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Abstract: Background: The decellularized adipose-derived matrix (DAM) has emerged as a promis-
ing biomaterial for inducing adipose tissue regeneration. Various methods have been employed to
produce DAM, among which the enzyme-free method is a relatively recent preparation technique.
The mechanical fragmentation step plays a crucial role in determining the efficacy of the enzyme-free
preparation. Methods: The adipose tissue underwent fragmentation through the application of ultra-
sonication, homogenization, and freeze ball milling. This study compared the central temperature of
the mixture immediately following crushing, the quantity of oil obtained after centrifugation, and the
thickness of the middle layer. Fluorescence staining was utilized to compare the residual cell activity
of the broken fat in the middle layer, while electron microscopy was employed to assess the integrity
and properties of the adipocytes among the three methods. The primary products obtained through
the three methods were subsequently subjected to processing using the enzyme-free method DAM.
The assessment of degreasing and denucleation of DAM was conducted through HE staining, oil red
staining, and determination of DNA residues. Subsequently, the ultrasonication-DAM (U-DAM) and
homogenation-DAM (H-DAM) were implanted bilaterally on the back of immunocompromised mice,
and a comparative analysis of their adipogenic and angiogenic effects in vivo was performed. Results:
Oil discharge following ultrasonication and homogenization was significantly higher compared
to that observed after freeze ball milling (p < 0.001), despite the latter exhibiting the lowest center
temperature (p < 0.001). The middle layer was found to be thinnest after ultrasonication (p < 0.001),
and most of the remaining cells were observed to be dead following fragmentation. Except for DAM
obtained through freeze ball milling, DAM obtained through ultrasonication and homogenization
could be completely denucleated and degreased. In the in vivo experiment, the first adipocytes were
observed in U-DAM as early as 1 week after implantation, but not in H-DAM. After 8 weeks, a signif-
icant number of adipocytes were regenerated in both groups, but the U-DAM group demonstrated a
more efficient adipose regeneration than in H-DAM (p = 0.0057). Conclusions: Ultrasonication and
homogenization are effective mechanical fragmentation methods for breaking down adipocytes at
the initial stage, enabling the production of DAM through an enzyme-free method that facilitates
successful regeneration of adipose tissues in vivo. Furthermore, the enzyme-free method, which is
based on the ultrasonication pre-fragmentation approach, exhibits superior performance in terms of
denucleation, degreasing, and the removal of non-adipocyte matrix components, thereby resulting in
the highest in vivo adipogenic induction efficiency.

Keywords: decellularized adipose-derived matrix; cell fragmentation; mechanical method;

ultrasonication; homogenization

1. Introduction

Decellularized adipose-derived matrix (DAM) has become a research focus in the
field of tissue engineering. This is because it has been shown to control cell behavior
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and accelerate tissue regeneration. Its ability to induce adipogenesis in vivo and in vitro
has been widely confirmed [1-3]. As a potential tissue-specific regeneration scaffold,
it has a broad application perspective in reconstruction and plastic surgery [3-5]. The
classical adipose tissue decellularization process mainly involves mechanical crushing,
enzymatic digestion, elution of the cationic agent, degreasing, and so on [1-5]. However,
the use of biological enzymes for decellularization is time-consuming and expensive on the
one hand. On the other hand, the enzyme protein (collagenase or trypsin) may activate
complement and cause a local inflammatory reaction, so it is banned for clinical use in
products in many countries [6—8]. More importantly, biological enzymes first digest and
destroy the thin part of DAM, which greatly affects the yield and quality of DAM. In a
previous study, Liu et al. [9] and our team [10] found that by increasing the intensity of
mechanical disruption, the cellular components in the adipose tissue can be effectively
removed without using biological enzymes to obtain DAM. We called this preparation
method the enzyme-free method. Its main principle is to directly fragment most of the
cells through a variety of mechanical fragmentation methods, so that the nucleus and other
immunogenic components can be easily eluted, which completely cancels the effect of
enzymes. Therefore, the efficiency of mechanical fragmentation is the key to determining
the quality of decellularization without enzymes.

Currently, the most commonly used mechanical methods for tissue fragmentation are
ultrasonication, homogenization, and freeze ball milling. For freeze ball milling, the grind-
ing ball is used as a medium, to grind the tissue and cells by impact, extrusion, friction, and
other methods. The low temperature ensures that the protein activity associated with the
extracellular matrix is protected. In addition, the working principle of the homogenizer is
to crush all cells and fibers with high shear force, while the ultrasonication acts almost only
on the cells. The adipocytes could be crushed exclusively, while the fiber components were
hardly affected [11-13]. Nevertheless, there are few studies on the fragmentation efficiency
and characteristics of adipocytes by different mechanical methods. In this study, we aim
to compare the effect of fragmentation of adipocytes by three mechanical comminution
methods to optimize the quality of DAM and the efficiency of adipogenic induction in vivo.

