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Adipose tissue contains a specific popula-
tion of resident cells that can be divided 
into two defined groups: mature adipocytes 

(parenchyma) and a heterogeneous population of 
stromal cells (stroma) constituted by fibroblasts, 
endothelial cells, resident mononuclear cells, and 
progenitor cells.1–3 The therapeutic potential of 
fat tissue appears to rely on this stromal cell popu-
lation, which has been shown to respond to injury 

by (1) leading extracellular matrix synthesis and 
remodeling, (2) promoting angiogenesis and vas-
culogenesis, (3) reducing inflammation through 
its immunomodulatory effect, and (4) repopulat-
ing the tissue with new functional cells given their 
multipotent capacity.4–7

Given the reparative capacities of stromal 
cells, we theorized that the therapeutic cell dose 
required to orchestrate a successful reparative 
response in any given tissue must be at least equal 
to the constitutive cell density present in that same 
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tissue under physiologic conditions. We defined 
this new therapeutic concept as the “constitutive 
cell dose.” Our group had previously reported 
that the constitutive cell density of adipose tis-
sue is 10.5 ± 0.7 million cells/g, as determined by 
DNA quantification analysis, under the reported 
conditions.8 Considering this constitutive cell 
dose, current enzymatic dissociation methods are 
seen as inefficient, being able to recover only 0.68 
± 0.04 million cells/g of lipoaspirate.8 In recent 
years, mechanical disaggregation has emerged 
as an alternative method to overcome current 
limitations of enzymatic procedures associated 
with high costs and complications with regulatory 
agencies.9 Mechanical disaggregation of adipose 
tissue results in mature adipocyte breakage and 
stromal tissue fragmentation into reduced size 
particles.10,11 In our previous work, we have char-
acterized mechanically disaggregated adipose tis-
sue fragments (known as nanofat), composed of 
small stromal particles dispersed throughout an 
emulsion of oil into water. This coarse dispersion 
results from shear-induced adipocyte stripping 
and release of adipocyte fatty oil contents, and 
emulsification of such oil into the water phase.8 
By definition, an emulsion is a mixture of two 
immiscible liquids, usually oil and water, in which 
one liquid is dispersed throughout the other one 
in the form of microscopic droplets.12 During 
mechanical shearing, ruptured adipocytes release 
their free fatty acid content, mainly triglycerides, 
into the extracellular milieu along with the water 
fraction contained in standardized lipoaspirate. 
The same shear forces that disaggregate fat tissue 
are also responsible for the emulsification pro-
cess among the oil and water phases by acting on 
the interface between these two immiscible flu-
ids.13 Compared to enzymatic dissociation of stro-
mal vascular fraction, our findings revealed that 
emulsified nanofat yielded 10 times more cells 
by reaching 6.6 ± 0.4 million cells/g of processed 
fat tissue.8 As opposed to enzymatically isolated 
cells, mechanical disaggregation results in aggre-
gated cells that remain attached to their native 
extracellular matrix, preserving their microvas-
culature interactions, seemingly sparing viability 
and functional potency.14–16 Despite its significant 
improvement over enzymatic methods, mechani-
cally disaggregated fat particles still stand below 
the native adipose tissue cell density, containing 
7.3 ± 0.5 million cells/g.8 To resolve this, we spec-
ulated that removing all dispensable components 
from lipoaspirate, mainly oil and water, would 
increase the final cell density by constraining the 
stromal cell population from tissue fragments 

into a smaller volume. However, conventional 
centrifugation failed to discriminate fluid from 
tissue phases: the density gradient between oil 
and water, which allows for stratification during 
centrifugation, becomes homogeneous by the 
emulsion of these two fluids, thus leaving tissue 
fragments dispersed across the column. There-
fore, we hypothesized that removing the aque-
ous component from standardized lipoaspirate 
will avoid any later emulsification event, allowing 
the stratification of oil and stromal components 
after mechanical disaggregation. We defined the 
resulting tissue fraction as stromal cell aggregates 
because it represents the entire stromal compo-
nent of adipose tissue (stromal cells and extracel-
lular matrix), nearly stripped of its parenchymal 
counterpart (destroyed adipocytes) and aqueous 
contaminants from the liposuction (including 
remnants of tumescent fluid). In this study, we 
present a detailed method and provide the sci-
entific rationale behind the isolation of the stro-
mal component from adipose tissue based on a 
mechanical disaggregation protocol.

