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1 | INTRODUCTION

For healthcare applications (e.g., tissue-engineered implants, in-
novative wound dressing, coating of devices, or bioinks for bio-
printing approaches) good biocompatibility of a biomaterial is a
necessity. The next level in the performance of a biomaterial is its
bioactivity, which enables the materials to support and enhance re-
generation or cell ingrowth. One very promising material with
bioactive characteristics is the harvested extracellular matrix (ECM).
The ECM represents the natural environment of cells. It is a fibrous
network of proteins, proteoglycans, and glycosaminoglycans (GAGs),
arranged in a highly tissue-specific manner and is produced and se-
creted by the resident cells (Frantz et al., 2010; Mecham, 2012;
Theocharis et al., 2016). This results in the establishment of specia-
lized local microenvironments, which contribute to the differentiation
and maintenance of tissue-specific cellular phenotypes and functions.
Cells recognize the chemical and mechanical cues provided by ECM
via membrane receptors (e.g., integrins) that trigger intracellular sig-
naling cascades resulting in the expression of genes that regulate
cellular survival, proliferation, migration, differentiation, and apop-
tosis (Daley & Yamada, 2013). Reciprocally, resident cells are re-
building and remodeling the surrounding ECM by biochemical
modification (e.g., cross-linking), degradation, and reassembly (P. Lu,
Takai, et al., 2011). Furthermore, bioactive molecules derived from
cells can be stored in and released from the ECM when necessary
(Brizzi et al., 2012). These processes are tightly regulated during
tissue development, homeostasis, and aging as well as in response to
injury (Frantz et al., 2010; Miller et al., 2020; Rousselle et al., 2019).
Great efforts were made to develop synthetic biomaterials mi-
micking native ECM. However, given the complexity of ECM and the
incomplete understanding of its composition and structure, fabri-
cating materials that fully mimic the structure and composition of
native ECM is very challenging. One successful method to obtain
tissue-specific ECM, besides the de novo generation, is the decel-
lularization of organs or tissues. A variety of different decellulariza-
tion strategies have been usually described involving a combination
of physical, chemical, and enzymatic treatments. Every decellular-
ization method invariably disrupts the ECM to some degree (Thomas-
Porch et al., 2018). However, human adipose tissue-derived extra-
cellular matrix (dECM) has been extensively used as a substrate for in
vitro cell culture systems to maintain tissue-specific cellular pheno-
types and modulate cell proliferation and differentiation (Pati
et al., 2014). In addition, dECM was used as a scaffold material for
tissue models, which can serve as an alternative to animal testing of
drugs and chemicals and as an in vitro model for the investigation of
disease development and respective therapy approaches. In the
context of the emerging field of three-dimensional (3D) bioprinting,
dECM was also investigated as a component for bioinks (Kim
et al,, 2018; Pati et al., 2015; Tan et al., 2017; Turner et al., 2012).
For several years, an alternative method for the generation of
tissue-specific ECM has moved into the focus of researchers: cell-
derived ECM (cdECM). Cells produce ECM in vitro, which can be
isolated by decellularization. Thus, cells from different tissue sources
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can be used to generate (autologous) tissue-specific cdECM. More-
over, cdECM characteristics can be modulated and cdECM can be
generated and maintained in a pathogen-free environment (Hussey
et al,, 2018; H. Lu, Hoshiba, et al., 2011). In addition, cdECM can be
customized by controlling cell culture conditions like oxygen con-
centration, mechanical preconditioning, or specific chemical mod-
ification using metabolic glycoengineering (MGE—modification of
GAGs with functional chemical groups using the natural cellular
metabolism and subsequent modification with specific molecules like
growth factors or enzymes) (Fitzpatrick & McDevitt, 2015; Keller,
Worgétter, et al., 2020; Ruff et al., 2017). CdECM from different
tissues and developmental stages thereof can be generated by se-
lecting specific cell types. For example, such a cdECM can be ob-
tained by the use of, for example, mesenchymal stem cells (MSCs).
These show several advantages, including high availability, functional
plasticity, and low immunogenicity (C. Brown et al., 2019). Among the
various sources of MSCs, adipose-derived stem cells (ASCs) represent
a promising cell source for the generation of cdECM. Compared with
bone marrow-derived MSCs, they can be easily obtained from adi-
pose tissue in large quantities with little patient discomfort. Further,
they exhibit a comparable differentiation potential into cells of me-
sodermal origin (adipogenic, osteogenic, and chondrogenic lineage)
(Si et al., 2019). CAECM was investigated in a range of studies toward
its influencing potential on cells and its prospective use as a bioma-
terial (Guneta et al, 2018). Spontaneous differentiation and sub-
sequent loss of stem cell pheno- and genotype represent a major
issue in stem cell culture. Stem cell ECM exhibits the promising po-
tential to maintain stem cells in vitro by providing a stem cell-typical
environment (stem cell niche) that may prevent these spontaneous
differentiation events (Agmon & Christman, 2016; Novoseletskaya
et al., 2019).

Both ECM sources—dECM from native adipose tissue and
cdECM from cultured ASCs—are applied in healthcare biomaterial
research extensively (Abaci & Guvendiren, 2020; Chiang et al., 2021;
Fitzpatrick & McDevitt, 2015; Flynn, 2010; Pati et al., 2015; Rossi
et al,, 2018; Wolf et al., 2012). The dECM is mainly used to generate
3D tissue constructs for in vitro as well as in vivo applications
(Flynn, 2010; Pati et al., 2015), whereas cdECM s particularly used
for the coating of different biomaterials to enhance bioactivity or as
2D sheets (Guneta et al, 2016; Magnan et al, 2018; Rossi
et al., 2018). Reviews are comparing native ECM and cdECM from
different tissues (Sun et al., 2018; Sutherland et al., 2015; Xing
et al., 2020). However, studies characterizing and directly comparing
the composition of the ECM of different sources (native and cell-
derived) and the impact on cellular behavior are missing so far. As it is
well known that macromolecular, structural, and chemical features
are responsible for the performance of a biomaterial, these char-
acteristics will have to be taken into consideration when choosing the
ideal biomaterial for a specific application.

In this study, dECM from native adipose tissue, as well as in vitro-
generated cdECM (both stem cell ECM [scdECM] and adipogenic
ECM [acdECM]) were characterized and compared systematically.

