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Abstract

Background Stromal vascular fraction (SVF) from adipose tissue is a rich and accessible source of regenerative
cells, including adipose-derived stem cells (ADSCs). SVF is most commonly isolated from lipoaspirate via enzymatic
digestion, a process that is costly and considered ‘more than minimal manipulation’by the United States Food and
Drug Administration. In contrast, mechanically based isolation techniques have gained attention as a simpler, faster,
and regulatory-compliant alternative, making them increasingly appealing for clinical applications.

Main text This systematic review and meta-analysis aimed to evaluate the outcomes of mechanical methods for
harvesting SVF from human adipose tissue. Key parameters assessed included cell yield, viability, surface marker
expression, and differentiation capacity. Additionally, split-sample studies were analysed descriptively to compare
mechanical and enzymatic isolation approaches, thereby reducing variability in tissue source and preparation.

A narrative synthesis was performed for all eligible studies (k=22), and a single-arm meta-analysis of pooled
outcomes of mechanical protocols was conducted for total cell yield and expression of CD34, CD73, and CD105
markers, depending on data availability. Mechanical isolation approaches varied considerably, but most high-
performing protocols involved dedicated devices or systems. Meta-analysis revealed a pooled mean SVF cell yield
of 11.96 x 10* cells/ml. The pooled expression levels of CD105 (4.08%) and CD73 (11.63%) indicated the presence
of ADSC-associated markers, while CD34 (8.70%) reflected vascular and hematopoietic progenitor subpopulations
commonly found in SVF. Mechanically isolated SVF cells demonstrated retained viability (up to 98%) and multilineage
differentiation capacity, supporting their potential in regenerative applications. Furthermore, the retention of
immunomodulatory and migratory functions may facilitate the integration of transplanted cells into host tissue
environments.

Conclusion Mechanical SVF isolation methods can demonstrate comparable cell viability and differentiation
potential and may outperform enzymatic protocols in terms of ADSC content and some functional properties
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(migration, immunomodulation). The main drawback of mechanical approaches is relatively lower total cell yield. The
emergence of specialised devices for mechanical SVF isolation represents a key trend in the field. Continued efforts
towards methodology and reporting standardisation are required to improve reproducibility and clinical reliability.

Keywords Stromal vascular fraction, Adipose-derived stem cells, Mechanical isolation, Non-enzymatic isolation,

Regenerative medicine, Systematic review, Meta-analysis

Background

Adipose tissue, accounting for approximately 20% of
body weight depending on the individual, is now recog-
nised not only as an energy store but also as a valuable
source of regenerative cell populations [1]. Among these,
the stromal vascular fraction (SVF) has gained particular
attention in regenerative medicine, as it represents a het-
erogeneous mixture mainly composed of vascular, stro-
mal, and immune cells, which provide anti-inflammatory,
angiogenic, and tissue-supportive effects [2]. SVF has
been investigated in a variety of clinical applications,
including bone regeneration, chronic wound healing,
myocardial infarction, and osteoarthritis, highlighting
its broad therapeutic potential [3-5]. Additionally, adi-
pose tissue is advantageous due to its abundance, ease of
access, and higher yield of regenerative cells compared to
bone marrow, offering a promising avenue for regenera-
tive applications ranging from tissue repair to immuno-
modulation [3, 4].

SVEF is a heterogeneous cell population, including adi-
pose-derived stem cells (ADSCs), which play a pivotal
role in regenerative therapies due to their multilineage
differentiation potential [1]. Importantly, ADSCs raise
fewer ethical concerns than embryonic stem cells [2].
Although ADSCs are typically expanded in vitro from
SVF when required for specific applications (1), the ini-
tial SVF isolation method remains critical for providing
high-quality source material for direct point-of-care use
or for subsequent cell culture.

Techniques for isolating SVF from adipose tissue,
namely enzymatic digestion or mechanical separa-
tion, are key to maximising outcomes [3, 4]. Enzymatic
protocols typically yield higher SVF cell counts than
mechanical methods due to more effective tissue disso-
ciation [1, 6]. Alternatively, mechanical (non-enzymatic)
approaches rely on physical processes, such as centrifu-
gation, filtration, and other methods [6]. Mechanical
methods are appreciated for their simplicity, shorter pro-
cessing times, and avoidance of enzyme-related regula-
tory or safety concerns [7, 8].