PATIENTS AND METHODS 

Adipose Tissue Harvesting
The present study was authorized by the Eth-

ics Committee of the Balearic Isles. All liposuc-
tions were performed under general anesthesia 
and informed consent documents were signed 
by all patients. Lipoaspirate was obtained from 
six healthy patients. Patients were all female and 
ranged from 18 to 45 years of age, with a body 
mass index of 21.5 ± 2.0 kg/m2. Tumescent fluid 
(INIBSACAIN Plus 0.05%; Inisba Hospital, Bar-
celona, Spain) was infiltrated at the abdominal 
area using a tumescent infiltrator cannula (Tulip 
Medical Products, San Diego, Calif.). Forty cubic 
centimeters of lipoaspirate was harvested using a 
Carraway Harvester cannula (Tulip Medical) into 
20-cc syringes with a Johnnie Lok (Tulip Medi-
cal) installed to hold suction. Lipoaspirate was 
transferred into a fat press (Tulip Medical) and 
standardized by washing with an equal volume of 
saline solution by hand rocking eight to 10 times. 
Fluids were expelled by manual pressure, and 
standardized lipoaspirate was collected into 20-cc 
syringes.

Mechanical Disaggregation of Stromal Cell 
Aggregates

Standardized lipoaspirate was centrifuged 
at 1200 g for 3 minutes using the Coleman tech-
nique, resulting in a negligible oil phase at the 
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top, fat tissue in the middle, and an aqueous phase 
at the bottom.17 The aqueous phase was expelled 
through the syringe and discarded (the aqueous 
phase remained fairly constant, indicating sample 
standardization of physical components). The 
fat-containing syringe was sequentially passed 
30 times through 2.4- and 1.2-mm Luer-to-Luer 
transfer (Tulip Medical) connected to another 
empty 20-cc syringe. Mechanically disaggregated 
fat tissue was centrifuged at 800 g for 10 minutes, 
resulting in a transparent oil phase at the top 
and stromal cell aggregates at the bottom. The 
oil phase was discarded by decantation, and stro-
mal cell aggregates were transferred into another 
empty 20-cc syringe (Fig. 1).

Enzymatic Dissociation of Stromal Vascular 
Fraction

Standardized lipoaspirate and stromal cell 
aggregates were transferred into a 50-ml tube and 
incubated at 37°C for 40 minutes under continu-
ous agitation with an equal volume of digestion 
buffer containing 200 collagen digestion units/ml 
dissociation enzyme (GIDzyme-2; GID Bio Inc., 
Louisville, Colo.). Enzymatic activity was stopped 
with human albumin (2.5% final concentration), 
and the cell suspension was centrifuged at 800 g 
for 10 minutes. The supernatant was discarded 
and the resulting cell pellet (stromal vascular frac-
tion) was resuspended and filtered through a 100-
μm mesh.

Lipoaspirate Mass Percentage Composition 
Analysis

During mechanical disaggregation of stromal 
cell aggregates, the main components of stan-
dardized lipoaspirate (i.e., water, oil, and stromal 
cell aggregates) were sequentially separated and 
collected into previously tared (empty weight) 

50-ml tubes. A standardized lipoaspirate-contain-
ing syringe was also tared in advance. We mea-
sured the gross weight (total weight) of each tube 
and syringe using a semimicro balance (Radwag, 
Radom, Poland). By subtracting the tare weight 
from the gross weight, we obtained the net weight 
of each sample. To determine the mass percent-
age composition, the net weight of each fraction 
was divided by the net weight of standardized 
lipoaspirate and multiplied by 100.

Cell Number Quantification by Total DNA 
Analysis

Cell number quantification was performed as 
described by Sesé et al.8 Briefly, 50 to 100 mg of 
standardized lipoaspirate and stromal cell aggre-
gates was placed into a sterile 1.5-ml Eppendorf 
(Eppendorf AG, Hamburg, Germany) tube. A 
known isolated, unclustered, stromal vascular 
fraction cell pellet was used as a reference control. 
The DNA extraction was performed following the 
manufacturer’s instructions (E.Z.N.A. tissue DNA 
Kit; Promega, Madison, Wis.). DNA content was 
measured by Nanodrop (Thermo Fisher Scien-
tific, Waltham, Mass.) quantification. Cell num-
bers from test specimens were interpolated from 
the DNA-to-cell ratio obtained from the reference 
control sample.