2. Methods
2.1. Fragmentation of Adipocytes

Fresh human adipose tissue was harvested from 5 healthy female patients aged
28-43 years who underwent negative pressure liposuction of the abdomen or thighs at the
Plastic Surgery Hospital of the Chinese Academy of Medical Sciences. All protocols using
human samples were approved by the Ethics Committee of the Plastic Surgery Hospital
(NO. ZX201843), and samples were collected with written informed consent.

The remaining adipose tissue was collected and transported to the laboratory within
2 h at low temperature. Fresh adipose tissue was stratified after standing for 15 min. After
removing as much blood and swelling fluid as possible, the coarse fibers of the adipose
tissue were picked out with sharp forceps. The remaining fat was washed three times with
sterilized distilled water. The following 3 crushing methods were used to break 20 mL
cleaned fat (n = 3) each time, and the parameters were all referenced to the optimal parame-
ters specified by the device manufacturer. (1) Ultrasonication: ultrasonication instrument
(JY96-IIN, Huxi Ltd., Shanghai, China) was used 3 times with a power of 90 W under stir-
ring in an ice bath. The operation time was 3 min each time. The ultrasound was turned on
for 1s and off for 2 s. (2) Homogenization: a high-speed dispersion homogenizer (FJ200-SH,
Huxi Ltd., Shanghai, China) was used for comminution at 20,000 r/min x 2 min. (3) Freeze
ball milling: Freeze ball grinding machine (JXFSTPRP-CLN, Jingxin Ltd., Shanghai, China)
was used 6 times for crushing at 60 Hz and —15 °C. Each grinding time lasted 1 min, and
the interval was suspended for 20 s.
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2.2. Immediate Comparison of Crushed Adipocytes

After crushing in three methods, the center temperature of the mixture was immedi-
ately measured and recorded using a high-precision thermometer (DT1311, Lihuada Ltd.,
Shenzhen, China). After removing possible coarse fibers, the suspension treated by the
3 methods was placed in a 50 mL centrifuge tube and centrifuged at 1000 rpm for 5 min.
After centrifugation, the top layer (oil layer) was aspirated to measure the volume, and the
thickness of the middle layer (residual fat layer) was also measured.

An appropriate amount of the interlayer tissue was poured onto sterile gauze to
remove the water in the tissue. Fluorescent staining was performed using Bodipy, PI, and
Hoechst to evaluate the activity of the remaining cells immediately and the cell membrane
damage after the tissue was crushed. Hoechst 33342+ BODIPY+ PI (Thermo Fisher Scientific,
Waltham, MA, USA) was prepared, shaken in the dark for 30 min, and purified twice with
PBS. A 30 um 3D image was reconstructed under a laser scanning microscope (Leica,
Allendale, NJ, USA).

An appropriate amount of the interlayer tissue was removed for fixation, gradient
drying, and desiccation. After 30 s of gold spraying, images were acquired with a scanning
electron microscope (SU8100, HITACHI Ltd., Tokyo, Japan) to observe the microscopic
features of broken adipocytes and adjacent extracellular matrix in different fragmentation
methods.

2.3. Preparation of Decellularized Adipose-Derived Matrix in Enzyme-Free Method

The remaining sediments were modified to produce DAM based on our original
enzyme-free decellularization method [10]. Simply put, the sediments were soaked in
a 1% Triton X-100 solution in a shaker for 48 h and then rinsed 5 times with sterilized
distilled water at 10 min, 30 min, 1 h, 2 h, and overnight intervals (>12 h). The remaining
precipitate was shaken in isopropyl alcohol at constant temperature (37 °C, 100 rpm) for 6 h
to remove the remaining lipids, and then rinsed 3 times with sterile distilled water, 30 min
each time. The next step was to add 75% alcohol and rinse 3 times for 30 min each, then
add sterilized distilled water and rinse 3 times for 30 min each. The wet DAM was stored
in 1% penicillin-streptomycin solution at 4 °C.