The different ECMs were investigated in terms of their elementary
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and macromolecular composition, their structural characteristic and
their biological purity after processing (Figure 1). With this innovative

approach, we compared the ECM of both sources directly and eval-

uated their potential as biomaterials for tissue engineering
approaches.
2 | MATERIALS AND METHODS

All research was carried out in accordance with the rules for the
investigation of human subjects as defined in the Declaration of
Helsinki. Patients provided written agreement in compliance with the
Landesirztekammer Baden-Wirttemberg (F-2012- 078, for normal

skin from elective surgeries).

2.1 | Decellularization of adipose tissue

Adipose tissue samples were obtained from patients undergoing
plastic surgery (Dr. Ziegler; Klinik Charlottenhaus). For their trans-
port, tissue samples were transferred in phosphate-buffered saline
with calcium and magnesium ions (PBS*) and were stored for a
maximum of 24 h at 4°C. Decellularization was performed according
to the detergent-free enzyme-based protocol published by Flynn
(2010). Briefly, tissue samples were cut into pieces ranging from
masses between 20 and 25 g. After three freeze-thaw cycles in hy-
potonic tris buffer (10 mm tris base and 5m methylenediaminete-
traacetic acid (EDTA); pH 8.0) samples were incubated in enzymatic
digestion solution 1 (0.25% trypsin/0.1% EDTA) overnight, followed

by an isopropanol (99.9%) treatment for 48 h to remove lipids. Next,
samples were washed three times in washing buffer (8 g/L NaCl,
200 mg/L KCI, 1 g/L NayHPO,, and 200 mg/L KH,PO4; pH 8.0) and
again treated with enzymatic digestion solution 1 for another 6 h.
Subsequently, samples were washed three times and treated with
enzymatic digestion solution 2 (55mm NayHPO4, 17 mm KH,POy,
4.9 mm MgS0O,4-7H,0, 15,000 U DNase type Il [from bovine pan-
creas], and 2000 U lipase type VI-S [from porcine pancreas]). After-
ward, extraction of lipids was done by incubating the samples in
isopropanol (99.9%) for 16 h at room temperature (RT). Last, samples
were washed three times and stored in sterile PBS™ at 4°C. All so-
lutions were supplemented with 1% penicillin/streptomycin (P/S).

22 |
matrix

Generation of cell-derived extracellular

ASCs were isolated from human adipose tissue samples as described
before (Volz et al., 2017). ASCs were initially seeded at a density of
5x10° cells/cm? in a serum-free MSC growth medium (MSCGM;
PELOBiotech, containing 5% human platelet lysate and 1% P/S).
For the generation of cell-derived ECM, ASCs were seeded into
Petri dishes (d=14.5cm) at a density of 2.5x10* cells/cm? in
MSCGM. At confluence, medium was changed to adipogenic differ-
entiation medium (Dulbecco's modified eagle medium [DMEM] with
10% FCS, 1pg/ml insulin, 1 pg/ml dexamethasone, 100 um in-
domethacin, 500 um 3-isobutyl-1- methylxanthine, and 50 pg/ml
sodium ascorbate) or growth medium (DMEM with 10% FCS and
50 pg/ml sodium ascorbate). Conditioned medium exchange (half of
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FIGURE 1 Schematic overview of the study and the performed analyses. Decellularized native extracellular matrix (lECM) was generated by
enzyme-based decellularization of human native adipose tissue (AT) from human biopsies. For the generation of cell-derived ECM (cdECM),
adipose-derived stem cells (ASCs) were isolated from native AT biopsies and expanded to yield an adequate cell number. Subsequently, ASCs
were seeded into cell culture polystyrene dishes for the generation of cdECM and either cultured with growth medium (for generation of stem
cell-derived ECM [scdECM]) or adipogenic differentiation medium (for generation of adipogenic cell-derived ECM [acdECM]). CdECM was
harvested on Days 7 and 14 of cell culture. DECM and cdECM samples were analyzed for their elementary and macromolecular composition,
their structural characteristics and the remaining DNA content (diameter [d] Petri dish: 35 mm). Created with BioRender.com
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the medium was removed and replaced with fresh medium) was
performed every second day for the approaches in adipogenic dif-
ferentiation medium and complete medium exchange was performed
every second day for the approaches in growth medium. On Days 7
and 14 cells were lysed using hypotonic 4 mM ammonium hydroxide
solution and isolated cdECM was washed three times with ultrapure
water (modified after Ruff et al. 2017). All media were supplemented
with 1% P/S. ASCs were used up to passage three.

As the water content in freshly isolated cdECM is high, cdECM
was concentrated using ultracentrifugation tubes (Amicon® Ultra
Filter; Merck) with a molecular weight cut-off of 10kDa (Keller,
Worgbtter, et al., 2020) To achieve a homogeneous ECM solution for
guantitative assays, concentrated cdECM was recovered and homo-
genized using lysis tubes (Lysing Matrix Z; MP Biomedicals™) and the
homogenizer FastPrep-24™ 5G (MP Biomedicals™) (Keller, Wo6rgot-
ter, et al., 2020). Homogenization was performed in three cycles with
60 s of lysing and a 1 min break. Keller et al. previously demonstrated
that biological activity of the ECM is maintained during concentration
and homogenization of cdECM (Keller, Worgétter, et al., 2020). The
dry weight of cdECM samples was determined by freeze-drying.

2.3 | Elementary analysis and X-ray photoelectron
spectroscopy measurement

ECM samples were lyophilized and a minimum of 10 mg of ECM
sample (dry weight) was used for the analysis following DIN EN ISO
16948 after dry combustion. Samples were burned in the oxygen
stream at 900°C. During oxidative combustion, molecular nitrogen
and the oxidation products CO,, H,O, NO, NO,, SO,, and SO3; were
formed from the elements C, N, and S. The resulting gas mixture was
cleaned and separated into its components. The nitrogen oxides were
quantitatively reduced to molecular N, at the copper contact in the
reduction tube and then determined relatively with an accuracy of up
to +0.1% using a thermal conductivity detector (Vario El Cube; Ele-
mentar Analysensysteme GmbH). Total protein content was esti-
mated based on the percentage nitrogen content determined by
elementary analysis multiplied with the conversion range for con-

nective tissue recommended by Keller, Liedek, et al. (2020):

Total protein [%] = nitrogen content x 5.25
< total protein < nitrogen content (1)
x 5.88.