Cell Viability Quantification by Image Cytometry
Cell viability was performed on stromal vascu-

lar fraction cell suspensions from each specimen 
(standardized lipoaspirate and stromal cell aggre-
gates) by an automated NucleoCounter NC-3000 
(ChemoMetec, Allerod, Denmark). Stromal vas-
cular fraction cell suspension was filtered using a 
100-µm cell strainer and loaded into a Via1-Cas-
sette (ChemoMetec). Cell viability was automati-
cally determined in 30 to 40 seconds.

Fig. 1. Mechanical disaggregation and isolation of stromal cell aggregates. Standardized lipoaspirate (left) was centrifuged at 
1200 g for 3 minutes and the water phase was discarded (second from left) to obtain Coleman fat (third from left). Mechanical disag-
gregation by shear forces caused stromal tissue fragmentation and a major adipocyte breakage (third from right). After a second 
centrifugation at 800 g for 10 minutes, the oil phase was discarded (second from right) to obtain stromal cell aggregates as a final 
product (right). LA, lipoaspirate; SCA, stromal cell aggregates.
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Histologic Analysis
Standardized lipoaspirate and stromal cell 

aggregates were placed directly into plastic cassettes. 
All samples were fixed in 4% paraformaldehyde, 
dehydrated, and embedded in paraffin. Paraffin 
blocks were sent to the histopathology facility at the 
Institute for Research in Biomedicine (IRB Barce-
lona, Barcelona, Spain), sectioned at 3-μm thick-
ness, and stained with hematoxylin and eosin and 
Masson trichrome standard protocols. Brightfield 
images were acquired with a NanoZoomer-2.0 HT 
C9600 digital scanner (Hamamatsu Photonics, 
Hamamatsu, Japan) at two different magnifications. 
For quantitative analysis of histologic sections, three 
randomly selected areas from paired standardized 
lipoaspirate and stromal cell aggregate samples 
were processed using the software ImageJ (National 
Institutes of Health, Bethesda, Md.). Cell content 
quantification was performed on hematoxylin and 
eosin–stained sections by manual nuclei counting 
using the multipoint tool. Collagen levels were ana-
lyzed on Masson trichrome–stained sections (blue 
stain) by measuring the integrated density, the sum 
of pixel intensities on a gray scale, of highlighted 
collagen area. Integrated density values are repre-
sented as optical density. Filter retentate samples 
were processed and stained with hematoxylin and 
eosin as described by Purohit.18 Brightfield images 
were acquired using a Moticam 1080 FullHD cam-
era (Motic, Hong Kong) and Motic Image Plus 2.0 
software at 100× magnification.

Statistical Analysis
Bar graphs are represented as mean ± SEM and 

box plots represent the median, mean, and mini-
mum and maximum values. Statistical analyses 
were performed using GraphPad Prism software 
version 7.0a (GraphPad Software, Inc., San Diego, 
Calif.). Paired t tests were used to analyze cell 
density and viability of standardized lipoaspirate 
versus stromal cell aggregate samples. Unpaired t 
tests were used to analyze cell count and collagen 
levels of standardized lipoaspirate versus stromal 
cell aggregate histologic sections. Values of p < 
0.05 were considered statistically significant.

RESULTS

Stromal Tissue Represents Almost One-Third of 
Standardized Lipoaspirate Total Mass

To evaluate the composition of standardized 
lipoaspirate, we determined the mass percentage 
of its main constituents: water, oil, and tissue. After 
stromal cell aggregate isolation, we measured the 
net weight of each fraction (water, oil, and stromal 

cell aggregates) and calculated their mass percent-
age composition relative to the original net weight 
of unprocessed standardized lipoaspirate. Start-
ing with 20.5 ± 0.6 g of standardized lipoaspirate, 
we obtained values of 27.4 ± 5.1 percent water (5.5 
± 1.0 g), 43.9 ± 4.0 percent oil (9.0 ± 0.9 g), and 
28.6 ± 4.2 percent stromal cell aggregates (5.9 ± 
4.2 g). These results indicate that approximately 
one-third of standardized lipoaspirate content is 
made of stromal tissue (Fig. 2).