Given the growing interest in SVF for regenerative
therapies, there is a need to critically appraise the meth-
ods used for SVF isolation, particularly mechanical tech-
niques. Compared to enzymatic approaches, mechanical
methods have received less systematic scrutiny in the
literature, despite recent methodological advances.
As mechanical SVF isolation gains wider attention, a

comprehensive overview of available techniques and an
assessment of the cellular properties of the resulting iso-
lates are needed to clarify the current evidence base and
support the development of standardised protocols.

The present study seeks to address this gap by evaluat-
ing mechanical human SVF isolation approaches, with a
focus on key cellular parameters such as cell yield, immu-
nophenotypic profile, viability (fresh SVF), and differen-
tiation capacity (after in vitro cultivation). These features
represent essential preliminary metrics for the use of SVF
itself as a therapeutic product, as well as for the poten-
tial subsequent cultivation. While the primary aim was
to characterise mechanical methods, we additionally
considered split-sample comparisons of mechanical and
enzymatic isolation to gain further insights and reduce
variability arising from differences in preparation proto-
cols and tissue sources. By consolidating findings across
studies, this work aims to provide clinicians, researchers,
and regulators with a clearer understanding of the per-
formance and practical utility of mechanically derived
SVE.

Materials and methods

Search strategy

This systematic review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [9] (Fig. 1).
The systematic review protocol was registered with the
PROSPERO database (CRD42024540839).

A comprehensive search strategy (please see Table 1)
was developed to identify relevant studies, drawing
from Medline (Ovid), Embase (Ovid), and Web of Sci-
ence databases. The search was performed in December
2024. In addition, a manual search of the reference lists of
included studies and relevant reviews was undertaken to
identify any potentially missed studies.

Inclusion and exclusion criteria
Two independent reviewers (MS and OI) screened iden-
tified records to assess eligibility according to the pre-
defined inclusion and exclusion criteria (please see
Table 2).

The Population, Intervention, Comparison, Outcomes
and Study (PICOS) framework [10, 11] was as follows:

+ Population: humans only.
+ Intervention/Exposure: SVF harvesting methods.
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Fig. 1 PRISMA 2020 Flow Diagram of Data Collection and Screening

Table 1 Electronic Database Search Strategy and Applied

Keywords
Search Item Specifications
Databases Embase (Ovid), Medline (Ovid), Web of Science

Search strategy Keywords:

(stromal vascular fraction OR SVF OR adipose-derived
stem cells OR adipose stem cells OR ADSC OR ADSCs
OR ASC OR ASCs OR adipose mesenchymal stem cells)

AND

(mechanical OR non-enzymatic OR nonenzymatic OR

enzyme-free)
AND

(isolation OR processing OR extraction OR separation)

Limits Publication years: 2000-2024 (inclusive)
Language: English only

Notes. ASC and ASCs refer to an alternative abbreviation commonly used for

ADSCs

Comparison: mechanical versus enzymatic methods
on split samples of the same lipoaspirate, or any
comparisons between mechanical methods.
Outcome: characteristics of fresh uncultured SVF
(e.g., cell yield, viability, and immunophenotype),
differentiation potential (after in vitro cultivation),
and other functional parameters (fresh SVF or
following cultivation).

Study Design: retrospective, longitudinal, cross-
sectional, observational, cohort, and case—control
studies.

Data extraction
Data extraction was performed independently by two
reviewers (MS and OI). The following data was extracted
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Table 2 Inclusion and exclusion criteria for studies considered in

the systematic review

(2025) 16:560

Exclusion criteria

Inclusion criteria

Manuscript
characteristics

Protocol
characteristics

- Studies not in the English
language

- Guidelines, statements,
and comments, conference
abstracts and proceedings,
studies not published in

a peer-reviewed scientific
journal, unpublished data,
protocols only, preprints,
government publications,
patents, scientific or case
reports, dissertations,
theses, review articles, and
follow-up studies

- Studies lacking details
regarding methods and
results

« Results relying exclusively
on subjective assessments
(e.g., visual estimation)

« All the protocols involved
enzymes for SVF harvesting
« Use of cadaver-derived
samples

- Employing animal
lipoaspirates

- Studies involving lipoaspi-
rate without focusing on
SVF extraction

« Combining SVF with ad-
ditional factors (for instance,
plasma) that may influence
outcomes

- Studies reporting only cul-
tivation and/or treatment
outcomes

- Sample size below the
minimum required by inclu-
sion criteria

- Original and peer-
reviewed research
articles

+ Observational, de-
scriptive, longitudinal,
retrospective, cross-
sectional or cohort
studies

