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Abstract

Background: Decellularised adipose tissue (DAT) is a potential regenerative treatment for adipose tissue regeneration; however, decel-
lularisation often involves methods that compromise the integrity of the extracellular matrix architecture. This study aimed to develop
a protocol to produce a sheet form of porcine-derived DAT and to assess the cellular response to DAT. Methods: A novel method of
producing DAT was assessed using histology and biochemical assays to confirm decellularisation. An extract cytotoxicity assay was
used to detect whether DAT was cytotoxic towards 3T3 and L929 cells. Following this, the DAT was cultured with 3T3 and 3T3-L1 (pre-
adipocyte) cell lines for 28 days. Cell metabolism, viability and differentiation potential were investigated using alamarBlueTM, live/dead
and BODIPY 493/503 staining. Finally, the angiogenic potential of DAT was assessed using a chick chorioallantoic membrane (CAM)
assay. Results: DAT was successfully produced in sheet form (from n = 6 pigs) with 7.96% lipid (relative to native tissue), 0.047 µg/mg
sodium dodecyl sulphate and 0.50 ng DNA/mg of tissue remaining. The DAT was demonstrated to be non-cytotoxic to both 3T3 and
L929 cells, supporting the attachment and migration of 3T3 and 3T3-L1 cell lines in vitro. DAT also supported the accumulation of lipids
within 3T3-L1 cells and the directional growth of blood vessels ex ovo. Conclusions: A suitable method for producing DAT has been
developed, resulting in DAT sheets that are non-cytotoxic, cytocompatible, and have the potential to support adipogenic differentiation
and angiogenesis in vivo.
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Introduction
Adipose tissue has important metabolic and mechan-

ical functions that are crucial for the proper functioning
of the body. White adipose tissue acts as an energy store
that can be mobilised to release glucose to meet energy de-
mand [1]. Alongside this, adipose tissue has essential func-
tions in wound healing, including regulating macrophage
function [2]. The large content of endogenous adipose-
derived stromal cells (ADSCs) within adipose tissue pro-
motes macrophage polarisation towards the M2 “repair”
phenotype during normal wound healing [3,4].

Mechanically, adipose tissue acts as a shock-absorbent
cushion to protect internal organs and bones from mechan-

ical injury [5]. Where adipose tissue is lost as a result of
trauma, resection or disease, it is crucial to regenerate adi-
pose tissue deposits to restore these functions. Alongside
this, cosmetic issues due to adipose tissue defects can sig-
nificantly impact patients’ mental health. The current ‘gold
standard’ treatment for adipose regeneration is autologous
fat transfer. Autologous fat transfer involves the removal of
the patient’s own fat from another area, often the abdomen,
using liposuction, which is then injected into the site of the
adipose tissue defect [6]. Although autologous fat trans-
fer has demonstrated good clinical outcomes for volume
restoration and scar revision, resorption of the implanted
fat is a problem [6–9].

https://doi.org/10.22203/eCM.v059a07
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://orcid.org/0000-0002-0187-5269
https://orcid.org/0009-0001-1826-6515
https://orcid.org/0000-0002-9135-8993
https://orcid.org/0000-0002-6664-7259
https://orcid.org/0000-0003-4152-6140
https://orcid.org/0000-0003-0838-7783
https://orcid.org/0000-0003-2426-1881


www.ecmjournal.org 109

European Cells and Materials Vol.59 2026 (pages 108–123) DOI: 10.22203/eCM.v059a07

Another method being explored for regenerating adi-
pose tissue is the use of ADSCs [10]. ADSCs can be im-
planted into the defect site with the expectation that they
will grow, differentiate and regenerate the area. ADSC
therapies have been shown to aid in the regeneration of var-
ious tissues, including cartilage and myocardium, through
the differentiation into tissue-specific cells such as chon-
drocytes and cardiomyocytes, as well as promoting extra-
cellular matrix (ECM) deposition [10–12]. The ADSCs
have also been observed to promote angiogenesis via the
release of proangiogenic factors, such as vascular endothe-
lial growth factor [10]. As with all cell therapies, the need
to isolate and grow autologous cells from fresh lipoaspi-
rate means these therapies are expensive, time-consuming
and logistically challenging [13]. Therefore, there is a need
to develop alternative, effective, readily available, and safe
methods for the regeneration of adipose tissue.

Decellularised tissues are a relatively recent develop-
ment in the field of tissue engineering. Current clinical
uses of decellularised tissues include decellularised dermis
to treat skin injuries and decellularised heart valves for heart
valve replacement [14,15]. The most widely used decellu-
larised tissue is decellularised small intestinal submucosa,
which has been approved for many uses, such as wound
dressings and hernia repairs [16,17]. The production of de-
cellularised tissues involves the removal of the cells to leave
behind the ECM, which acts as a framework for the mi-
gration of the patient’s cells into the site of implantation
[18]. Removing the cellular contents of the tissue removes
the immunogenic material, significantly reducing the like-
lihood of evoking an adverse immune response. The re-
maining ECM plays a crucial role in cell adhesion, cell sig-
nalling, restoration of tissue architecture and structural sta-
bility [19–21]. In wound healing, the ECM modulates cell
behaviour via biochemical and biomechanical pathways.
For example, it is the initial deposition of fibronectin net-
work in granulation tissue that produces a scaffold for the
formation of a vascularised network that, in turn, supports
collagen deposition [22,23].