2.4. Characteristics of DAMs

The DAM obtained by three mechanical fragmentation methods were generally ob-
served. They were fixed with 10% buffered formalin, with some of the DAM embedded in
paraffin, and then sliced and stained with HE to observe the histological features and to
determine if nuclear remnants were present. Some were frozen and then stained with Oil
Red O to see if nuclear and lipid remnants were present. After the DAMs were freeze-dried
in a vacuum freeze-drying machine, the dry weight of the DAM was measured. The DNA
extraction kit (Solarbio Science & Technology Co., Ltd., Beijing, China) was used to extract
DNA according to the protocol. The residual DNA concentration was determined using
NanoDrop 2000 (Thermo Fisher Science, Waltham, MA, USA) (n = 3).

2.5. In Vivo Transplantation Experiment

BALB/c-nude male mice aged 6-8 weeks were used in the experiment. The animal
experiments were approved by the Ethics Committee of the Plastic Surgery Hospital
[2023(2)]. The procedures for animal experiments strictly followed the regulations and
standards for the protection and use of experimental animals formulated by the Chinese
Academy of Medical Sciences and Peking Union Medical College.

DAM obtained from ultrasonication (U-DAM) and DAM prepared by homogenation
method (H-DAM) were 50 uL for each injection site. They were then cut and thoroughly
mixed with normal saline. An 18-gauge needle was used to inject the left and right sides
of the back of the mice (n = 5 per group at each time point), respectively. The mice were
euthanized between 1 and 8 weeks after injection to obtain implant samples.
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2.6. Histological and Immunohistochemical Staining

After fixation in 4% paraformaldehyde for 24-48 h, samples were embedded in paraffin
and sectioned. Hematoxylin and eosin (HE) were used to examine the morphology of
the implants at each study time point. Immunohistochemical staining was performed
for the lipogenic marker Perilipin-1 (Abcam ab3526, Cambridge, UK, 1:1000) and CD31
(Abcam ab28364, Cambridge, UK, 1:4000) was used to locate vascular endothelial cells.
Sections were scanned using a microscopic digital slice scanning system (Motic EasyScan
Pro 6). Image ] software was used to calculate the area proportion of panoramic Perilipin-1-
positive adipocytes to assess adipogenesis in implants. The CD31-positive area proportion
of 5 random fields of view (x100 magnification) was calculated to assess angiogenesis in
the implants in each group.

2.7. Statistical Analysis

All data were expressed as mean =+ standard deviation (SD). Statistical analysis was
performed using SPSS 26.0 (SPSS, Chicago, USA). Statistical significance of the data was
analyzed at the 95% confidence level using analysis of variance. p < 0.05 is considered
statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Effect of Adipocytes Fragmentation

After the adipose tissue was fragmented by 3 methods, the suspension was divided
into 3 layers after centrifugation (Figure 1A). The amount of oil in the upper layer, the
thickness of the middle layer, and the immediate center temperature after fragmentation are
detailed in Table 1. The oil discharge after ultrasonication and homogenization was not sig-
nificantly different (p = 0.8813), but it was significantly higher than in the freeze ball milling
group in both cases (p = 0.0007). The middle layer of ultrasonication was the thinnest
(p < 0.001), which was significantly better than the other 2 methods. The immediate center
temperature after fragmentation was lowest [(25.83 & 0.55) °C] for the freeze-grinding
method, (36.53 £ 0.70) °C in ultrasonication, and highest [(40.50 % 0.70) °C] for the homog-
enization.

Table 1. Effect of three mechanical fragmentation methods on adipocytes (*** p < 0.001).

Ultrasonication Homogenation Freeze Ball Milling
Oil (ml) 13.93 +0.25 13.67 +1.10 10.10 £ 0.30 ***
Thickness of Middle 0.20 + 0.02 *** 0.39 + 0.01 ** 1.20 4 0.07 ***
Layer (cm)
Temperature (°C) 36.53 £ 0.70 *** 40.50 £ 0.70 *** 25.83 £ 0.55 ***

The interlayer tissue obtained from three fragmentation methods was subjected to
fluorescent staining using Bodipy, PI, and Hoechst. PI selectively stains cells with damaged
membranes. In Figure 1B, it is evident that Bodipy staining highlights the lipids in green,
while a significant number of cell nuclei appear purple due to the overlapping staining
of PI (red) and Hoechst (blue). Compared with ultrasonication and homogenization, the
intercellular connections of the residual adipocytes were tighter in the freeze ball milling
method. In addition, there was less residual nuclear material in the ultrasonication group,
whereas a large number of dead red nuclei were densely seen in the homogenization group.