For X-ray photoelectron spectroscopy (XPS) analysis, concentrated
cdECM and dECM samples were homogenized and 100 ul of the
ECM suspension was dried at room temperature onto a silicon wafer
(1x1cm). The samples were measured with XPS using a multi-
chamber ultrahigh vacuum system, with a base pressure of 8 x 1071°
mbar. The system was equipped with a Phoibos 100 analyzer and a
1d-delay line detector (SPECS). Al-Ka radiation of an Al/Mg anode
(XR-50 m X-ray source, hv = 1486.6 eV) was used for the measure-
ments. The survey spectra were collected with the following para-
meters: 50 eV pass energy, 0.2 s dwell time and 0.5 eV step width.

DIOENGINEERIN

The spectral analysis was done in the software Unifit version 2018
(Unifit Scientific Software GmbH) (Hesse et al., 2004). The atomic com-
position was obtained from the atomic percentages, calculated with
Wagner sensitivity factors (Wagner, 1983) after Shirley background

subtraction. The spectra were [0.1] normalized to maximum peak height.
Charge correction was done by shifting the C 1's peak to 285.0eV.

2.4 | Histological staining

For histological staining, dECM samples were directly fixed with 4%
paraformaldehyde (10 min per 1 mm diameter of the sample; Roti
Histofix; Carl Roth), cdECM samples were concentrated and after-
ward the yielded dense 3D cdECM construct was fixed with 4%
paraformaldehyde. Fixed samples were dehydrated with ascending
alcohol solutions and embedded in paraffin. Histological sections
(5 um) were produced using a microtome (Autocut 1140; Reichert-
Jung). After deparaffinization and rehydration by descending alcohol
solutions of histological sections, histological staining (Alcian blue
PAS for the staining of proteoglycans and basal membrane and
MOVAT pentachrome for the staining of elastic fibers and collagens)
were performed according to the manufacturer's protocols (Mor-
phisto GmbH). Images were taken with an Axio Observer microscope

and an Axiocam 305 color using the software ZENblue (Carl Zeiss).

2.5 | Hydroxyproline and sulfated
glycosaminoglycans (sGAG) assay

To determine the total collagen content of ECM samples, HP assay was
performed based on Keller, Liedek, et al. (2020) and Capella-Monsonis
et al. (2018) Briefly, lyophilized ECM samples were hydrolyzed overnight
in concentrated hydrochloric acid at 110°C. To remove the insoluble
carbohydrate fraction, samples were centrifuged at 15.000 g for 10 min.
The following solutions were prepared: HP standard solutions (0, 1, 2.5, 5,
10, 20 ug/ml); diluent (isopropanol/water, 1:1); chloramine T reagent
(0.2625 g chloramine T diluted in 18.75 ml), citrate buffer (17.19 g sodium
acetate, 18.75 g tri-sodium citrate-dihydrate, 2.75 g citric acid diluted in
200 ml ultrapure water which afterwards was mixed with 200 ml iso-
propanol and brought to a final volume of 500 ml with ultrapure water);
Ehrlich's reagent [2 g 4-(dimethylamino)benzaldehyde (p-DMAB) diluted
with 3ml 70% perchloric acid (HCIO,) and mixed with 16.7 ml
isopropanol].

A total of 110 ul of samples and standard were mixed with 254 pl diluent
and 176 pl chloramine T reagent, citrate buffer, and incubated at RT for
10 min. In all, 460 pl of Ehrlich's reagent was added and incubated at
70°C for 10 min. In all, 200 ul of samples and standards were transferred
in a transparent 96-well plate and absorbance was measured at 555 nm
(Tecan Safire 2; Tecan Trading AG). Reagent blank was subtracted from
the measured values. HP content was calculated from the standard curve
and the conversation range for connective tissue recommended by Keller,
Liedek, et al. (2020). Collagen content was given in % of dry weight and
calculated using the equation:
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Collagen content [%] =HP content/0.0135

< collagen content < HP content  (2)
/0.0180.

To determine the content of sGAGs, lyophilized ECM samples
were used for the sGAG assay according to the manufacturer's
protocol (Blyscan™ Assay; Biolcolor Ltd.). Briefly, 5 mg of lyophilized
samples were digested with 1 ml papain solution (0.2 M Na,HPO,4-2-
H,0, pH6.4, 0.4% EDTA, 0.08% cysteine HCI, 0.8% NaCH3;COO-,
0.5% papain solution; Sigma-Aldrich) at 65°C overnight. Subse-
quently, samples were centrifuged at 10,000 g for 10 min and the
supernatant was used for the assay, which was performed according
to the manufacturer's instructions. Absorbance was measured at
656 nm (Tecan Safire 2; Tecan Trading AG).

2.6 | Immunofluorescence staining

For immunofluorescence staining of ECM-specific proteins (collagen type
IV and laminins), histological sections were produced according to 2.4.
Deparaffinized and rehydrated sections were heat-unmasked in target
retrieval buffer (pH 9.0) for 20 min in a steam cooker to unveil epitopes.
Unspecific binding sites were blocked with blocking solution (3% bovine
serum albumin in PBS’) for 1 h at RT. Primary antibodies (rabbit-anti-Col
IV [1:200]; mouse-anti-fibronectin [1:200]; rabbit-anti-Col | [1:200];
rabbit-anti-laminin [1:200]) were diluted in blocking solution and in-
cubated for 1 h at RT. Samples were washed with washing buffer (0.1%
Tween-20 in PBS’) followed by incubation with the secondary antibodies
(goat-anti-rabbit-AlexaFluor® 488 [1:250]; goat-anti-mouse-Cy 3 [1:250],
diluted in blocking solution) for 30 min at RT. A secondary antibody
control was carried along to ensure the specificity of the antibodies.
Images were taken with an Axio Observer microscope and Axiocam305

color using the software ZENblue (Carl Zeiss).

2.7 | Scanning electron microscopic (SEM) analysis
Samples were fixed with 2% glutaraldehyde for 45 min at RT and dehy-
drated with increasing alcohol concentration followed by treatment with
hexadimethylsiloxane. After incubation, samples were air-dried at RT.
Samples were sputtered with platinum (Argon, 0.05 mbar, 50s, 65 mm
distance, 40 mA/470V, 17°C; SCD 050; Balzers). SEM images were taken
using a Hitachi SU8030 (Hitachi). The images were acquired using sec-
ondary electrons (SE) with an upper detector (U), 1.0kV acceleration

voltage of the electron beam, and a magnification of x50.0 k.