Producing decellularised tissues from adipose tissue
has the potential to generate ECM which has the required
biochemical and biomechanical cues for adipose tissue re-
generation. Decellularised adipose tissue (DAT) can be
stored long-term and does not need to be donor-matched,
meaning DAT has the potential to be an “off-the-shelf”
treatment [24,25]. Within literature, DAT has been derived
from various sources, including rat, porcine, and human
adipose tissue [26–28]. It has been widely investigated both
in vitro and in vivo for its potential as an adipose regener-
ative material [9,19,29]. Preclinical studies have demon-
strated that DAT can be repopulated with ADSCs in vitro
[19] and produce promising outcomes in mouse models
[29]. Human-derived DAT has also been tested in a Phase I
clinical trial to look at volume retention compared to autolo-
gous fat grafting. Anderson et al. [30] (2022) demonstrated

that a human-derived DAT could produce comparable vol-
ume retention compared to autologous fat grafting 18weeks
after abdominal injection into 8 healthy participants but un-
like autologous fat grafting, there was no evidence of cysts
or calcification. The implanted DAT grafts were shown to
support cellular infiltration and pro-regenerative T cell and
macrophage phenotypes [30].

Previous examples of DAT production have processed
tissue in ways which disrupt the ECM arrangement, includ-
ing freeze-thaw cycles and mechanical massaging [25,31].
Producing decellularised materials in sheet form, which
preserves more of the ECM arrangement and structure has
been described as useful for soft tissue and cardiac repair
[32]. Our hypothesis is that DAT in sheet form will be more
beneficial to maintain ECM molecule interactions and or-
ganisation after implantation [33]. Previously, ADSC cell
sheets have been utilised to improve the healing of full-
thickness dermal wounds and the sheet form enabled the
production of 3D structures by layering the sheets [34]. One
of the challenges of cell derived sheets is their fragility and
their ability to be handled [35], however decellularised tis-
sue sheets have the potential to be produced in a way which
maintains the endogenous tissue strength and integrity and
increases their suitability for certain clinical applications,
such as diabetic foot ulcers and breast reconstruction, which
require structural support and surgical implantation.

This project aimed to produce porcine-derived DAT
sheets that met the criteria for effective decellularisation
and to test their biocompatibility. The decellularisation cri-
teria were: residual double stranded DNA (dsDNA) levels
below 50 ng/mg [36], > 90% lipid removal, and a residual
detergent below cytotoxic levels in vitro, which has previ-
ously been reported as 10 µg/mg of tissue [37]. The re-
sulting DAT was tested for its ability to support adhesion,
growth and proliferation of fibroblast (3T3) and adipocyte-
like (3T3-L1) cell lines in vitro and the growth of new blood
vessels in the chick chorioallantoicmembrane (CAM) assay
ex ovo. This approach was used to indicate whether DAT
is likely to support cell growth and vascularisation in vivo,
therefore aiding healing and integration of the DAT.

Materials and Methods
Decellularisation

Samples of subcutaneous adipose tissue from six
Large White pigs were dissected using a dermatome (Pad-
gett, Integra, UK, Model B) to produce thin sheets of adi-
pose tissue (∼1–2 mm thick, 4 cm2 area). Two sheets were
then placed into a 250 mL sealed bioprocess bag (Thermo
Fisher Scientific, UK, SS00003I) for each animal. The so-
lution changes in the decellularisation process were carried
out aseptically in a Class II biological safety cabinet. For
all steps, 200 mL of solution was used, except for the Nu-
clease solution, for which 80 mL was used. All steps were
carried out at 42 °C with horizontal agitation at 220 rpm,
except the nuclease solution steps, which were carried out
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at 37 °C and 80 rpm.
Samples were washed with hypotonic buffer (10

mM Tris (Sigma Aldrich, UK, 1003399030), 2.7 mM
Ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher
Scientific, UK, E/P140/53), 10 KIU/mL aprotinin (Nordic,
UK, 08718481142905)) for 1 hour. Following this, sam-
ples were washed with IPA-SDS solution [70% (v/v) iso-
propanol (IPA) (Thermo Fisher Scientific, UK, P/7490/21)
and 30% sodium dodecyl sulphate (SDS) hypotonic buffer
(0.1% w/v SDS (Sigma Aldrich, UK, 71725), 10 mM Tris,
2.7 mM EDTA, 10 KIU/mL aprotinin) resulting in a final
working concentration of 0.03% SDS in IPA-SDS solution]
for 1 hour, this was then replaced with fresh IPA-SDS so-
lution and washed for a further 30 minutes. Then two se-
quences of 1 hour in 100% IPA and 30 minutes in 70% IPA
were undertaken, followed by a further 1 hour in 100% IPA.
Following this, the IPA was replaced with fresh 100% IPA
and left overnight (∼17 hours). The following day, two
30-minute IPA-SDS solution washes, one 2-hour 100% IPA
wash and one 3-hour IPA-SDS solution wash were under-
taken in that order. This was then replaced with SDS hypo-
tonic buffer, and the tissues were washed for 70 minutes.
This was replaced with phosphate buffered saline (PBS)
(Oxoid, UK, BR0014G) containing aprotinin (10 KIU/mL)
and left overnight (∼17 hours). The following day, three
15-minute PBS washes were undertaken for the removal of
chemicals and aprotinin before nuclease addition. Then the
PBSwas replaced with 80 mL of Nuclease solution (50 mM
Tris, 1 mM MgCl2(VWR, UK, 7786-30-3), 10 U/mL Ben-
zonase (Novagen, UK, 71205-3)) and washed for 1 hour,
carried out at 37 °C and 80 rpm. This was replaced with
fresh nuclease solution and repeated a second time. Fol-
lowing this, the tissues were washed with PBS again for a
further three 15-minute washes. Then the PBSwas replaced
with hypertonic buffer (50 mM Tris, 1.5 M NaCl (Thermo
Fisher Scientific, UK, S/3160/63)) for 1 hour. Following
this, the tissue was washed with a hypotonic buffer without
aprotinin (10 mM Tris, 2.7 mM EDTA) for 1 hour, and then
again with a hypertonic buffer for a further hour. Finally,
a further three 15-minute PBS washes were carried out to
remove any residual detergent.