Stromal Cell Aggregates Concentrate Standardized 
Lipoaspirate Cell Density by Three-Fold

To evaluate the cell density contained in 
mechanically isolated stromal cell aggregates, we 
determined the total nucleated cells based on DNA 
tissue content as described previously.8 Based on 
DNA analysis, the cell density of stromal cell aggre-
gates was 31.3 ± 6.6 million cells/g, whereas unpro-
cessed standardized lipoaspirate presented 9.9 ± 
1.4 million cells/g (Fig. 3), confirming our previ-
ous report.8 Our results indicate that isolated stro-
mal cell aggregates presented a cell density three 
times more concentrated than original standard-
ized lipoaspirate samples, reflected as a 222.6 ± 63.3 
percent increase in their cell density population.

Mechanically Dissociated Stromal Cell 
Aggregates Contain Viable Cells

The viability of cells present in stromal cell 
aggregates was analyzed by image cytometry 

Fig. 2. Tissue fraction of standardized lipoaspirate components. 
Bar graphs show the fraction weight before (PRE) and after 
(POST) fat tissue processing (n = 6). Pre–fat tissue processing 
samples represent the initial standardized lipoaspirate, and 
post–fat tissue processing samples contain the combination of 
oil, water, and stromal components. Values are represented as 
mean ± SEM. LA, lipoaspirate; OIL, oil phase; H2O, water phase; 
SCA, stromal cell aggregates.
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on enzymatically dissociated cells from stromal 
cell aggregates and standardized lipoaspirate 
samples following a stromal vascular fraction 
isolation protocol. On enzymatic dissociation, 
the viability of isolated cells was 72.2 ± 2.3 per-
cent for unprocessed standardized lipoaspirate 
and 71.3 ± 2.5 percent for stromal cell aggre-
gate preparations (Fig. 4). These results indi-
cate that the absence of water fraction during 
mechanical disaggregation had no impact on 
cell viability. Also, these results support our pre-
vious findings on the viability of nanofat cell 
aggregates.8

Histologic Analysis of Stromal Cell Aggregates 
Revealed an Enrichment in Stromal Cell Density 
and Extracellular Collagen, and a Depletion of 
the Mature Adipocyte Population

To verify whether isolated stromal cell aggre-
gates concentrate the cell density from original 
standardized lipoaspirate, we performed histo-
logic analysis to evaluate the cell content and 
extracellular matrix composition in hematoxy-
lin and eosin– and Mason trichrome–stained 
sections, respectively. As shown by hematoxylin 
and eosin staining, unprocessed standardized 
lipoaspirate (Fig. 5, above) presented a well-
organized structure of packed mature adipocytes 
associated with a network of connective tissue 

where stromal cells are located, suspended in 
the extracellular fluid containing significant oil 
droplets. In contrast, stromal cell aggregates 
(Fig. 5, below) showed regions harboring a mas-
sive concentration of stromal cell density as a 
result of (1) absent and fractured mature adi-
pocytes after mechanical disaggregation and 
(2) removal of aqueous and oil content. Nuclei 
count on these high-density regions showed a 
622.9 ± 145.6 percent increase in the cell popula-
tion of stromal cell aggregates compared to stan-
dardized lipoaspirate. Mason trichrome staining 
also presented enriched areas of connective tis-
sue that co-localize with high-density cell regions 
in stromal cell aggregates. Integrated density 
analysis revealed an increase of collagen levels by 
871.2 ± 80.3 percent in stromal cell aggregates 
compared with standardized lipoaspirate. These 
findings provide a visual indication of the con-
centrated state of stromal cell aggregates. [See 
Figure, Supplemental Digital Content 1, which 
shows quantification of standardized lipoaspirate 
and stromal cell aggregate histologic sections 
using ImageJ. Representative histologic sections 

Fig. 3. Cell content of standardized lipoaspirate and stromal cell 
aggregates. Bar graphs show the cell density of different speci-
mens as the number of cells ×106 per gram of sample (n = 4). 
Values are represented as mean ± SEM and statistical analysis 
was performed using a paired t test (*p < 0.05). LA, lipoaspirate; 
SCA, stromal cell aggregates.