Scanning electron microscopy examination revealed a large number of fibers and some
undestroyed adipocytes and cell fragments in the three crushing methods (Figure 1C).
Ultrasonication and the freeze ball milling group still showed a tiny number of adipocytes
wrapped in dense fibers, which, in contrast, hardly occurred in homogenization.
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Clean Adipose Tissue Ultrasonication Homogenation  Freeze Ball
Milling
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Ultrasonication Homogenation Freeze Ball Milling

Figure 1. Characterizations of crushed adipose tissue. (A) (left) Adipose tissue before being broken.
(right) Adipose tissue was Fragmentated by ultrasonication, homogenization, and freeze ball milling
along with centrifugation. (B) Immediate fluorescence staining with Bodipy, PI, and Hoechst to
assess residual cell activity. Green is for lipids, red is for dead nuclei, and blue is for living nuclei.
Scale bar = 100 um. (C) Scanning electron microscope (SEM) images of interlayer tissue after ultra-
sonication, homogenization, and freeze ball milling, showed broken adipocytes attached to matrix
and fibers. Scale bar = 50 um.

3.2. Characteristics in Three Types of DAMs

The DAMSs obtained by the three different crushing methods were all white flocculent
solid (Figure 2A). In histological staining, the U-DAM showed a relatively uniform fine
fiber structure, whereas the H-DAM and freeze ball milling (M-DAM) showed diverse fiber
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structures, most of which were fine fiber-like, while the inclusion fraction was coarse and
swirly (Figure 2B). In both U-DAM and H-DAM, no red colored lipid components were
found with oil red O staining (Figure 2C). However, in the M-DAM, the fibers were not only
covered with blue-stained nuclei in the HE staining, but also the residues of red-stained
lipids were observed in the oil red O staining. In the quantitative determination of DNA
residues, the DNA residue of U-DAM was (28.93 + 4.64) ng/mg and the DNA residue of
H-DAM was (42.26 £ 8.01) ng/mg, both of which were in accordance with the standard for
decellularized DNA residues in tissue [13]. In contrast, the DNA residue of M-DAM was
as high as (7669.75 + 1316.80) ng/mg, and the effect of denucleation and degreasing did
not meet the standard. Therefore, only U-DAM and H-DAM were used for the subsequent
in vivo experiments.

U-DAM H-DAM M-DAM

Gross appearance

HE

Oil Red O

Figure 2. Characterizations of ultrasonication-DAM (U-DAM), homogenation-DAM (H-DAM), and
freeze ball milling-DAM (M-DAM). (top) HE staining for (middle) three DAMs. Scale bar = 10 pum.
(bottom) Oil Red staining for three DAMs. Scale bar = 10 um.

3.3. Adipogenesis by DAMs In Vivo

U-DAM was administered subcutaneously on the left side of the back, whereas the
H-DAM was injected on the right side as planned. General observation showed that the
implants on both sides had clear borders, certain thickness, similar shape and size, relatively
white color, and soft texture during the first week (Figure 3A). At 8 weeks, the implants
on both sides looked thinner and had a dark red color. Distinct small vessels were visible
on the surface of the implants. Perilipin-1 staining (Figure 3B) showed clear infiltration of
inflammatory cells at 1 week in both groups, which had largely resolved by 8 weeks. In
the U-DAM, locally newborn immature multilocular adipocytes were observed in the first
week (3 of 5), whereas no adipocytes were observed in group H-DAM. At 8 weeks, there
was a large number of mature adipocytes in both groups. The regeneration of adipocytes in
the U-DAM group was significantly more vigorous than in the H-DAM group at 8 weeks
(Figure 3C) (p = 0.0057). In the U-DAM group, the matrix was almost filled with adipocytes,
while in the H-DAM group there were still some empty matrix areas without adipocytes.
When vascularization was assessed (Figure 3E), dense and small blood vessels were seen
at the edge of the implants in both groups during the first week. Over time, the vessel
diameter increased and became sparser at week 8, but there was no significant difference
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in DAM angiogenesis between the 2 groups at 1 week (p = 0.9991) or 8 weeks (Figure 3D)
(p = 0.0627).
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Figure 3. The regeneration of adipose tissue after the injection of U-DAM and H-DAM in BALBc-
nude mice. (A) Implantation of 1 w U-DAM (left) and 8 w H-DAM (right) into the back of nude
mice. Scale bar = 1 cm. (B) Perilipin-1 staining of adipocytes after U-DAM and H-DAM implantation.
Scale bar = 400 um, enlarged Scale bar = 100 um. (C) Adipocyte area ratio after U-DAM and H-DAM
implantation. (D) Vascular area ratio after U-DAM and H-DAM implantation. (E) CD31 staining
after U-DAM and H-DAM implantation. Scale bar = 400 um, enlarge Scale bar = 100 pm (ns: not
significant. ** p < 0.01).
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4. Discussion