Histology & Microscopy

Samples of DAT and native adipose tissue (NAT) were
fixed in 10% neutral buffered formalin (NBF) (Atom Sci-
entific, UK, RRFF4000-G) for ∼12 hours, processed and
then embedded in paraffin wax (Epredia, UK, 6774060).
Sections were cut at 8 µm thickness, dewaxed using xy-
lene (VWR, UK, 28975.360), and then rehydrated before
staining. 4′,6-diamidino-2-phenylindole (DAPI) staining
(1 mg/mL) (Merk Millipore, UK, 10236276001) was used
to verify decellularisation, and viewed using a DAPI filter
at 335–383 nm, 420–470 nm (excitation range, emission
range) with a Zeiss upright light microscope (Zeiss, UK,
AXIO imager.M2). Mayer’s Haematoxylin (Atom Scien-

tific, UK, RRSP60-E) and eosin Y (Sigma Aldrich, UK,
1.09844.1000) (H&E) staining was used to visualise the tis-
sue structure, including cell nuclei and ECM.

DNA Quantification
Both NAT (20mg) and DAT (100mg) were macerated

and lyophilised to a constant weight in a ModulyoD-230
freeze-drier (ThermoSavant, UK, ModulyoD-230). DNA
was extracted using a DNeasy kit (Qiagen, UK, 69506) fol-
lowing the manufacturer’s instructions. After DNAwas ex-
tracted, it was quantified using a Quant-iTTM PicoGreenTM
assay (Thermo Fisher Scientific, UK, P7589), and the re-
sults were normalised to the lyophilised tissue mass of the
sample.

Lipid Quantification
Lipid quantification was adapted from a previous

study [38]. Lipids were extracted from NAT (20 mg) and
DAT (100 mg) via incubation in 5 mL absolute ethanol for
72 hours at 42 °Cwith gentle agitation (120 rpm). The lipid-
containing ethanol was diluted in a 1:6 ratio to produce 600
µL of each sample and 100 µL of 2 M hydroxylamine hy-
drochloride (Sigma Aldrich, UK, 5470-11-1) solution and
100 µL of 3.5 M sodium hydroxide (Thermo Fisher Scien-
tific, UK, S/4920/60) solutionwere added to all test samples
and lipid standards (Concentration range 0 µg/mL – 2500
µg/mL, 600 µL volumes) and left to incubate for 20 min-
utes at room temperature. Following this, 100 µL of 4 M
hydrochloric acid solution (VWR, UK, 2611.5000) and 100
µL of 0.37 M iron (III) chloride solution (Sigma Aldrich,
UK, 10025-77-1) were added to all samples and standards
and absorbance was measured at 540 nm. Sample concen-
trations were extrapolated from standards and data were
normalised to sample mass before assay to provide µg of
lipid per mg of tissue mass. Mass loss during freeze-drying
was then used to calculate µg of lipid per mg lyophilised
tissue.

Sodium Dodecyl Sulphate Quantification
Residual SDS was extracted from DAT (100mg) via

incubation at 37 °C in 1 mL distilled water with gentle
agitation for 72 hours. Stains-All working solution [50
µg/mL Stains all (Sigma Aldrich, UK, E9379), 5% for-
mamide (Honeywell, UK, F7503), 2.5% IPA] was added
to each standard and sample, and the absorbance was mea-
sured at 447 nm. Sample concentrations were extrapolated
from SDS standards of concentrations ranging between 0
µg/mL and 200 µg/mL and then normalised to tissue mass.

Cell Culture
3T3 mouse fibroblastic cells (3T3 Swiss Albino,

ECACC # 85022108; purchased from UK Health Secu-
rity Agency [UKHSA], Salisbury, UK) and 3T3-L1 mouse
fibroblast cells (ATCC # CL-173; purchased from LGC,
Middlesex, UK) were grown in complete growth medium
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[Dulbecco’s Modified Eagles Medium (DMEM) (Corning,
UK, 90-013-PB) supplemented with 10% heat-inactivated
foetal bovine serum (FBS) (Sigma Aldrich, UK, F9665),
100 U/100 µg/mL Penicillin/Streptomycin (Merk Milli-
pore, UK, P4458) and 4 mML-Glutamine (MerkMillipore,
UK, G7513)] and L929 mouse fibroblastic cells (ECACC
# 85011425; purchased from UKHSA, Salisbury, UK)
were grown in L929 complete growth medium (DMEM
supplemented with 10% FBS, 100 U/100 µg/mL Peni-
cillin/Streptomycin and 2 mM L-Glutamine) unless other-
wise stated. Cells were grown at 37 °C in a humidified
incubator with a 5% CO2 supply and passaged every 2-3
days during maintenance and expansion. The purchased
cell lines were certified as mycoplasma-free (PCR). 3T3
cells were chosen to investigate fibroblast cytocompatibil-
ity; 3T3-L1 cells were chosen to investigate adipocyte cy-
tocompatibility, and L929 cells were chosen as a cell line of
interest based on the examples provided within the standard
for cytotoxicity testing (ISO 10993:5, 2018).