2.8 | Degree of swelling

To determine the degree of swelling, lyophilized ECM samples were
weighed (=dry weight). After incubation, in deionized water for 24 h,
samples were weighed again (=wet weight) and the degree of swel-
ling was calculated with the equation:

wet weight - f:iry weight 100
dry weight 3)

Degree of swelling [%] =

2.9 | DNA quantification

Homogenized ECM samples were treated with 1500 U/ml DNase
(DNase | from bovine pancreas; Roche) at 37°C overnight. The re-
maining DNA in untreated and treated ECM samples was isolated by
the DNA extraction kit for tissue samples (GeneOn GmbH). For
qualitative assessment of the DNA content, hematoxylin and eosin
staining, as well as 4,6-diamidino-2-phenylindole (DAPI) staining of
sections prepared according to 2.4, was performed. Photometric
quantification of the DNA content per mg dry weight in ECM samples
was performed using a picogreen staining (Pico488; Lumiprobe
GmbH) according to the manufacturer's instructions. As a standard
for double-stranded DNA (dsDNA), lambda-DNA (Fisher Scientific
GmbH) was used.

2.10 | Statistics

Elementary analysis and qualitative experiments (staining and SEM)
were performed once with samples from three different biological
donors (n=3). All other quantitative experiments were performed
three times, using samples from three different biological donors
(n =9). Data were analyzed by one-way analysis of variance (ANOVA)
with a Bonferroni posthoc test using Origin 2018b. Statistical sig-
nificances were stated as p < 0.05 (*), very significant as p < 0.01 (**),
and highly significant as p < 0.001 (***).

3 | RESULTS AND DISCUSSION

3.1 | Quantification of total protein content

In a study comparing widely used bioanalytical methods for the
characterization of ECM materials, Keller et al. demonstrated that
colorimetric assays are not suitable for the determination of the total
protein content of ECM materials. Instead, the estimation of total
protein based on total nitrogen content provided the most reliable
results (Keller, Liedek, et al., 2020). In this study, elementary and XPS
analyses were performed for the estimation of the total protein
content of dECM, acdECM, and scdECM as a bulk material and as a
coating. By elementary analysis, the mass fraction of nitrogen (N) of
the bulk material was determined (Table 1). From the relative amount
of nitrogen, the amount of protein in the individual samples could be
estimated using Equation (1) according to Keller, Liedek, et al. (2020)
In their study, Keller et al. demonstrated that one specific conversion
factor derived from the composition of only one ECM protein com-
ponent is not sufficient to describe the complex composition of ECM.
Thus, they recommended stating the protein content in a tissue-

specific range. The used range includes the conversion factors for
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TABLE 1 Protein content of dECM . .
Elementary analysis XPS analysis
and cdECM samples N (%) Calc. protein content (%) N [%] Calc. protein content [%]
dECM 8.1 (£3.7) 42.6 (£19.2)-47.7 (x21.5) 5.0 (£0.2) 26.1 (+0.8)-29.2 (+0.9)
acdECM 7.0 (x1.4) 36.9 (+7.5)-41.3 (+8.4) 5.1 (+1.0) 27.0 (+5.4)-30.2 (+6.0)
scdECM 9.9 (+0.2) 52.3 (+0.9)-58.6 (+1.0) 4.3 (x0.7) 22.8 (+3.8)-25.5 (+4.3)

Note: Elementary analysis: ECM samples were lyophilized and elementary analysis was performed
using the bulk material. XPS analysis: Concentrated and homogenized ECM samples were dried onto
silicon wafers and the coating was analyzed by XPS. From the determined percentage of nitrogen, the
percentage of protein content was calculated using Equation (1) (n = 3).

Abbreviations: acdECM, adipogenic extracellular matrix; cdECM, cell-derived extracellular matrix;
dECM, human adipose tissue-derived extracellular matrix; ECM, extracellular matrix; scdECM, stem

cell extracellular matrix.

collagen type | (5.25), collagen type Ill (5.31), collagen type IV (5.69
[al]), fibronectin (5.88), and laminins (5.66). It was shown that the
conversion factors for native connective tissue also lie within this
range (Keller, Liedek, et al., 2020) In this study, the calculated range
of protein content for dECM was found to be 42.6 (+19.2)%-47.7
(£21.5)% and lied between the ranges of acdECM with 36.9
(£7.5)%-41.3 (+8.4)% and scdECM with 52.3 (+0.9)%-58.6 (+1.0)%.
As expected, the calculated protein content of scdECM is comparable
to the results of Keller et al. who obtained a protein content of 53
(*4)%-59 (+4)% in ECM derived from human dermal fibroblasts. For
dECM and acdECM d14 slightly lower amounts of nitrogen and
consequently protein content were measured. At the same time,
measured nitrogen content in dECM showed a higher variance. The
higher standard deviations may indicate impurities in the dECM and
acdECM samples or may highlight high donor-dependent variations in
the composition of the ECMs caused by differences in the expression
profile during adipogenic differentiation (Gregoire et al., 1998).
However, to date, we have no conclusive explanation for this
phenomenon.

XPS analysis was performed to analyze the elementary compo-
sition of ECM coatings. XPS is a surface-sensitive method with an
information depth of 7-9 nm. The atomic percentages calculated
from the XPS spectra are essentially the elementary composition of
the ECM surface layers. In Table 1 the results of the XPS analysis are
shown. Results indicate that there is no difference in the total protein
content within the ECM samples. Complete results of XPS analysis
including carbon percentages and results of cdECM from Day 7 are
shown in Figure S1. The XPS analysis generally showed lower
amounts of protein content. As shown in Figure S1 the carbon per-
centage is comparable in all samples. Thus the lower nitrogen/protein
content measured in the XPS analysis compared with the results of
the elementary analysis can be explained by atmospheric con-
taminations of, for example, carbon containing compounds (Graubner
et al., 2004; Mrsic et al., 2021). These contaminations are caused by
the adsorption of molecules from the surrounding atmosphere onto
the samples during preparation. As XPS is a surface-sensitive method,
these contaminations lead to a reduced detection of other elements,
like nitrogen. This may result in an underestimation of their elemental

contents as observed in our case. The joint consideration of the

nitrogen/protein quantification results from both methods leads to
the expectation that there are no appreciable differences in protein
content between the ECM samples. However, further studies should
investigate this more comprehensively. Further methods like quan-
tification of amino acids or mass spectrometry might help to get more

consistent results.