« Studies present-
ing results based on
objective criteria (for
instance, measure-
ments by flow
cytometry)

« At least one protocol
of enzyme-free
mechanical isolation
of SVF

- Comparisons of
mechanical versus
enzymatic methods
performed on split
samples of the same
lipoaspirate

- Comparisons among
various mechanical
methods (split or in-
dependent samples)

- Studies involving

at least 10 human
donors (inclusive);
only outcomes ob-
tained on at least 10
lipoaspirate samples
(except representative
images and additional
functional properties)
were considered

« Reporting objective
characteristics of fresh
SVF (mandatory);
reporting outcomes
of in vitro cultivation
(optional)

from the included studies: study characteristics (e.g.,
author, year of publication), study design, methods, out-
comes assessed, and key findings (please see Additional
file 1, Table S1). Quantitative metrics (e.g., cell yield,
etc.) were retrieved from the numerical values reported
in the text and figures. Standard deviation (SD) was used
as a metric of dispersion; if the authors of the paper uti-
lised standard error (SE), SD was calculated using this
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formula: SD=SE * \/n, where n is the sample size [12].
If metrics were reported per gram of fat tissue, numbers
were recalculated per milliliter (ml), assuming fat tissue
has a density of approximately 0.9 g/ml [13].

Additionally, to describe the adipogenic, osteogenic,
and chondrogenic differentiation potential of cultured
SVE-derived cells, images of stained histological sections
provided in the articles were assessed by the semi-quanti-
tative scoring scale: 4 — strong positive (high intensity of
staining), 3 — sub-strong positive, 2 — moderate positive,
1 — mild positive, 0 — negative [14].

Quality assessment
The quality assessment of the included studies was per-
formed using the Office of Health Assessment and Trans-
lation (OHAT) Risk of Bias Rating Tool for Human and
Animal Studies [15]. Due to the nature of the reviewed
studies, the following six domains were assessed: Selec-
tion Bias, Performance Bias, Attrition/Exclusion Bias,
Detection Bias, Selective Reporting Bias, and Other
Sources of Bias (please see Additional file 1, Table S2).
The Detection of Bias domain was considered a key
criterion.

For each question, the risk of bias was reported using
a four-level scale: ‘definitely low risk of bias, ‘probably
low; ‘probably high; and ‘definitely high! The overall risk
of bias for each paper was determined based on judg-
ments within the relevant domains, and each paper was
assigned a risk category: first tier (definitely low or prob-
ably low risk for key criteria and most other criteria), sec-
ond tier (moderate risk), and third tier (definitely high or
probably high risk) [15]. The assessment was conducted
by NBS and LS, and any disagreements were resolved
through discussion with other authors.

Data synthesis and statistical analysis

This study combines a narrative synthesis and a meta-
analysis. A narrative synthesis approach was used to sum-
marise the findings of included papers [8, 16—36] (please
see the Additional file 1, Table S1). Based on data avail-
ability, four quantitative metrics were selected for the sin-
gle-arm meta-analysis, all measured for uncultured SVF
isolates: total cell count per ml of lipoaspirate (studies
[16, 17, 19, 25, 29, 32, 33], and the percentage of cells pos-
itive for clusters of differentiation (CD) markers CD34,
CD?73, and CD105, which were analysed separately. CD34
was used as a marker for vascular and hematopoietic pro-
genitor populations (papers [17, 30, 32]), whereas CD73
and CD105 were both reported separately in each of the
same 4 studies (articles [17, 30, 32, 34]), reflecting pheno-
types associated with ADSCs. To ensure methodological
consistency and avoid over-representation of highly simi-
lar results, several studies were excluded from the meta-
analysis (but not from the narrative review). Namely, we
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excluded study [34] due to reported contamination of the
SVF isolate with peripheral blood cells and study [28]
because of employing a substantially different liposuction
technique, which rendered the protocol not comparable
to other included studies. In addition, papers [8, 31, 32]
reported highly similar protocols and results; therefore,
only paper [32] was selected due to reporting the most
comprehensive set of outcomes.

The meta-analysis was carried out using the Metafor
package (version 4.8-0) [37]. Due to a considerable vari-
ability between studies’ protocols and outcomes, a ran-
dom effects model [38] was employed for the analysis.
To estimate heterogeneity, the Q-test [39] and I-squared
statistics [40] were applied. The mean was used as the
effect size measure. To assess the impact of outliers on
the overall outcome, a sensitivity analysis was performed
by excluding the outliers and re-running the pipeline.