Sterility
Sterility was tested by incubation at 37 °C in a thiogly-

colate medium USP broth (50 mL; Oxoid, UK, CM0173)
for 2 weeks and compared to negative (sterile broth) and
positive (floor swab) controls of microbial growth at 2 days,
1 week and 2-week time points.

Extract Cytotoxicity
Based on the ISO 10993-5 standard for cytotoxicity

testing of biomaterials guidelines, DAT samples were mac-
erated and incubated in DMEM at a ratio of 100 mg tissue:1
mL DMEM for 72 hours at 37 °C with continuous agita-
tion to produce DAT extract media (ISO 10993-5, 2018).
Cells were seeded onto a 96-well plate at a density of 7.81
× 104 cells/cm2, 200 µL volume for both L929 and 3T3s
and allowed to attach for 24 hours. Growth of cells with
neat DAT extracts was compared to positive control me-
dia (DMEM containing 40% Dimethylsulphoxide [DMSO;
SigmaAldrich, UK,D2650] or negative controlmedia (sup-
plemented DMEM only). Cell morphology was observed
using phase contrast microscopy. The metabolic activity of
the cells was determined using an ATP-Lite assay (Perkin
Elmer, UK, 6016947), according to the manufacturer’s in-
structions.

Decellularised Adipose Tissue Seeding
DAT samples were cut using an 8 mm biopsy punch

(Acuderm, Florida, United States, P810) and placed into an
uncoated 48-well plate (CytoOne, Starlab, UK, CC7672-
7548). DAT were seeded at a density of 5.3 × 105 3T3
cells/mm3 in 20 µL of complete DMEM, which was placed
on top of the DAT and then incubated at 37 °C with a 5%
CO2 supply for at least 2 hours before adding 500 µL of
additional media. The media was changed every 2 days
throughout the culture. The same method was followed

with 3T3-L1 cells; however, these were seeded with 3.07
× 105 cells/mm3 due to the larger size of the 3T3-L1 cells.
Both 2D-cell-only and DAT-only controls were seeded at
the same density within the appropriate experiment to en-
sure comparability.

After seeding, the DAT was fixed and processed as
previously stated. Sections of DAT were collected from
approximately 250 µm below the cell-seeded surface and
stained with H&E to identify cell migration into the scaf-
fold over time. These were imaged as previously stated.

Measurement of Metabolic Activity
alamarBlueTM (Bio-Rad, UK, BUF012B) was used

to measure 3T3 and 3T3-L1 cell metabolic activity
when grown in DAT compared to cell culture plastic.
alamarBlueTM was added to the cells at 10% dilution in
complete growth medium (as described in cell culture; Ma-
terials and Methods), and incubated for 3 hours. The per-
centage reduction of alamarBlueTM was used as an estimate
for cell viability to indicate whether the cells remained alive
throughout culture, calculated using the manufacturer’s in-
structions.

Cell Staining
Live-dead staining (Invitrogen, Thermo Fisher Scien-

tific, UK, L3224) of whole scaffolds was performed with
Calcein AM (1 µM) and Ethidium homodimer-1 (1 µM).
StainedDATwere imaged on a Zeiss LSM880 andAiryscan
Inverted ConfocalMicroscope (Zeiss, UK, LSM880) at 488
nm, 537 nm (excitation, emission) and 561 nm, 661 nm
(excitation, emission) wavelengths, respectively. BODIPY
493/503 neutral lipid stain (5 µM) (Cambridge Bioscience,
UK, 25892) and DAPI (2.86 mM) were used to visualise
lipid accumulation. 3T3-L1 cells on the DAT were in-
cubated for 30 minutes with the stains prior to imaging.
BODIPY 493/503 and DAPI were imaged at 488 nm, 538
nm (excitation, emission) and 405 nm, 442 nm (excitation,
emission) wavelengths, respectively.

Vascularisation Analysis
A CAM assay study was carried out to assess whether

the DAT was capable of supporting directional vessel
growth ex ovo, as previously described [39]. Fertilised
Shaver Brown chicken eggs (Medeggs Ltd, UK, no product
code) were incubated at 37.5 °C in an Ova-Easy Series II
Advanced Cabinet Incubator with 45% humidity produced
by an Ova-Easy/TLC Advance Humidity Pump attachment
(Brinsea, USA, MJ3823C). The embryos were removed
from their shells and grown in curved weighing boats
with 3 mL of PBS containing 1% Penicillin/Streptomycin
(100 U/100 µg/mL) and 1% Amphotericin B (250 µg/mL)
(Gibco, UK, 15290-026). Following this, the weighing
boats were placed in petri-dishes containing 4 mL PBS and
incubated in a humidified incubator at 38 °C with 0.05%
CO2 supply from day 3 of incubation [40]. On day 7 of
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incubation, 10 mm diameter circles of DAT were added on
top of the allantoic membrane and positioned so that they
were in contact with the upper membrane. On day 13, white
hand cream was injected under the upper membrane as a
contrast agent. Then, DAT on the CAM were imaged us-
ing an UltraMZ-0460 Monozoom Industrial Inspection Mi-
croscope with a USB camera with GXCapture-T software
(G. T. Vision, UK, UltraMZ-0460) and then analysed us-
ing Fiji ImageJ [41] to assess vessel density as well as di-
rectional vessel growth. The DAT and the adjacent layer
of the CAM were fixed using 10% NBF and taken for his-
tological analysis using H&E staining as described previ-
ously. For analysis, images were correctly scaled, cropped,
converted to 3-bit images, and then sharpened. Following
this, the directional growth of perpendicular (± 45°) ves-
sels was measured as described in [39]. For vessel density,
the images were then thresholded using the “Mexican hat”
filter, despeckled and then analysed with the “Vessel anal-
ysis” plugin [42].