3.2 | Macromolecular composition

In addition to the elementary analysis of ECM samples, their mac-
romolecular composition was determined. To detect possible changes
in composition during growth and adipogenic differentiation of
cdECM, additional samples from Day 7 were examined. To get an
impression of the macromolecular composition of ECM samples,
histological staining was performed. For histological characterization
of important extracellular structures, Alcian blue PAS and MOVAT
pentachrome staining were done (Figure 2A). By Alcian blue PAS,
proteoglycans are stained in blue and the basal membrane is stained
in purple. The basal membrane is an extracellular matrix structure
that separates epithelial or endothelial tissues from the underlying
stroma (Randles et al., 2017). It can further be found around adipo-
cytes in mature AT (Pierleoni et al., 1998). DECM exhibited large
parts of the preserved basal membrane (purple). No basal membrane,
but high amounts of proteoglycans (blue) was found in cdECM
samples. Based on the histological staining it can be presumed that
there is no difference in proteoglycan composition and distribution
between the different cdECM samples. By MOVAT pentachrome
staining, ground substance (non-fibrous components like proteogly-
cans and glycosaminoglycans [green]), collagens (yellow), and elastic
fibers (black) were stained. A high amount of ground substance and
collagens was found in dECM. Furthermore, elastic fibers were ob-
served in dECM samples. In all cdECM samples, high amounts of
ground substance but no elastic fibers were found. The absence of
elastic fibers in cdECMs leads to the assumption that these cdECMs
exhibit an immature state of development. This can be explained by
several studies which have shown before that in the absence of
mechanical stimuli elastin synthesis and formation of elastic fibers are

lower in vitro (Eoh et al., 2017; Hinderer et al., 2015). Overview
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FIGURE 2 Macromolecular composition of ECM samples. (A) Histological staining: Alcian blue PAS and MOVAT Pentachrome staining were
performed on histological sections of dECM, acdECM, and scdECM samples. Alcian blue PAS staining: proteoglycans (blue) and basal membrane
(purple). MOVAT Pentachrome staining: ground substance (green), collagen (yellow), and elastic fibers (black) (scale bars: 100 um; n=3) B:
Quantification of collagens and sGAGs: Collagen content in ECM samples was determined via HP assay and was normalized to the dry weight
(DW) of the sample (CF, conversion factor). The amount of sGAGs was determined by a colorimetric sGAG assay and normalized to the DW.
**p <0.01; *** p <0.001; ¥p < 0.001 to all other samples; n = 9. acdECM, adipogenic extracellular matrix; dECM, human adipose tissue-derived
extracellular matrix; ECM, extracellular matrix; scdECM, stem cell extracellular matrix; sGAG, sulfated glycosaminoglycans

staining with hematoxylin and eosin (HE) and a picrosirius staining
(for the visualization of the homogenous distribution of collagens in
all samples) is shown in Figure S2.

In the next step, the two main components of ECM—collagens and
sGAGs—were quantified (Figure 2B). Results were normalized to the dry
weight (DW) of the samples and given in percent. For quantification of
collagen content, a hydroxyproline (HP) assay was performed and col-
lagen content was calculated based on this assay. The amino acid HP is
mainly contained in collagens and only to a limited amount in elastin
(Capella-Monsonis et al., 2018). Thus, the HP content can be used for the
quantification of collagens. For the calculation, the conversion range from
0.135 to 0.180 was used, based on the findings of Keller et al. The used
conversion range includes the conversion factors for collagen type |
(0.135) and collagen type Ill (0.180). The conversion factors for native
connective tissue lie also within this range (Keller, Liedek, et al., 2020).
Results indicated a significantly higher amount of collagens in dECM [45.9
(£5.9)%-61.2 (+7.9)%] compared with all cdECM samples. Within the
cdECM approaches, significantly higher collagen content was found in
scdECM samples [scdECM d7: 8.8 (+1.2)%-11.8 (+1.6)%, scdECM d14:
9.4 (£2.5)%-12.6 (£3.3)%] compared with the acdECM samples [acdECM
d7: 1.6 (#1.5)%-2.1 (+2.0)%, acdECM d14: 1.5 (+0.9)%-2.0 (+1.2)%].
These results are in line with the MOVAT pentachrome staining (col-
lagens stained in yellow) with the most intense staining in dECM. The
amount of collagens in scdECM samples found in this study are in the
same order of magnitude as the values shown by Keller et al. with
12%-16% in cdECM from juvenile human skin fibroblasts (Keller, Liedek,
et al., 2020). Interestingly, the HP assay revealed the highest collagen

content to be present in dECM and the lowest collagen content in ac-
dECMs. One reason why we observed higher collagen content in dECM
might be the presence of elastic fibers, which were only found in dECM
(see histological staining) and which contain little amounts of HP. How-
ever, that does not explain the enormous differences between dECM and
cdECM samples. A further explanation might be the maturing/culture
period. The dECM has grown over several years, whereas the cdECM was
generated in only 7-14 days in vitro. During collagen synthesis, tropo-
collagen is secreted by the cells and assembled extracellularly to form
mature collagen fibers (Myllyharju & Kivirikko, 2004). In native tissue,
collagen fibers are completely polymerized and may be preserved during
decellularization. In cell culture, the tropocollagen is partly released into
the cell culture medium or loosely attached to the cell surrounding and
may get lost during medium exchange and decellularization (Shendi
et al.,, 2019). The differences in collagen content between acdECM and
scdECM samples could be explained by alterations in protein expression
during adipogenic differentiation. The relative concentrations of collagen
type | and collagen type Il decline by 80%-90% during adipogenic dif-
ferentiation and the secretion of collagen type IV and the glycoprotein
nidogen increases (Aratani & Kitagawa, 1988; Gregoire et al., 1998). As
the interactions of cells and ECM proteins play a pivotal role in cellular
development and behavior, these differences should be considered when
choosing a material for a specific application.