Results

This review included 22 research articles that described a
total of 43 mechanical SVF harvesting protocols (includ-
ing overlaps). Among these papers, 10 studies conducted
comparisons between mechanical and enzymatic meth-
ods employing split samples of the same lipoaspirates.
Please refer to Additional file 1, Table S1 for further
details regarding protocols.
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Methods of SVF harvesting

Mechanical methods

In general, there was a wide range of mechanical SVF iso-
lation approaches (please refer to Fig. 2 and Additional
file 1, Table S1). Key separate and device-based actions in
mechanical protocols included vibration [19, 28], agita-
tion [33], massaging [17], passing through blades [8, 23,
24, 29, 31, 32] or cluster size reduction filters [18, 34],
centrifugation [8, 16, 17, 19-29, 31-35], gravity decanta-
tion [21, 22, 26, 34], emulsification [18, 19, 35], non-enzy-
matic lysis [17, 21, 22, 36], and sieve or mesh filtration
[17, 19, 20, 25, 29, 30, 33-35]. In addition, many studies
(for instance, [20, 31]) reported washing or incubating
the samples with buffer solutions, and also using mild
shaking or tube inversion to resuspend the tissue. Nota-
bly, key actions can be performed individually as part of
multi-step protocols or utilising specialised devices and
systems, such as Hy-Tissue SVF [17], Lipogems [18], MyS-
tem [25] and MyStem EVO |20, 30], Adinizer [23, 24], Fat-
Stem [25], Lipocube [8, 32], Transpose RT [33], Microlyzer
[34], and rotating blade apparatus [29] (please see details
in Additional file 1, Table S1).

Methods such as vibration, agitation, massaging, pass-
ing through blade grids or cluster size reduction filters
provided additional mechanical disaggregation beyond
that occurring during the liposuction procedure [8, 17—
19, 23, 24, 28, 29, 31-34]. In particular, vibration could
be applied at 3200 vibrations per minute for 6 min [19],

Separate steps in the protocols

Disaggregation Layer separation Filtration Non-enzymatic lysis Devices and systems
Vibration Centrifugation Via sieve or mesh Ammonium—chloride— ® Transpose RT e Lipogems
(19, 28) (8, 16,17, 19-29, 31-35) (19, 29, 34, 35) potassium buffer Agitation, filtration (33) Size reduction filters,
Massaging Gravity decantation (17,21, 22, 36) o Lipocube and similar emUBiﬁCétiOH by marbles
(17) (21, 22, 26, 34) Blade grids (8, 31, 32) and washing (18)
Emulsification in syringes o Adinizer ® MyStem and similar
(19, 35) Blade system (23, 24) Washing, filtration, size-

) . based separation
® Rotating blades device

(20, 25, 30)
(29)
i ® FatStem
., M:crolyz('er § Filtration and washing
Size reduction filters (34) (25)

o Hy-Tissue SVF
Filtering mesh (17)

Fig. 2 Overview of mechanical SVF harvesting techniques and devices. Almost all the studies utilised multi-steps protocols. Numbers in brackets rep-
resent respective references. Detailed descriptions of all protocols are provided in Additional File 1, Table S1. Abbreviations: SVF, stromal vascular fraction
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agitation could be performed via acceleration and decel-
eration for 30 min at 39°C (Transpose RT system [33]),
massaging could be done by plastic rods or manually
[17]. The Lipocube device [8, 32] employed a sequence
of blade grids with 1000, 750, and 500 pm openings,
through which the lipoaspirate was passed repeatedly for
progressive fragmentation. In the Lipogems system [18],
two sequential size-reduction filters were used to pro-
gressively fragment adipose clusters.

Other methods, namely centrifugation, emulsification,
and decantation, allowed for the separation of lipoaspi-
rate content into a few layers, one of which contained
more SVF than others [8, 16-29, 31-35]. Centrifugation
settings — relative centrifugal force (g) and time — varied
from 200 g [20] to 2000 g [35], and from 3 min [26, 27]
to 15 min [21]. In a few cases (for example, [25]), direct
comparison of centrifugation settings was complicated
due to reporting revolutions per minute (rpm) instead of
the relative centrifugal force. Emulsification approaches
were applied, for instance, via the Lipogems system [18],
where stainless steel marbles and saline flow created a
temporary emulsion facilitating tissue fragmentation
and washing. Other studies relayed on repetitive shift-
ing between syringes [19, 35]. Gravity decantation was
considered rather a preparation step and was followed by
other actions [21, 34].