Data Analysis & Statistics
Where relevant, data were represented graphically and

presented as the mean ± standard deviation. For image
data, representative images were taken from the sample co-
hort. Image analysis was undertaken over 5 separate areas
in at least 4 different images per condition using ImageJ.
For measurements of cell diameter, this was taken across
the largest part of the cell over 8 random areas within 6 dif-
ferent images per sample.

Statistical analysis was undertaken where appropriate
and stated within the figure legend. Data were tested for
normality using the Shapiro-Wilk or Kolmogorov-Smirnov
test, and in the case that data were not normally distributed,
the non-parametric test was undertaken. Where data is pre-
sented as proportional data and statistical analysis has been
undertaken, data has been transformed to radians using the
arcsine function to fit the data to a Gaussian distribution, al-
lowing for statistical analysis with the appropriate test. Data
are displayed graphically as original percentages (mean ±
standard deviation), with statistical significance calculated
from transformed data displayed as * on the graph.

Results
Decellularisation of Porcine Adipose Tissue

Porcine NAT sheets were decellularised and then as-
sessed using histological and biochemical analyses. Fol-
lowing decellularisation, the DAT sheet remained intact,
becoming a transparent white colour (Fig. 1A–B). Average
sheet thickness reduced from 1.32 cm in NAT to 0.98 cm (n
= 6) in DAT, causing a percentage loss of 25.8%. Though
reduced in thickness, the DAT sheet was easy to handle, re-
mained intact when lifting, and pulling pressure could be
applied without tissue breakage.

Histological analysis demonstrated a lack of nuclei
within both the DAPI (Fig. 1E) and H&E (Fig. 1G) im-

ages of DAT compared to native tissue (Fig. 1D–F). Some
autofluorescence of the ECM can be seen in the DAPI-
stained DAT (Fig. 1E). DNA quantification was carried out
(Fig. 2A), which provided clarification that this is not resid-
ual nuclei. Fig. 1G shows that the ECM architecture was
maintained in DAT. Shrinkage of the basement membrane,
which previously surrounded the adipocytes, was observed
(Fig. 1F–G). The mean diameter of basement membrane
gaps was significantly greater in NAT compared to DAT
(53 µm and 23 µm, respectively; Fig. 1C).

No microbial growth was seen for any of the DAT
samples incubated in thioglycolate broth (data not shown).

Extractable dsDNA content in the DATwas reduced to
0.50 ng/mg (± 0.14 ng/mg) of lyophilised tissue compared
to 114.5 ng/mg (± 28.3 ng/mg) lyophilised tissue seen in the
NAT (Fig. 2A). Free lipid content was reduced from 1454
µg/mg (± 560.7 µg/mg) to 115.8 µg/mg (± 72.7 µg/mg)
demonstrating that 92.04% of the lipids have been removed
(Fig. 2B). Extractable SDS content was 0.047 µg/mg (±
0.021 µg/mg) of hydrated tissue in DAT.

Cytotoxicity of DAT to L929 and 3T3 Cells
DATwas shown to be non-cytotoxic to both cell lines;

there was no difference in cell morphology in cells grown
with DAT extract compared to the negative control (cells
cultured without extract) (L929 Fig. 3A–C, 3T3 Fig. 3D–
F). The ATP production was significantly greater for both
cell lines in the negative control and DAT than in the posi-
tive control (40 % DMSO) (L929 Fig. 3G, 3T3 Fig. 3H).

3T3 Cell Adhesion and Migration to DAT
Serial sectioning of the DAT enabled assessment of

3T3 cell migration through the DAT. Transverse sections
were taken ∼250 µm from the external (seeded) surface at
the midpoint of the sample after shrinkage during histolog-
ical processing (Fig. 4) [43]. A greater number of cells
(stainedwith purple haematoxylin) were visible at later time
points, and the average number of cells per field of view in-
creased from 0 at day 1 to 403 at day 28.

Cell Viability
Metabolic activity of 3T3 cells within DAT stayed

consistent throughout the culture time. It was comparable
to the cell-only control throughout, except for at days 14
and 21 (Fig. 5A), when metabolic activity was significantly
greater in the 3T3 control. The live-dead staining at the end
of the 28 days of culture showed that the majority of 3T3
cells were still alive, as mostly green cell staining was seen
as opposed to the 3T3 cells grown with 40% DMSO, where
the majority of cells were stained green (Fig. 5B). The pro-
portion of live to dead cells was similar in the 3T3 control
and DAT (Fig. 5C).

The 3T3-L1 cell viability remained consistent
throughout 28 days of culture in DAT. This was compara-
ble to that of the 3T3-L1 cell control at days 3 and 7, but
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significantly lower than that of the 3T3-L1 cell control at
the later time points (Fig. 6A). No metabolic activity was
measured in the DAT only.

The majority of 3T3-L1 cells in DAT were alive after
28 days of culture, as they were stained green with live-
dead, whereas 3T3-L1 cells grown with 40% DMSO were
predominantly stained red (Fig. 6B). There was a similar
proportion of live cells in the 3T3-L1 cells grown in DAT
compared to the 3T3-L1 cells on tissue culture plastic (Fig.
6C).