Quantification of sGAGs revealed a significantly lower amount in
dECM [0.20 (+0.06)%] compared with all cdECM approaches. Within
the cdECM approaches, scdECM d7 [2.43 (+0.32)%] exhibited a sig-
nificantly higher amount of sGAGs compared with both acdECM
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approaches [acdECM d7: 1.24 (+0.57)%, acdECM di4: 1.07
(£0.25)%)]. Further, the sGAG content of scdECM d14 [1.92 (+0.65)%]
was significantly higher compared with acdECM d14.

As it is well known that sGAGs have a positive impact on cellular
behavior regarding regenerative capacity and angiogenesis/neo-
vascularization, which remains a major obstacle in tissue engineering
(Kéwitsch et al., 2018; Salbach et al., 2012), ECMs containing higher
amounts of sGAGs, which are on top preserved during decellular-
ization would be favorable. The noticeable low amount of sGAG in
dECM could be explained by the harsh decellularization method used
for native tissue. GAGs are known to be very sensitive to a variety of
agents used in decellularization protocols (B. N. Brown et al., 2011;
Crapo et al., 2011). The reported amount of preserved sGAGs in
dECM from human adipose tissue ranges from 0.05% up to 0.4%
(Song et al., 2018; L. Wang et al., 2013; Young et al., 2011). Reported
sGAG content in different native human tissues range from 0.3% to
0.7% (Eckert et al., 2013; Johnson et al., 2014; Wei et al., 2005). This
indicates a loss of sGAGs during decellularization of up to 70% in our
study. However, the high amount of lipids within AT seems to in-
terfere with the reliable determination of sGAGs in native AT. The
available data about the sGAG content in native AT and on the re-
duction of sGAGs during decellularization of native AT is rare and
varies extremely. Song et al. (2018) found no significant reduction of
sGAGs after decellularization, whereas Pati et al. (2014) described a
reduction of about 60%. In general, the usually performed normal-
ization of the values to the dry weight leads to questionable com-
parability of native and decellularized tissue, since the removal of
cellular components leads to distorted values. In this study, we found
that cdECM represents a promising alternative to dECM, as the
amount of sGAGs is up to 12-fold higher in scdECM from Day 7
compared with dECM. Previously, Schenke-Layland et al. (2009)
found 3.1% of sGAGs in non-decellularized fibroblast-derived ECM
sheets, which indicates adequate preservation of sGAGs in cdECM
during the decellularization process in our study. Keller, Liedek, et al.
(2020) investigated the sGAG content in fibroblast-derived ECM.
Compared with their results (2.4%) the amount of sGAG determined
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in this study was found to be in the same order of magnitude. As
GAGs are known to exhibit a positive influence on cellular behavior in
regenerative processes (e.g., proliferation, vascularization), cdECM
containing and preserving higher amounts of GAGs represent a
promising material in regenerative applications.

3.3 | Expression of proteins associated with basal
membrane

The basal membrane plays a fundamental role in cellular anchorage,
as a physical barrier, and in signaling (Leclech et al., 2021). Thus, the
preservation of basal membrane structures during decellularization
would be beneficial for healthcare approaches. Histological staining
suggested the presence of superordinate structures, like the basal
membrane, in dECM, but not in cdECM samples (Figure 2). Two of
the main components of the basal membrane are collagen type IV
and laminins (Kalluri, 2003; Yurchenco & Schittny, 1990). In the next
step, the presence of these basal membrane-associated ECM pro-
teins collagen type IV and laminins, was proven by an immuno-
(Figure 3). After
heterogeneous distribution of dense and loosely packed structures

fluorescence staining decellularization, a
was observed in dECM. For all cdECM approaches—regardless of the
time point of isolation—densely packed structures with ubiquitous
staining of ECM-specific proteins were found. Qualitative analysis of
the immunofluorescence images did not indicate differences be-
tween the investigated ECM samples. This indicates that basal
membrane proteins are also present in cdECM but do not exhibit the
specific structure of the basal membrane, which might prevent the
binding of the dye in histological staining. Immunofluorescence
staining of ECM-specific proteins collagen type | and fibronectin are
shown in Figure S3.

Previous studies demonstrated that laminin, which is mainly
found in the basal membrane, contributes to the formation and
maintenance of vascular structures (MALINDA et al., 1999; Ponce
et al., 1999). After homogenization, which is necessary for further

cdECM

native AT dECM

¥

Laminins

acdECM d14 scdECM d7 scdECM d14

FIGURE 3

Immunofluorescence staining of basal membrane proteins collagen type IV and laminins. The presence of proteins collagen type

IV and laminins were proven by immunofluorescence staining (Scale bar: 200 um; n = 3)
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processing as biomaterial, the structure of the basal membrane is
very likely disrupted in all ECM samples. Thus, the presence of basal
membrane proteins (e.g., collagen type IV and laminins) may play a
stronger role than the specific structure of the basal membrane. If a
well-developed basal membrane as a biomaterial is desired epithelial
or endothelial cells, that mainly produce basal membrane in vivo and
in vitro, in monoculture or coculture with other cell types can be
used. This is especially useful for the coating of synthetic materials
when the original structure can be restored and is not disrupted by
further processing of a harvested cdECM (Carvalho et al., 2019;
Junka et al., 2020). Dao Thi et al. (2020) recently described a method
to polarize stem cells using a growth factor gradient in trans wells
yielding hepatocyte-like cells with an apical and a basolateral side.
Despite in vivo adipocytes does not exhibit this polarization this
method might be promising to enhance basal membrane secretion of
cdECM.

3.4 | Structural characterization

Topographical characteristics are known to strongly influence cellular
behavior such as proliferation and differentiation (Ko et al., 2016; Shi
et al, 2014; Z. Wang et al., 2016). For example, Abagnale et al.
showed that ASCs, without specific differentiation media, underwent
osteogenesis on 2 um thick microfibers but adipogenesis on micro-
fibers with a diameter of 15 um. However, no upregulation of specific
differentiation markers was observed on fiber diameters thinner than
400 nm (Abagnale et al., 2015). Fiber diameter as the primary topo-
graphical feature of fibrous materials such as ECM was evaluated by
SEM. In Figure 4, SEM images of the dECM and cdECM are shown. A
significantly higher fiber diameter in dECM [63.9 (+12.8) nm] com-
pared with cdECM samples [acdECM d7: 35.9 (£9.2) nm; acdECM
d14: 37.7 (£11.2) nm; scdECM d7: 36.7 (+7.7) nm; scdECM d14: 37.3
(£11.2) nm] was observed. The immature state of collagen fibers in
cdECM previously indicated by the histological staining (Figure 2)
could also be observed in the SEM analysis. The mature collagen

d7

di4

fibers of dECM exhibited the characteristic cross stripes with an
average distance of 65 nm (black arrows), derived from the assembly
of the tropocollagen molecules, whereas no stripes were found in
cdECM samples.