Fig. 4. Cell viability of stromal cell aggregates. Both standard-
ized lipoaspirate and stromal cell aggregates were enzymati-
cally dissociated to analyze the cell viability of stromal vascular 
fraction cells. Values are represented as the percentage of viable 
cells in the stromal vascular fraction from each sample (n = 4). 
The boxes show the interquartile range (from lower to upper 
quartiles) of viable cells, including the median (middle quar-
tile) and mean (asterisk). The whiskers show the location of the 
minimum and maximum values of all the data. Statistical analy-
sis was performed using a paired t test (p = not significant). LA, 
lipoaspirate; SCA, stromal cell aggregates.
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are shown (scale bar = 250 µm). (Left) Point selec-
tion with a numeric label represents stained 
nuclei counts on hematoxylin and eosin sections. 
Cell count was performed manually (n = 3).  
(Right) Areas highlighted in red represent 
stained collagen on Masson trichrome–stained 
sections. Collagen quantification was analyzed 

by integrated density analysis (number of pixels 
× intensity of pixels) and represented as optical 
density (n = 3). Values are represented as mean ± 
SEM, and statistical analysis was performed using 
unpaired t tests (*p < 0.05; ***p < 0.001). LA, 
lipoaspirate; SCA, stromal cell aggregates; OD, 
optical density, http://links.lww.com/PRS/E250.]

Fig. 5. Histologic analysis of standardized lipoaspirate and stromal cell aggregates by hematoxylin and eosin (above) and Masson 
trichrome (below) staining. Representative histologic sections are shown at two different magnifications: scale bars = 250 µm (left) 
and 100 µm (right). LA, lipoaspirate; SCA, stromal cell aggregates.

http://links.lww.com/PRS/E250
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DISCUSSION
A clear understanding of the biological com-

ponents behind adipose tissue–derived implants is 
a critical goal for cell and regenerative therapies. 
Here, we describe an alternative mechanical dis-
aggregation protocol to improve the implant’s 
cell density by simply reducing the volume of pro-
cessed fat tissue while retaining the same number 
of cells.19 Similarly, Yao et al. and Pallua et al. have 
achieved a similar product named “ECM/SVF 
gel” and “lipoconcentrate,” respectively, although 
they performed one last filtration step to remove 
larger connective tissue fragments. We deliberately 
avoided this last filtering step, as these connective 
tissue fibers retained inside the filter contained a 
high density of stromal cells, which may be ben-
eficial from a therapeutic standpoint. [See Figure, 
Supplemental Digital Content 2, which shows his-
tologic analysis of stromal fragments retained by 
the filter. Retentate of stromal fragments after fil-
tering stromal cell aggregates within the oil phase 
is shown (left). Squash smear of stromal fragments 
showing a high density of stromal cells by hema-
toxylin and eosin staining at 100× magnification 
(right), http://links.lww.com/PRS/E251.] As a down-
side, we were not able to inject stromal cell aggre-
gates through finer needles (25- and 27-gauge) 
given the size of stromal fragments.

By reducing the standardized lipoaspirate mass 
to 28.6 ± 4.2 percent and retaining the majority of 
stromal vascular fraction present in the original tis-
sue, stromal cell aggregates increased the cell den-
sity by 222.6 ± 63.3 percent (Figs. 2 and 3). The fact 
that stromal cell aggregates triplicated the cell den-
sity of standardized lipoaspirate was a direct con-
sequence of reducing their mass by one-third. To 
support these findings, histologic analysis of stro-
mal cell aggregates revealed a large number of cells 
concentrated into high-density areas enriched with 
extracellular matrix components (Fig. 5). Also, 
the shearing process in the absence of an aqueous 
phase did not affect cell viability when measured 
in the enzymatically dissociated fraction of stromal 
cell aggregates (Fig. 4). Besides, this study pres-
ents some methodologic limitations that should 
be noted. First, we are aware that our cell content 
analysis of stromal cell aggregates may include 
some DNA released from broken adipocytes before 
tissue DNA extraction. Nevertheless, because it has 
been geometrically estimated that 1 cc of standard-
ized lipoaspirate contains approximately 1 million 
adipocytes, and assuming that 1 cc is approximately 
equivalent to 1 g of lipoaspirate, erroneous quan-
tification of dead adipocytes would have overesti-
mated our cell density by only 10 percent, which 