Non-enzymatic lysis [21, 22, 34] and sieve/mesh fil-
tration [17, 19, 20, 25, 29, 30, 33—-35] were utilised for
chemical disaggregation and removal of unwanted cel-
lular elements or cells, respectively. Specifically, an
ammonium—chloride—potassium buffer was applied to
lyse red blood cells [21]. Filters varied in design and pore
size, including a 120 pm filter bag in Hy-Tissue SVF [17],
0.2 um filters in Fatstem [25], and integrated mesh filters
in the MyStem Evo system [20].

Almost all studies reported complex, multi-step
mechanical protocols (Additional file 1, Table S1). The
most common approach was to combine centrifugation
with one or two other methods (for example, [23, 29].

Enzymatic methods

In comparison to mechanical SVF harvesting, enzymatic
protocols either replaced certain physical steps with
enzymatic digestion or combined enzymes with consid-
erable mechanical processing. These protocol variations
may not always allow distinguishing effects attribut-
able purely to the enzymatic component (please refer to
Additional file 1, Table S1 for details). However, one of
the clearest effects of enzyme addition was demonstrated
by Winner et al. [33], who applied a similar protocol for
both mechanical and enzymatic isolation, with the lat-
ter incorporating a collagenase—protease mix. In turn,
Solodeev et al. [29] replaced disruption by the rotating
blade device with collagenase, keeping subsequent steps
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the same. Please see split-sample comparison outcomes
in the next sections and in Additional file 1, Table S1.

Total SVF cell yield

Mechanical methods

There was a considerable variation in total fresh SVF cell
count per ml of lipoaspirate obtained across different
protocols: from mean+SD 0.6+0.9 x 10* cells/ml (MyS-
tem system [25]) to 134.0+169.0 x 10* (the cube device
and centrifugation [31]), please see Fig. 3 and Additional
file 1, Table S1. In addition, Shapira et al. [28] reported
considerably higher SVF cell yield following laser-
assisted (1470 nm) liposuction: 870.0+1230.0x 10* and
940.0+1328.0 x 10* for mechanical and enzymatic pro-
tocols, respectively. However, comparably high numbers
were obtained without laser as well [28], and CD markers
of fresh SVF were not analysed, making outcome assess-
ment complicated. Of note, there were a few protocols
that did not result in sufficient SVF isolation (subsequent
culture not obtained): decantation for 10 min + centrifu-
gation 1500 g for 8 min [34], and also protocols that used
the middle layer instead of the pellet after centrifuga-
tion [21, 22]. In addition, article [36] mentioned eryth-
rocytes and other peripheral blood cells contamination,
which can affect the quality of potential SVF therapeutic
products.

The meta-analysis revealed that the pooled effect
size for the total number of harvested SVF cells was
11.96 x 10* cells/ml (confidence intervals CI 4.78; 19.14).
There was a substantial heterogeneity among the studies
(Q=855.95, p<0.001; I*=99.74%; 1*>=136.55, T=11.69).
The total cell count result reported by Tiryaki et al. [32]
was considered an outlier; therefore, a sensitivity analy-
sis was carried out excluding this study. In this case,
the group mean effect size was lower and accounted
for 9.98x10* cells/ml (CI 3.96; 15.99). However, het-
erogeneity was also considerable (Q=2868.57, p<0.001;
I°=99.66%; 1°=93.20, T=9.65).

Mechanical versus enzymatic methods

In terms of comparison with enzymatic SVF harvesting
on split lipoaspirate samples, the vast majority of studies
reported a significantly lower total cell count for mechan-
ical protocols (please see Additional file 1, Table S1).
Only paper [28] has shown absence of significant differ-
ences (laser-assisted liposuction as the first step).

Based on the reviewed studies, identifying consistent
patterns associated with higher cell yield proved chal-
lenging. Firstly, complex multi-stage protocols did not
allow for the separate identification of optimal param-
eters for centrifugation or other methods to achieve the
desired cell harvesting outcome, suggesting the idea to
consider the entire pipelines as whole units. For instance,
most studies utilised centrifugation but performed