Cell Differentiation

BODIPY 493/503 staining of 3T3-L1 cells shows the
presence of neutral lipids in the DAT + 3T3-L1 cells after
28 days of cell culture in complete growth medium without
the addition of chemical differentiation mediators (Fig. 7).
A similar amount of lipids was observed in both 3T3-L1
cells grown in DAT and on tissue culture plastic. However,
in both conditions, the lipid droplets in 3T3-L1 cells were
smaller than those seen in adipocytes in NAT.

Fig. 1. NAT and DAT stained with DAPI and H&E. Representative images of native (A,D,F) and decellularised (B,E,G) porcine
adipose tissue, imaged macroscopically (A, B, scale bar = 5 cm) (Red arrow highlights where the DAT had been cut to take samples
for analysis), and microscopically (D–G, Scale bars = 100 µm) stained with DAPI (D,E) and H&E (F,G). Diameter of the basement
membrane (BM) pockets which contained adipocytes were measured before and after decellularisation (C) (6 random areas were chosen
per image across 6 images, one for each animal; n = 6, graphs showing median and the spread of the dataset), ***p < 0.001 analysed
using unpaired two-tailed Student’s t-test.
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Fig. 2. DNA (A) and Lipid (B) content in native and decellularised adipose tissue. Total extracted DNA (A) and lipid (B) content
from native and decellularised porcine adipose tissue (DAT) sample. Data is shown as mean ng DNA per mg of lyophilised tissue (A)
and mean µg of lipid (B) per mg of lyophilised tissue (calculated by estimation based on an average mass loss of 12.3% in NAT and
86.8% of DAT after lyophilisation). (n = 6, mean± standard deviation), **p< 0.002, *** p< 0.001, analysed using a paired two-tailed
Student’s t-test (A) and a Mann-Whitney test (B).

Vascularisation

The ability of DAT to support vessel growth and cell
infiltration in a CAM assay was assessed. A high survival
rate of 66%was observed after the eggs were removed from
cells. The images from the CAM assay show directional
vessel growth towards the DAT, and vessel density greater
than the control group (Fig. 8A–C, n = 6). An average
of 33 (± 12) vessels grew directionally towards the DAT.
This was significantly greater than the number of vessels
that grew directionally towards the same circular area in the
CAM only control, which were counted as an average of 19
(± 5) (Fig. 8B). Vessel density was also greater in DAT +
CAM than in the control group, with a density of 14% (±
5%) area coverage by vessels in DAT + CAM compared
to 9% (± 4%) area coverage by vessels in the CAM alone
(Fig. 8C). H&E images of where the CAM and DAT were
in contact highlight the close growth of vessels to DAT as
well as cell infiltration from the CAM into DAT (Fig. 8D–
E).  

Discussion
This study demonstrated the successful production of

DAT sheets with less than 1 ng of extractable dsDNA per
mg of lyophilised DAT. This is well below the 50 ng/mg
dsDNA outlined within previous literature as the level at
which the material is expected not to evoke an adverse im-
mune response [36]. We also demonstrated that extractable
residual detergent levels (< 0.05 µg/mg, SDS) were∼200-

fold lower than the cytotoxic level (10 µg/mg of tissue)
stated in the literature [37], suggesting that the DAT would
be safe for implantation with respect to detergent toxicity.
This was also confirmed by the lack of cytotoxic responses
in both in vitro and ex ovo models within the current study.
Additionally, the resultant DAT sheet was easy to handle,
demonstrating that DAT sheets maintained sufficient me-
chanical strength to be handled.

During the decellularisation process, a hypotonic
buffer containing SDS and IPA was used to lyse the
adipocytes and solubilise the intracellular lipids, respec-
tively [31]. The use of 1% SDS in the decellularisation
of anterior cruciate ligament allografts has previously been
shown to damage ECM structure and integrity and inhibit
cell migration [44]. However, in the current study, cells
were viable after 28 days in culture and were able to migrate
into the tissues effectively. Therefore, this suggests that the
lower 0.01% SDS did not negatively impact cell growth
or cause cytotoxicity within DAT, even though some al-
terations to the ECM were observed. The current study
demonstrated that the decellularisation protocol resulted
in a 92.04% reduction of lipids. This proportion of lipid
removal appeared to be superior to previous methods in-
volving lipases or ethanol, with these papers demonstrating
remaining visible lipids in Oil Red O images [19,27,45].
However, none of these studies quantified the remaining
lipids within DAT. Although there is no literature surround-
ing the optimal or “safe” levels of lipid within DAT, the
removal of lipids during decellularisation remains impor-
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Fig. 3. DAT extract cytotoxicity on L929 and 3T3 cell lines. Representative images showing the cell morphology of L929 (A–C)
and 3T3 (D–F) when grown in DAT extract media (A and D) compared to negative controls (DMEM) (B and E) and positive controls
(40% DMSO) (C and F) (Scale bars = 100 µm). Brightness and contrast have been edited to better show cell morphology. The effect the
extract had on the metabolism of L929 and 3T3 was measured using an ATP-Lite assay (G andH, respectively). (n = 6, mean± standard
deviation). ***p < 0.001, analysed using a Brown-Forsythe and Welch one-way ANOVA.