would not affect the relevance of our findings.20 
Second, cell viability analysis of enzymatically iso-
lated cells represents less than 7 percent of the 
total tissue cell content, meaning that more than 
90 percent remain undetermined.8 Unfortunately, 
there are still no reliable methods to determine the 
cell viability from whole tissue samples.21,22 Thus, 
rather than make our viability claims extensive to 
the entire tissue, we aimed to observe differences 
in cell viability before (standardized lipoaspirate) 
and after (stromal cell aggregates) mechanical dis-
aggregation under the same conditions.

Recent evidence suggests that the number of 
transplanted cells and their concentration play a 
pivotal role in clinical responses to different thera-
peutic approaches.23–25 However, the optimal dose 
for stromal cell application in several cell-based 
therapies remains unknown.25,26 We anticipate that 
the minimal dose required to obtain a therapeutic 
effect must be equivalent and likely far superior to 
the cell population present in adipose tissue under 
normal conditions, the so-called constitutive cell 
dose (i.e., 10.5 ± 0.7 million cells/g).8 Figure 6 illus-
trates the resulting products derived from differ-
ent methods of adipose tissue processing. Despite 
their low cell yield when compared to stromal 
aggregates, enzymatically isolated stromal vascular 
fraction cells still represent a safe option for intra-
venous delivery.14–16 Previous nanofat-generating 
methods caused a 30 percent loss of adipose tissue 
cell density, resulting in 70 percent of the consti-
tutive cell dose (0.7 × constitutive cell dose).8 The 
fact that nanofat can be injected through relatively 
small-bore needles makes it a suitable candidate in 
small-volume regenerative applications.27–29 In con-
trast, although requiring a larger needle bore, stro-
mal cell aggregates increased the cell population 
described in native adipose tissue by 200 percent, 
reaching a cell density three times beyond the con-
stitutive cell dose, free of oil and water volume.

Considered together, stromal cell aggregates 
may have potential use in tissue repair and regen-
eration, intended for site-specific intralesional 
delivery, especially for wound healing applica-
tions, although it has yet to be clinically proven. 
Most importantly, another advantage of stromal 
cell aggregates is the absence of fat cells and their 
oil content, which could prevent severe complica-
tions such as tissue necrosis and the formation of 
oil cysts.30–32 Furthermore, because isolated stromal 
vascular fraction cells have already shown clinical 
improvement in patients with knee osteoarthri-
tis, we believe that stromal cell aggregates could 
improve current treatments for joint disorders by 
means of intraarticular injection with better clinical 

http://links.lww.com/PRS/E251
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results.33,34 To validate a better performance over 
isolated cells in tissue repair, further studies are 
needed to test the potency of stromal cell aggre-
gates in (1) collagen synthesis and remodeling, 
(2) formation of new blood vessels, and (3) regu-
lation of nonspecific immune responses.

CONCLUSIONS
In recent years, the use of stromal cells derived 

from adipose tissue has been increasingly adopted 
by clinicians in regenerative applications. Despite 
some promising results, the effective cell dose lead-
ing to a therapeutic response remains unsolved. 
In this work, we present a simple method to con-
centrate the stromal vascular fraction from adipose 
tissue by reducing the volume occupied by mature 
adipocytes. Lipoaspirate was fragmented into stro-
mal cell aggregates after mechanical shearing and 
separated from water and oil fractions after a two-
step centrifugation protocol. These stromal cell 

aggregates constitute a biological agent that tripli-
cates the cell density present in native adipose tis-
sue based on DNA quantification analysis. Also, our 
data show high-density areas enriched with extracel-
lular matrix components. Although further studies 
are necessary to validate their potential therapeutic 
effect, we foresee stromal cell aggregates as a pow-
erful product for tissue repair and regeneration.
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