The key to producing a decellularized adipose-derived matrix is first to break the
cell membrane by various methods, then repeatedly elute the nuclear material with im-
munogenicity and a mass of lipid droplets inside the adipocyte. Thus, we could obtain a
cell-free biological scaffold. Various cell-breaking methods are often used in the preparation
of DAM to obtain the best results [14-19]. In general, decellularization methods can be
divided into the enzymatic method (a variety of biological enzymes directly collapse the
cell membrane and other corresponding target substances), the chemical osmosis method
(using surfactants or stain removers to alter the permeability of the cell membrane so
that the contents can selectively leak out), the mechanical method (mechanical disruption
of the membrane), and the physical method (use of repeated freezing and thawing or
osmotic pressure difference inside and outside the cell to break the membrane) [1,5]. The
enzyme-free method is a combination of mechanical and chemical osmosis methods. Our
results show that a small number of adipocytes in the middle layer cannot be completely
broken after mechanical breaking alone, regardless of the mechanical method. To avoid
the introduction of foreign enzymes and the possible destruction of extracellular matrix
proteins, Triton X-100 solution was chosen as the method to further break the membrane.
Our previous studies have shown that the DAM, prepared by the enzyme-free method, can
be effectively denucleated and degreased [10].

There is no doubt that the mechanical method is the most critical step to determine the
effect of the enzyme-free method to produce DAM. In this study, three common mechanical
methods of tissue fragmentation, including ultrasonication, homogenization, and freeze
ball milling, were used to compare the effect of adipocyte fragmentation and the difference
in the effect of adipogenesis induced by DAM in vivo.

There are different types of grinding, such as extrusion, collision, friction, cutting,
shearing, and so on. For samples with high hardness, collision, extrusion, friction, and other
methods are generally used, while for soft ones, the cutting method is more efficient. The
ball mill uses the grinding ball as the medium to crush the sample by impact, extrusion, and
friction [20]. We also found that the ball mill is not ideal for grinding adipose tissue because
a number of adipocytes are still unbroken from both the macro and micro levels. We believe
that freeze ball milling is not suitable to be used as a pre-mechanical comminution method
for DAM preparation without enzymes. At the same time, it should be noted that the
stainless steel grinding ball carries the risk of crisps coming off during the grinding process,
which will add other impurities to the DAM raw sample.

The homogenizer adopts the high-speed shearing and dispersion method to produce
strong liquid shearing and high-frequency mechanical action, which can effectively shear,
tear, and mix to achieve uniform dispersion [21]. The homogenizer has a good crushing
effect on the high viscosity solid-liquid mixture with large particles, and is suitable for
crushing adipose tissue [22,23]. Ultrasound converts electrical energy into sound energy
and bursts the cells by the cavitation of sound waves [24,25]. However, at high frequency
and high pressure, large amounts of heat can also be generated [26,27]. Without stirring
or an ice bath to dissipate heat, the temperature of the fat suspension reached 70-80 °C
during ultrasonication. Local overheating of the suspension can easily lead to thermal
denaturation of the active protein and eventually affect the adipogenic effect of DAM.
Therefore, the specially designed stirring ice bath device can well solve the problem of high
temperature. With the same setting of ultrasonic parameters, the sample temperature can
be maintained at (36.53 £ 0.70) °C.

Our study shows that ultrasonication is the best method for the pre-mechanical
fragmentation approach based on enzyme-free preparation of DAM. This is because, on
the one hand, ultrasonication had the best effect on adipocyte fragmentation in terms
of oil production, interlayer thickness, and immediate center temperature, followed by
homogenization. On the other hand, DNA residues and the effect of adipogenesis of
U-DAM were also the best. Freeze ball milling can maintain the lowest temperature in the
liquid center but has the lowest oil output and the least comminuted adipose tissue in the



Bioengineering 2023, 10, 758

9o0f 11

References

middle layer. Its crushing effect is not ideal, not to mention that the subsequent M-DAM
cannot meet the denucleation and degreasing requirements. Previous studies have also
shown that small blood vessels are abundant in such coarse fibers in lipoaspirates. Many
of the adipose-derived stem cells were located near blood vessels in adipose tissue [28,29].
On the confocal image immediately after fragmentation, we can also see that there are
many cell-free nuclear components on the remaining fibers after comminution by the
homogenizer, but such a phenomenon was not found in the ultrasonication. We suggest
that the residual nuclear material in the DAM is mainly on the blood vessel and fiber
components rather than on the adipocytes themselves, resulting in the residual DNA
amount of H-DAM being significantly higher than that of U-DAM. Both U-DAM and
H-DAM can achieve a satisfactory lipogenesis effect in vivo. However, the fat regeneration
rate of U-DAM was much faster than that of H-DAM, and the final adipogenesis induction
effect was significantly better than that of H-DAM. We found that the adipocytes in U-DAM
grew relatively evenly distributed in the 8 weeks, while in H-DAM there were some matrix
areas where the adipocytes could not grow all the time and became the “adipocyte-free
zone”. It may be the reason why the adipogenesis effect of H-DAM was inferior to that of
U-DAM.