Fig. 4. Representative Haematoxylin and Eosin (H&E) stained images of DAT seeded with 3T3 cell line over 28 days. Central
(∼250 µm deep) sections of 3T3 seeded DAT stained with H&E grown for 1 day (A), 7 days (B), 14 days (C), 21 days (D), 28 days (E)
compared to a scaffold only control (F). ECM stains pink and cell nuclei stain dark blue. Scale bars represent 100 µm.
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Fig. 5. 3T3 cell viability grown on DAT for 28 days compared to 3T3 or DAT only cells. 3T3 cell percentage viability measured with
alamarBlueTM over 28 days of culture (A) 3T3 cells grown in DAT for 28 days compared to a 3T3, DAT and 3T3 + 40% DMSO controls
stained with live/dead. Scale bars represent 100 µm. Live cells appear green and dead cells appear red (B) Graph shows the proportion
of live cells in each condition, counts from Fiji, ImageJ (C) (n = 6, graphs show mean ± standard deviation). *p < 0.033, **p < 0.002,
***p < 0.001, assessed using arcsine data transformation and a two-way ANOVA with a Tukey’s post-hoc test.

tant to reduce the risks associated with the presence of free
lipids, such as fat emboli [46].

Sheet ECM has been produced from other materi-
als, such as skin and small intestinal submucosa [47,48].
However, to the best of our knowledge, only one other
study has described the production of adipose ECM sheets;
these were produced from liposuction aspirate and then cast
within a mould [49]. The maceration and recasting of the
ECM in Kim et al. [49] (2012)’s protocol suggests that the
original ECM architecture would have been damaged and

redistributed during production, unlike the method in the
present study. Although in this study, decellularisation re-
sulted in a collapse of the basement membrane, the base-
ment membrane could still be distinguished from the fi-
brous septa. A similar collapse of the basement membrane
was shown in histological images in a decellularised hu-
man adipose tissue produced in a previous study, though
the authors did not state this collapse [27]. Wang et al. [27]
(2013) showed successful cell infiltration, ECM remod-
elling and growth of vasculature within the scaffold in vivo;
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Fig. 6. 3T3-L1 cell viability grown on DAT for 4 weeks compared to 3T3-L1 and DAT only controls. 3T3-L1 cell % viability
measured with alamarBlueTM over 4 weeks of culture (A) 3T3-L1 cells grown in DAT for 4 weeks compared to a 3T3-L1, DAT and
3T3-L1 + 40% DMSO controls stained with live/dead (B) Scale bars represent 100 µm. Live cells appear green and dead cells appear
red. Graph shows the proportion of live cells in each condition, counts from Fiji, ImageJ (C) (n = 6, mean ± standard deviation). *p <
0.033, **p < 0.002, ***p < 0.001, assessed using arcsine data transformation and a two-way ANOVA with a Tukey’s post-hoc test.

therefore, this collapse is unlikely to cause a negative im-
pact on DAT integration in vivo. Even so, more of the struc-
ture of the DAT produced in this study was maintained in
comparison to other protocols, which involved maceration

or digestion of the tissue pre- or post-decellularisation for
DAT production or an ECM hydrogel [25,31]. For exam-
ple, more of the basement membrane can be distinguished
in H&E images of DAT in the current study, suggesting that

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v059a07


118 www.ecmjournal.org

European Cells and Materials Vol.59 2026 (pages 108–123) DOI: 10.22203/eCM.v059a07

Fig. 7. Stained lipid droplets in NAT, DAT, DAT + 3T3-L1 and 3T3-L1 on cell culture plastic. 3T3-L1 cells grown in DAT for 28
days compared to a 3T3-L1 only, DAT only and NAT stained with BODIPY 493/503 (green) and DAPI (blue). Scale bars represent 100
µm. Lipid droplets appear green, and nuclei appear blue.

this decellularisation protocol was more effective at pre-
serving the ECM whilst removing cellular material.

A 40% reduction in the diameter of the basement
membrane from around adipocytes was observed, high-
lighting the collapse of the basement membrane. The re-
moval of the cells will have caused a reduction in pressure
placed on the basementmembrane by the cell traction forces
from adipocytes. Cell traction forces have been correlated
with adipocyte cell area and cytoskeletal-focal adhesion ar-
chitecture development, which are responsible for cell-to-
ECM force transmission [50]. Therefore, the reduction of
this force transmission due to the loss of adipocytes is the
likely cause of the basement membrane collapse. In the
literature, cell migration, proliferation and differentiation
have been shown to be influenced by cell traction forces,
suggesting that this may impede host cell infiltration into
DAT once implanted [51]. Although there was a shrink-
age of the basement membrane in DAT, this did not dis-
courage cell infiltration into the DAT. The data also sug-
gest that DAT was able to support the growth of both 3T3
and 3T3-L1 cells, which maintained cell viability; how-
ever, the metabolic activity was lower in cells grown in
DAT than that of the cell-only controls. Previous studies
have noted that 3D culture can affect cell metabolic activ-
ity and reduce cell proliferation, which is thought to oc-
cur due to limited oxygen and nutrient penetration [52,53].

However, Rybkowska et al. [52] (2023) used more spe-
cific measures of metabolic activity than in the current
study, such as oxygen consumption rate and extracellu-
lar acidification rate. Though these should correlate with
alamarBlueTM conversion, there are other aspects involved
with alamarBlueTM that could account for the reduced re-
duction of alamarBlueTM with seeded DAT compared to
cell-only controls, such as dye becoming trapped in the
DAT.

