
Engineered scaffold-free tendon tissue produced by tendon-
derived stem cells. Biomaterials 34:2024–2037

Noack S, Seiffart V, Willbold E, Laggies S, Winkel A, Shahab-Oster-
loh S, Florkemeier T, Hertwig F, Steinhoff C, Nuber UA, Gross 
G, Hoffmann A (2014) Periostin secreted by mesenchymal stem 
cells supports tendon formation in an ectopic mouse model. 
Stem Cells Dev 23:1844–1857

Panjabi MM, Courtney TW (2001) High-speed subfailure stretch 
of rabbit anterior cruciate ligament: changes in elastic, failure 
and viscoelastic characteristics. Clin Biomech (Bristol, Avon) 
16:334–340

Rashid M, Dudhia J, Dakin SG, Snelling SJB, De Godoy R, Mouthuy 
PA, Smith RKW, Morrey M, Carr AJ (2020) Histopathological 
and immunohistochemical evaluation of cellular response to a 
woven and electrospun polydioxanone (PDO) and polycaprolac-
tone (PCL) patch for tendon repair. Sci Rep 10:4754

Rathbone S, Maffulli N, Cartmell SH (2012) Most British surgeons 
would consider using a tissue-engineered anterior cruciate liga-
ment: a questionnaire study. Stem Cells Int 2012:303724

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms21031132
https://doi.org/10.3390/ijms21031132
https://doi.org/10.3390/ijms20184655


	 Histochemistry and Cell Biology

1 3

Reifenrath J, Wellmann M, Kempfert M, Angrisani N, Welke B, 
Gniesmer S, Kampmann A, Menzel H, Willbold E (2020) TGF-
beta3 Loaded Electrospun Polycaprolacton Fibre Scaffolds for 
Rotator Cuff Tear Repair: An in Vivo Study in Rats. Int J Mol 
Sci 21.

Riley TC, Mafi R, Mafi P, Khan WS (2018) Knee ligament injury and 
the clinical application of tissue engineering techniques: a system-
atic review. Curr Stem Cell Res Ther 13:226–234

Schoenenberger AD, Foolen J, Moor P, Silvan U, Snedeker JG (2018) 
Substrate fiber alignment mediates tendon cell response to inflam-
matory signaling. Acta Biomater 71:306–317

Scholze M, Singh A, Lozano PF, Ondruschka B, Ramezani M, Wer-
ner M, Hammer N (2018) Utilization of 3D printing technology 
to facilitate and standardize soft tissue testing. Sci Rep 8:11340

Schröpfer M, Junghans F, Voigt D, Meyer M, Breier A, Schulze-Tanzil 
G, Prade I (2020) Gas-phase fluorination on PLA improves cell 
adhesion and spreading. ACS Omega 5:5498–5507

Schulze-Tanzil GG, Delgado-Calcares M, Stange R, Wildemann B, 
Docheva D (2022) Tendon healing: a concise review on cellular 

and molecular mechanisms with a particular focus on the Achilles 
tendon. Bone Joint Res 11:561–574

Sivam A, Enninghorst N (2022) The dilemma of reconstructive mate-
rial choice for orbital floor fracture: a narrative review. Medicines 
9(1):6

Tomihata K, Suzuki M, Oka T, Ikada Y (1998) A new resorbable 
monofilament suture. Polym Degrad Stab 59(1–3):13–18. https://​
doi.​org/​10.​1016/​S0141-​3910(97)​00183-3

Xu Y, Dong S, Zhou Q, Mo X, Song L, Hou T, Wu J, Li S, Li Y, Li P, 
Gan Y, Xu J (2014) The effect of mechanical stimulation on the 
maturation of TDSCs-poly(L-lactide-co-e-caprolactone)/collagen 
scaffold constructs for tendon tissue engineering. Biomaterials 
35:2760–2772

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/S0141-3910(97)00183-3
https://doi.org/10.1016/S0141-3910(97)00183-3

	In vivo ligamentogenesis in embroidered poly(lactic-co-ε-caprolactone)  polylactic acid scaffolds functionalized by fluorination and hexamethylene diisocyanate cross-linked collagen foams
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Preparation and functionalization of scaffolds
	Scanning electron microscopy
	LACL isolation
	Dynamic ligamentocyte scaffold culture
	Dynamic nude mice xenograft model
	Viability testing
	Histological staining
	Hematoxylin–Eosin (H&E)
	Alcian blue (AB) staining
	Sirius red (SR) staining
	Measurement of total DNA and glycosaminoglycan content
	Biomechanical analyses
	Statistical analyses

	Results
	Clinical observations
	Scaffold weights, size maintenance, and stability
	Macroscopical appearance, size, and shape stability
	Cell viability of the scaffolds before implantation and after explantation
	DNA content of the scaffold variants
	Histology and organ toxicity
	Sulphated glycosaminoglycan content
	Collagen content and distribution
	Biomechanical analyses
	Comparison of biomechanical parameters after 12 weeks in vivo
	Comparison of biomechanical parameters of scaffolds before implantation and after explantation

	Discussion
	Conclusions
	Acknowledgements 
	References