The influence of these features on cell fate has to be considered
when using the materials for specific applications and if necessary
soluble factors are needed to prevent unwanted differentiation
events. As longer culture periods are not practicable for the gen-
eration of a biomaterial, different culture methods, such as macro-
molecular crowding, hypoxia, reduced frequency of medium
replacement, and reduction of serum concentration can be tested to
increase the maturity and diameter of the collagen fibers of cdECM, if
needed (Assuncido et al., 2020). The period for the generation of a
biomaterial that can be assumed to be suitable strongly depends on
the intended use. For the generation of cdECM, which is used for in
vitro applications (e.g., the built-up of tissue models) and in vivo
application where it can be generated in advance (allogenic products)
culture periods of a few weeks can be seen as feasible. In contrast for
the treatment of patients with autologous material, only generation

periods of a few days can be seen as feasible.

3.5 | Degree of swelling

The degree of swelling describes the ability of a material to bind
water, which has a high impact on the materials' physical properties.
The ability of a material to bind water depends on structural char-
acteristics (e.g., pore size) and chemical properties (e.g., charge). Thus,
differences in the degree of swelling indicate differences in structural
and chemical material characteristics. Figure 5 shows the degree of
swelling of dECM and cdECM samples. It was found that acdECM
from both time points [acdECM d7: 2357.6 (+201.1)% (this value was
already published by us in Nellinger et al. 2020) and acdECM d14:
2329.4 (+118.7)%] exhibited a higher degree of swelling compared
with dECM [1288.1 (+383.3)%]. Further, acdECM exhibited a higher
degree of swelling compared with scdECM d7 [scdECM d7: 1624.3
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FIGURE 4 Analysis of fiber diameter of the different ECM samples: Fiber diameter was determined with ImageJ using SEM images of ECM
samples (n = 9). Black arrows: horizontal stripes with a distance of 65 nm (scale bar: 1 um; ***p < 0.001). ECM, extracellular matrix; SEM, scanning

electron microscopy
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(£96.4)% (this value is already published by us in Nellinger
et al. 2020)] independent of the day. The degree of swelling of
scdECMd14 [1764.5 (+421.0)%] was significantly lower compared
with acdECM d7, within the different evaluation days of cdECM.
One possible explanation for the differences in the degree of
swelling between the ECM samples is different degrees of cross-
linking. A higher degree of cross-linking leads to a lower swelling
degree. With the results of this study, it can be assumed that with the
higher collagen content the degree of cross-linking is higher in
scdECM samples compared with acdECM, leading to a lower degree
of swelling in scdECM samples. Interestingly, the swelling degree of
dECM was found to be comparable to scdECM. This might be ex-
plained by the mature state of dECM (as demonstrated by SEM) and
therefore a higher degree of cross-linking compared with acdECM.
It is well known that physical characteristics influence cellular be-
havior strongly (Engler et al., 2006; Kshitiz et al., 2012). For example,
Guneta et al. (2016) demonstrated increased proliferation and adipogenic
differentiation of ASCs on alginate scaffolds with decreasing stiffness.
Furthermore, Subbiah et al. (2016) showed that an increase of cross-
linking of cdECM is accompanied by a rise of stiffness and a shift from
adipogenic differentiation to osteogenic differentiation. Considering these
results, it can be assumed that acdECM, produced in this study, may also
favor adipogenic differentiation, whereas scdECM and dECM may favor
chondrogenic and osteogenic differentiation. Thus, next to the structural
characteristics, the degree of swelling of the ECMs must be considered
when using ECM as a biomaterial to prevent unwanted differentiation

events.

3.6 | DNA content

Removal of DNA is a critical indicator for successful decellularization.
It is known that remaining DNA can contribute to cytocompatibility
problems and immunogenic reactions upon reintroduction of cells (B.
N. Brown et al., 2009). A limit of residual DNA for its use as bio-
material is not officially defined, however, the postulated limit of
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FIGURE 5 Degree of swelling. The degree of swelling was
calculated from the dry and wet weight of ECM samples according to
Equation (3) and displayed in percentual amount (¥ = data from
Nellinger et al., 2020; **p < 0.01; ***p <0.001; n=9). ECM,
extracellular matrix
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50 ng/mg by Capro et al. is generally accepted (Crapo et al., 2011).
The absence of remaining DNA in decellularized cdECM and dECM
samples was proven by a HE and DAPI staining for qualitative evi-
dence and by a Pico488 assay for quantitative evidence. In Figure 6,
histological stainings of dECM and scdECMd7 are exemplarily shown.
The HE staining revealed a strong decrease of DNA (blue/purple) for
both approaches after treatment with DNase (w/DNase) compared
with the samples without DNase treatment (w/o DNase). In addition,
DAPI staining indicated a strong reduction of the nucleic acid content
in samples treated with DNase compared with untreated samples.
Untreated and DNase treated dECM and cdECM samples exhibited a
DNA content below the postulated limit of 50 ng/mg DW in the
treated samples. For dECM samples a significantly lower amount of
DNA was observed [7.9 (+4.5)ng/mg] compared with all cdECM
approaches [acdECM d7: 37.0 (£17.8)ng/mg; acdECM d14: 46.0
(£2.9) ng/mg; scdECM d7: 28.4 (+22.8) ng/mg; scdECM d14: 43.2
(+4.5) ng/mg] after the treatment with DNase.

The variation of DNA content in untreated ECM of the different
origins was most likely caused by the difference in the present cell
number in the samples. Due to the large portion of big mature adi-
pocytes in native AT, it exhibited the lowest total cell number per
volume, whereas the cdECM approaches proportionally exhibited a
higher number of cells resulting in a higher amount of remaining DNA

in the decellularized samples.