The potential of 3T3-L1 cells seeded onto the DAT to
differentiate into adipocyte-like cells was measured by in-
vestigating lipid accumulation. After 28 days of culture,
3T3-L1 cells seeded on DAT in the absence of adipogenic
differentiation factors showed evidence of lipid accumu-
lation, and a similar effect was seen when the cells were
grown on tissue culture plastic. It has previously been re-
ported that 3T3-L1 cells can accumulate lipids in the ab-
sence of adipogenic differentiation media when they reach
sufficient confluency to elicit growth arrest [54]. While this
could explain the lipid accumulation observed in the 2D tis-
sue culture plastic control, the cells on the DAT scaffold
were not fully confluent due to the large surface area of the
DAT. Therefore, the lipid accumulation in 3T3-L1 cells in
DAT may have been due to a response to the DAT topog-
raphy or microenvironmental cues received upon adhesion
to the ECM [53]. However, as the 3T3-L1 cells began to
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Fig. 8. Vascular growth towards DAT within a CAM model. Representative images of the DAT placed on the CAM (DAT circled in
images) (A) Scale bars = 2 mm. ImageJ analysis of panel A, highlighting directional vessel growth at 90° ± 45° (B) and vessel density
(C) Graphs show the median and distribution of the dataset ***p< 0.001 confirmed using a two-tailed Welch’s test following normality
confirmation with a Shapiro-Wilk test. Vessel density was transformed using arcsine function prior to statistical analysis. Representative
histological images of CAM and DAT cross sections stained with H&E (D & E) Scale bars = 50 µm. Annotations: 1 = blood vessels
containing red blood cells, 2 = DAT, 3 = CAM. (n = 6 (DAT), n = 5 (CAM per DAT)).

differentiate into adipocytes within the DAT, this would re-
duce their proliferative ability. Therefore, it could account
for a reduction in metabolic activity, as the metabolic activ-
ity of terminally differentiated mature adipocytes would be

decreased.
The BODIPY 493/503 results suggest that DAT pro-

vided an inductive microenvironment for adipocyte dif-
ferentiation, as has been shown previously with human-
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derived DAT and ECM [19,55]. However, these papers
used ADSCs rather than 3T3-L1 cells to assess human-
based DAT in vitro. Proteins, growth factors and extracel-
lular vesicles bound to ECM molecules have been shown
to remain following decellularisation to provide tissue-
specific signalling in several different tissues, including
small intestinal submucosa [56,57]. Further investigation
is required to determine which of these factors remain on
the DAT produced in this study and whether these provide
adipogenic signals for adipocyte growth and differentia-
tion. The lipid droplets in 3T3-L1 cells grown in DAT were
smaller than NAT, as commonly seen with 3T3-L1 cells in
culture [58,59]. It was also observed that the 3T3-L1 cells
do not acquire the unilocular phenotype of mature native
adipocytes; however, this has been reported elsewhere re-
garding primary and cell line-derived preadipocytes and has
been attributed to adipocyte immaturity [58–61]. Longer-
term culture and the addition of differentiation factors may
provide more information on this behaviour. In the litera-
ture, the growth of adipocytes with unilocular lipid droplets
is considered difficult in culture, as they are believed to
have reached a terminal differentiation, so they will no
longer continue to proliferate [62]. Recently, it has been
discovered that aerobic glycolysis in 3D adipocyte culture
increases AMP-activated protein kinase activation, leading
to increased fatty acid uptake and the formation of unilocu-
lar lipids. Therefore, the experiment could be repeated with
ADSCs and upregulated aerobic glycolysis to understand
whether DAT is able to support unilocular lipid develop-
ment [63]. Alternatively, the formation of unilocular lipids
within adipocytes should be assessed during in vivo studies.

The CAM assay was used as a method of studying cel-
lular response to DAT in a more complex model. The sur-
vival rate of the eggs was 66% after removal from the shell,
which is greater than previously reported (50–60%) when
using the ex ovo method [64]. Both an increase in vessel
density and directional vessel growth toward the DAT oc-
curred within the CAM sample, which suggests that DAT
may be able to support the growth of new vessels. Angio-
genesis is a key aspect in the wound healing process; there-
fore, the growth of new vessels is of key importance. The
infiltration of cells from the CAM into DAT, seen in the his-
tological analysis, corroborates the in vitro results demon-
strating DAT’s capacity to support cell migration and in-
filtration. Similar histological data have been shown with
Alloderm, a clinically used acellular human dermis pro-
duced by LifeCell, which displayed successful cell infiltra-
tion into the implanted Allodermwithin in vivomouse stud-
ies [65,66]. Though this does not directly relate to adipose
regeneration, this is an example of a decellularised graft
with clinical success in a similar area to adipose regener-
ation. Based on the results of this study, it is expected that
DAT has the potential to integrate after implantation.

The potential applications for DAT are broad, includ-
ing the regeneration of adipose tissues for patients who have

had a mastectomy, adipose volume loss following trau-
matic injuries or patients with diabetic foot ulcers. Though
there are benefits to the use of porcine tissue, including
wider availability and lower costs, DAT has been developed
mostly from human sources [9,19]. Therefore, in the future,
we could adapt this protocol to decellularise human adipose
tissue.

Conclusions
In conclusion, this study has successfully produced

porcine-derived DAT sheets, which preserved the ECM and
met the criteria for successful decellularisation. In vitro as-
sessment has shown that DAT is non-cytotoxic to L929 and
3T3 cells. DAT supports 3T3 and 3T3-L1 cell adhesion, cell
viability and supports the differentiation of 3T3-L1 cells to
adipocyte-like cells in the absence of adipogenic differen-
tiation factors. Additionally, blood vessels grew towards
DAT within the CAM ex ovo assay. These factors suggest
that DAT is likely to be integrated in vivo; however, future
research will further investigate the biochemical behaviour
of DAT and its potential as a treatment for adipose regener-
ation.
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