However, there are still some limitations on ultrasonication. The fragmentation time
is longer than homogenization, and the process is more complicated.

5. Conclusions

As ultrasonication and homogenization are effective methods to completely break
adipocytes at the initial step, DAM can be produced with an enzyme-free method that
allows successful regeneration of adipose tissues in vivo. Moreover, the enzyme-free
method based on the ultrasonication pre-fragmentation method has a better effect on
denucleation and degreasing as well as the removal of non-adipocyte components of the
matrix, resulting in the best in vivo adipogenic induction efficiency.

Author Contributions: Writing—original draft preparation, J.F.; formal analysis, J.F,; investigation,
J.E; methodology, J.F.,, S.F. and J.L.; resources, J.F.,, S.F. and J.L.; writing—review and editing, J.F.,
S.F. and J.L.; validation, ].E,; visualization, ].F.; conceptualization, S.F. and J.L.; supervision, J.F.,, S.F.
and ].L.; funding acquisition, J.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Key Projects of Medical School Development of Shijingshan
District (20078) and the National Clinical Key Specialty Construction Project (1112621048).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Plastic Surgery Hospital [2023(2)].

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, Luan, upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Flynn, L.E. The use of decellularized adipose tissue to provide an inductive microenvironment for the adipogenic differentiation
of human adipose-derived stem cells. Biomaterials 2010, 31, 4715-4724. [CrossRef]

2. Chun,S.Y,; Lim, J.O,; Lee, EH.; Han, M.-H.; Ha, Y.-S.; Lee, ].N.; Kim, B.S.; Park, M.].; Yeo, M; Jung, B.; et al. Preparation and
Characterization of Human Adipose Tissue-Derived Extracellular Matrix, Growth Factors, and Stem Cells: A Concise Review.
Tissue Eng. Regen. Med. 2019, 16, 385-393. [CrossRef]


https://doi.org/10.1016/j.biomaterials.2010.02.046
https://doi.org/10.1007/s13770-019-00199-7

Bioengineering 2023, 10, 758 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Banyard, D.A.; Borad, V.; Amezcua, E.; Wirth, G.A.; Evans, G.R.D.; Widgerow, A.D. Preparation, Characterization, and Clinical
Implications of Human Decellularized Adipose Tissue Extracellular Matrix (hDAM): A Comprehensive Review. Aesthet Surg. J.
2016, 36, 349-357. [CrossRef]

Anderson, A.E.; Wu, L; Parrillo, A.J.; Wolf, M.T.; Maestas, D.R.; Graham, L; Tam, A ].; Payne, RM.; Aston, J.; Cooney, C.M.; et al.
An immunologically active, adipose-derived extracellular matrix biomaterial for soft tissue reconstruction: Concept to clinical
trial. NPJ Regen. Med. 2022, 7, 6. [CrossRef] [PubMed]

Kokai, L.E.; Schilling, B.K.; Chnari, E.; Huang, Y.-C.; Imming, E.A.; Karunamurthy, A.; Khouri, RK.; D’Amico, R.A.; Coleman, S.R,;
Marra, K.G.; et al. Injectable Allograft Adipose Matrix Supports Adipogenic Tissue Remodeling in the Nude Mouse and Human.
Plast. Reconstr. Surg. 2019, 143, 299e-309e. [CrossRef] [PubMed]

Ducret, M.; Fabre, H.; Farges, J.-C.; Degoul, O.; Atzeni, G.; McGuckin, C.; Forraz, N.; Mallein-Gerin, F.; Perrier-Groult, E.
Production of Human Dental Pulp Cells with a Medicinal Manufacturing Approach. J. Endod. 2015, 41, 1492-1499. [CrossRef]
[PubMed]

Ohnuma, K.; Fujiki, A.; Yanagihara, K.; Tachikawa, S.; Hayashi, Y.; Ito, Y.; Onuma, Y.; Chan, T.; Michiue, T.; Furue, M.K,; et al.
Enzyme-free passage of human pluripotent stem cells by controlling divalent cations. Sci. Rep. 2014, 4, 4646. [CrossRef]
Kawashima, N. Characterisation of dental pulp stem cells: A new horizon for tissue regeneration? Arch. Oral. Biol. 2012, 57,
1439-1458. [CrossRef]