4 | GENERAL ASPECTS

Due to their different appearance, the decellularization protocols of
the two ECMs differ in the used solutions and time by default in
current studies (Flynn, 2010; Guneta et al., 2018; Magnan
et al,, 2018, 2021; Song et al., 2018). In this study, dECM was de-
cellularized using relatively harsh chemicals and enzymes (no de-
tergents which are classified as critical were used) whereas cdECM
was treated with a relatively gentle hypotonic solution and nucleases.
It is to be assumed that this will have a great impact on some of the
obtained results in this study (preservation of GAGs and the degree
of swelling). However, in our opinion, this would rather be another
reason for the use of cdECM whenever possible. This would, further,
have the advantage that no chemicals remain in the material that
could have a potentially negative effect on cells in vivo or in vitro.
Next to the demonstrated characteristics and differences also
general aspects, such as costs of production, mechanical properties,
and tunability have to be considered when choosing between dECM
and cdECM as a biomaterial. Native adipose tissue can be harvested
with low invasiveness in relatively high amounts and frequently is a
waste product from plastic surgery. Depending on the used protocol
the decellularization process includes the treatment with costly en-
zymes. However, relatively high amounts of dECM can be achieved
with little effort. In contrast, the culture of ECM producing cells over
several weeks with the needed consumables and media supplements
is much more expensive. Especially since the yielded amount of

cdECM which can be produced in one cell culture flask or plate is
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FIGURE 6 DNA content after treatment
with DNase. To remove the remaining DNA,
ECM samples were treated with 1500 U/ml of
DNase. To determine DNA content in ECM
samples, HE and DAPI staining were
performed on histological sections of ECM
samples with and without DNase treatment
(n = 3). Quantification of total DNA content in
DNase-treated ECM samples was performed
using Pico488. ***p < 0.001; red dotted line:
50 ng/mg DW; n = 9. DAPI, 4,6-diamidino-2-
phenylindole; DW, dry weight; ECM,
extracellular matrix; HE, hematoxylin and
eosin
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extremely low. Thus, the upscaling of cdECM production is a key step
toward its widespread use in tissue engineering and healthcare. Next
to the usual supplemented sodium L-ascorbate that increases col-
lagen secretion, further methods are known to enhance cdECM vyield.
These include pharmaceutical substances that affect cellular path-
ways (e.g., TGF-B pathway that was shown to cause increased ECM
secretion [Biancheri et al., 2014]) and genetic alterations that lead to
overexpression of ECM proteins (Chan et al,, 2021). However, as
these techniques are extremely invasive the resulting cdECMs need
to be carefully studied before being used for biomedical applications.
A less invasive method that is currently used is macromolecular
crowding which enhances the polymerization of collagen fibers
extracellularly.

For further processing it is necessary for both ECMs to homo-
genize the material except the original shape is sought to be reseeded
with cells. For tissue engineering and healthcare applications in most
cases, the original shape does not need to be restored. When the
ECM is blended with another (hydrogel)material or used as a coating
it has to be homogenized to achieve a homogeneous distribution of
the ECM with the hydrogel or on the surface. Thus, the mechanical
properties of the ECM material itself can be more or less neglected.
Regarding the tunability of the ECM, cdECM brings a great advantage
as it can be equipped with specific addressable functional groups
using metabolic glycoengineering (MGE) (Gutmann et al., 2018; Ruff
et al.,, 2017). During MGE the cells metabolize a modified sugar de-
rivate and incorporate it into the glycocalyx and the ECM. The
functional group can then be used to covalently and site-directed link

bioactive molecules, like growth factors, or can be used to crosslink
the ECM with another material or with itself in a controllable manner.
In contrast, the modification of native unmodified dECM occurs
randomly and is not site-directed which may impact the effect of the
bioactive molecules by covering the bioactive epitope(s). Further, the
modification and crosslinking of dECM is performed with chemicals
that may alter the structure of the ECM and therefore its impact on
the cells when used for tissue engineering and healthcare applica-
tions (Braun et al., 2018; Subbiah et al., 2016).

One aspect which needs to be investigated in cdECM is the
binding of serum proteins to cdECM structures. CAECM is produced
using fetal calf serum (FCS) containing media. As it is well known that
there are high batch-to-batch variations in FCS and proteins can be
bound to ECM and thus remain in the material. This might be a
concern regarding the reproducibility of cell experiments (Boyd &
Thomas, 2017). However, also in dECM donor variations might have
an impact on the outcome of in vitro and in vivo experiments. Thus,
the standardization of cdECM production using defined media would
turn this disadvantage of cdECM into an advantage against the dECM
where the donor variation cannot be eliminated.

In future studies, dECM and cdECM from further tissues should be
characterized and investigated and a more detailed investigation of ECM
proteins should be performed. Due to the complexity of the ECM col-
orimetric assays might be error-prone (comparable to total protein
quantification). A more reliable method might be mass spectrometry. This
method complements the results of the present study as it enables the

identification and quantification of individual proteins and allows their
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classification (Johnson et al., 2016). This in turn would give more insight
into the functionalities of the different ECMs. Based on further studies
characterizing and comparing dECM and cdECM from different tissues,
the range of methods needed to be performed to work with a well-
defined ECM material can be reduced. From our point of view histological
staining (Movat Pentachrome and Alcian blue PAS), quantification of
sGAG, and remaining DNA represent a feasible amount of experiments
that monitor the efficiency and reproducibility decellularization process

and can be performed in most laboratories.

5 | CONCLUSION

In the present study, we compared dECM and cdECM from stem cells
and adipogenic differentiated ASCs toward their macromolecular com-
position and their structural features. We found that cdECM exhibited
more sGAGs which are beneficial for regenerative processes. The thinner
collagen fibers and of cdECM indicate its immature state and the ac-
companying differences in topography might have an impact on cell fate.
With the differences identified, we aim to support researchers in the
decision, which ECM is suitable as a biomaterial for their specific appli-
cation. The differences between the ECMs investigated have the po-
tential to highly influence experimental outcomes and therefore should
be considered when choosing a biomaterial for tissue engineering or
healthcare application. Next to the found characteristics and differences,
to date, general aspects, such as costs of production and possibilities in
the tunability have to be considered. To find the ideal material for a
specific application the aim of the planned study has to be opposed to the
advantages and disadvantages of both ECM materials.
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