Liu, K.; He, Y.; Yao, Y;; Zhang, Y.; Cai, Z.; Ru, ].; Zhang, X,; Jin, X.; Xu, M,; Li, Y.; et al. Methoxy polyethylene glycol modification
promotes adipogenesis by inducing the production of regulatory T cells in xenogeneic acellular adipose matrix. Mater. Today Bio.
2021, 12, 100161. [CrossRef]

Tang, W.; Qi, ].; Wang, Q.; Qu, Y.; Fu, S,; Luan, J. Investigating the Adipogenic Effects of Different Tissue-Derived Decellularized
Matrices. Front Bioeng Biotechnol 2022, 10, 872897. [CrossRef]

Zhang, R.; Chen, J.; Zhang, X. Extraction of intracellular protein from Chlorella pyrenoidosa using a combination of ethanol
soaking, enzyme digest, ultrasonication and homogenization techniques. Bioresour. Technol. 2018, 247, 267-272. [CrossRef]
[PubMed]

Stirk, W.A.; Balint, P.; Vambe, M.; Lovasz, C.; Molnar, Z.; van Staden, J.; Ordég, V. Effect of cell disruption methods on the
extraction of bioactive metabolites from microalgal biomass. J. Biotechnol. 2020, 307, 35-43. [CrossRef] [PubMed]

Safi, C.; Cabas Rodriguez, L.; Mulder, W.J.; Engelen-Smit, N.; Spekking, W.; van den Broek, L.A.M.; Olivieri, G.; Sijtsma, L. Energy
consumption and water-soluble protein release by cell wall disruption of Nannochloropsis gaditana. Bioresour. Technol. 2017, 239,
204-210. [CrossRef]

Crapo, PM,; Gilbert, T.W.; Badylak, S.F. An overview of tissue and whole organ decellularization processes. Biomaterials 2011, 32,
3233-3243. [CrossRef]

Wang, L.; Johnson, J.A.; Zhang, Q.; Beahm, E.K. Combining decellularized human adipose tissue extracellular matrix and
adipose-derived stem cells for adipose tissue engineering. Acta Biomater. 2013, 9, 8921-8931. [CrossRef] [PubMed]

Roehm, K.D.; Hornberger, J.; Madihally, S.V. In vitro characterization of acelluar porcine adipose tissue matrix for use as a tissue
regenerative scaffold. J. Biomed. Mater. Res. A 2016, 104, 3127-3136. [CrossRef] [PubMed]

Robb, K.P; Juignet, L.; Morissette Martin, P.; Walker, ].T.; Brooks, C.R.; Barreira, C.; Dekaban, G.A.; Flynn, L.E. Adipose Stromal
Cells Enhance Decellularized Adipose Tissue Remodeling Through Multimodal Mechanisms. Tissue Eng. Part A 2021, 27, 618-630.
[CrossRef]

Yu, C.; Kornmuller, A.; Brown, C.; Hoare, T.; Flynn, L.E. Decellularized adipose tissue microcarriers as a dynamic culture platform
for human adipose-derived stem/stromal cell expansion. Biomaterials 2017, 120, 66-80. [CrossRef]

Lin, M;; Ge, J.; Wang, X.; Dong, Z.; Xing, M.; Lu, F.; He, Y. Biochemical and biomechanical comparisions of decellularized scaffolds
derived from porcine subcutaneous and visceral adipose tissue. J. Tissue Eng. 2019, 10, 2041731419888168. [CrossRef]

Patel, A.; Mikes, F.; Matsakas, L. An Overview of Current Pretreatment Methods Used to Improve Lipid Extraction from
Oleaginous Micro-Organisms. Molecules 2018, 23, 1562. [CrossRef]

Goldberg, S. Mechanical/Physical Methods of Cell Disruption and Tissue Homogenization. Methods Mol. Biol. 2021, 2261,
563-585.

Hua, X.; Xu, S.; Wang, M.; Chen, Y.; Yang, H.; Yang, R. Effects of high-speed homogenization and high-pressure homogenization
on structure of tomato residue fibers. Food Chem. 2017, 232, 443—449. [CrossRef]

Zhang, A.; Deng, |.; Liu, X.; He, P; He, L.; Zhang, F; Linhardt, R.J.; Sun, P. Structure and conformation of x-glucan extracted from
Agaricus blazei Murill by high-speed shearing homogenization. Int. . Biol. Macromol. 2018, 113, 558-564. [CrossRef]
Kurokawa, M.; King, PM.; Wu, X,; Joyce, EIM.; Mason, T.J.; Yamamoto, K. Effect of sonication frequency on the disruption of
algae. Ultrason. Sonochem. 2016, 31, 157-162. [CrossRef] [PubMed]

Natarajan, R.; Ang, WM.R,; Chen, X.; Voigtmann, M.; Lau, R. Lipid releasing characteristics of microalgae species through
continuous ultrasonication. Bioresour. Technol. 2014, 158, 7-11. [CrossRef] [PubMed]

Liu, Y,; Liu, X,; Cui, Y,; Yuan, W. Ultrasound for microalgal cell disruption and product extraction: A review. Ultrason. Sonochem.
2022, 87, 106054. [CrossRef]

Chemat, F; Zill, E.H.; Khan, M.K. Applications of ultrasound in food technology: Processing, preservation and extraction.
Ultrason. Sonochem. 2011, 18, 813-835. [CrossRef] [PubMed]


https://doi.org/10.1093/asj/sjv170
https://doi.org/10.1038/s41536-021-00197-1
https://www.ncbi.nlm.nih.gov/pubmed/35031598
https://doi.org/10.1097/PRS.0000000000005269
https://www.ncbi.nlm.nih.gov/pubmed/30688888
https://doi.org/10.1016/j.joen.2015.05.017
https://www.ncbi.nlm.nih.gov/pubmed/26189777
https://doi.org/10.1038/srep04646
https://doi.org/10.1016/j.archoralbio.2012.08.010
https://doi.org/10.1016/j.mtbio.2021.100161
https://doi.org/10.3389/fbioe.2022.872897
https://doi.org/10.1016/j.biortech.2017.09.087
https://www.ncbi.nlm.nih.gov/pubmed/28950135
https://doi.org/10.1016/j.jbiotec.2019.10.012
https://www.ncbi.nlm.nih.gov/pubmed/31678206
https://doi.org/10.1016/j.biortech.2017.05.012
https://doi.org/10.1016/j.biomaterials.2011.01.057
https://doi.org/10.1016/j.actbio.2013.06.035
https://www.ncbi.nlm.nih.gov/pubmed/23816649
https://doi.org/10.1002/jbm.a.35844
https://www.ncbi.nlm.nih.gov/pubmed/27465789
https://doi.org/10.1089/ten.tea.2020.0180
https://doi.org/10.1016/j.biomaterials.2016.12.017
https://doi.org/10.1177/2041731419888168
https://doi.org/10.3390/molecules23071562
https://doi.org/10.1016/j.foodchem.2017.04.003
https://doi.org/10.1016/j.ijbiomac.2018.02.151
https://doi.org/10.1016/j.ultsonch.2015.12.011
https://www.ncbi.nlm.nih.gov/pubmed/26964936
https://doi.org/10.1016/j.biortech.2014.01.146
https://www.ncbi.nlm.nih.gov/pubmed/24583912
https://doi.org/10.1016/j.ultsonch.2022.106054
https://doi.org/10.1016/j.ultsonch.2010.11.023
https://www.ncbi.nlm.nih.gov/pubmed/21216174

Bioengineering 2023, 10, 758 11 of 11

28. Huang, B.; Zhang, X.; Yang, M.; Yin, B.; Cai, L.; Li, F; Han, X. The Effects of Lipoaspirate-Derived Fibrous Tissue on Survival
Quality and Mechanical Property of Fat Grafts. J. Craniofac. Surg. 2021, 32, 2238-2244. [CrossRef] [PubMed]

29. Tang, W.; Zeve, D.; Suh, ].M.; Bosnakovski, D.; Kyba, M.; Hammer, R.E.; Tallquist, M.D.; Graff, ]. M. White fat progenitor cells
reside in the adipose vasculature. Science 2008, 322, 583-586. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/SCS.0000000000007540
https://www.ncbi.nlm.nih.gov/pubmed/33770045
https://doi.org/10.1126/science.1156232

	Introduction 
	Methods 
	Fragmentation of Adipocytes 
	Immediate Comparison of Crushed Adipocytes 
	Preparation of Decellularized Adipose-Derived Matrix in Enzyme-Free Method 
	Characteristics of DAMs 
	In Vivo Transplantation Experiment 
	Histological and Immunohistochemical Staining 
	Statistical Analysis 

	Results 
	Effect of Adipocytes Fragmentation 
	Characteristics in Three Types of DAMs 
	Adipogenesis by DAMs In Vivo 

	Discussion 
	Conclusions 
	References