Sforza et al. Stem Cell Research & Therapy (2025) 16:560

Page 7 of 12

Study Mean [95% CI]
Bowen, 2016, NIL = 9.70[8.88, 10.52]
Bowen, 2016, SAL [ ) 33.60 [30.70, 36.50]
Busato, 2021 ] 410[3.26, 4.94]
Chaput, 2016 (vortex + centrifugation) [ 9.00[7.93, 10.07]
Chaput, 2016 (intersyringe processing) [ I 5.50[4.43, 6.57]
Gentile, 2015 (FatStem) [ ] 3.00[1.70, 4.30]
Gentile, 2015 (MyStem) m 0.60[0.04, 1.16]
Solodeev, 2023 (rotating blades) - HEH 20.10[15.81, 24.39]
Solodeey, 2023 (washing + centrifugation) m- 6.70[ 4.88, 8.52]
Tiryaki, 2022 89.00 [49.50, 128.50]
Winnier, 2019 [ N 8.40[6.42, 10.38]

Random-Effects Model

11.96 [ 4.78, 19.14]

| | |
50 100 150

Yield, cells x 104 per ml of lipoaspirate

Fig. 3 Single-arm meta-analysis of the total number of cells harvested using various mechanical protocols. For studies that included multiple protocols,
the identifying step is indicated in brackets. Detailed descriptions of all protocols are provided in Additional File 1, Table S1. Abbreviations: Cl, confidence
intervals; NIL, nutational infrasonic liposculpture; SAL, suction-assisted liposuction; %, percentage

centrifugation at different stages of the protocol and with
different parameters such as time and g-force (please see
Additional file 1, Table S1).

Cell viability

Mechanical methods

A full report concerning the viability of fresh SVF cells is
presented in Additional file 1, Table S1. The percentage of
viable cells varied considerably, ranging from 45.5% (pro-
cessing in syringes, filtration, centrifugation, and viability
assessment via trypan blue [19]) to 95.0% and more (for
instance, the Lipocube + centrifugation protocol followed
by Muse Cell Analyser for viability [8]), FatStem and MyS-
tem systems, and trypan blue [25]). Notably, although, for
example, study [30] utilised MyStem-based protocols as
well, the achieved viability accounted for 74.3% (Nucleo-
Counter), suggesting the potential impact of other fac-
tors, such as measurement methods or other differences.

Mechanical versus enzymatic methods

As for split-sample comparisons, reviewed studies
reported higher viability for enzymatic methods (for
example, [19, 33]) or absence of significant differences
between enzymatic and pure mechanical protocols (for
instance, [28, 32, 34]). For mechanical methods, study
[28] employed vortexing and centrifugation after the
laser liposuction, while others utilised special devices
(Lipocube [32] or Microlyzer [34]) in combination with
centrifugation and other steps.

Overall, current evidence suggests that some mechani-
cal SVF isolation protocols can yield cell viability levels
comparable to enzymatic methods, justifying the con-
sideration of mechanical approaches as an alternative in
regenerative applications.

Immunophenotype

Mechanical methods

Based on CD marker expression analysis, fresh SVF
contained ADSCs, endothelial cells, erythrocytes,
monocytes, macrophages, and other cell types [19,
36]. Definitions of ADSC populations varied substan-
tially across studies, reflecting different interpreta-
tions of CD marker profiles (please see Additional file
1, Table S1). Depending on the mechanical SVF har-
vesting protocol and ADSC definition, ADSC content
in fresh SVF isolates was estimated to range from 1.9%
(CD45-CD105+, decantation, lysis, and centrifuga-
tion [22]) to 52.1% (CD73+CD90+, cubic device and
centrifugation [31]). One of the most strict criteria
for ADSC was utilised by study [26], which reported
CD105+ CD90 + CD73 + CD146 + CD14-CD45-CD34-
content at 16,204+ 5516 cells/pellet from 10 ml of fat (no
percentage provided).

Taking into account the available individual marker
data, the most relevant progenitor-associated CD mark-
ers were CD34 (vascular and hematopoietic progenitors),
CD?73, and CD105 (both commonly linked to ADSCs)
[17, 30]. These markers were selected for meta-analysis,
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as their assessment allows for a more comprehensive
characterization of the SVF cell composition.

The meta-analysis of CD expression metrics revealed
a high level of heterogeneity for all three single mark-
ers: CD34, CD105, and CD73. Specifically, for CD34,
the pooled effect size was estimated at 8.70% of posi-
tive cells (CI 5.21; 12.18) with heterogeneity metrics
Q=328.55, p<0.001; 1*=99.38%; 1°=9.43, T=3.07. For
CD105, the mean effect size was 4.08% (CI 1.27; 6.88);
Q=317.94, p<0.001; I*=99.20%; 1*=8.14, T=2.85. Simi-
larly, for CD73, the heterogeneity level was calculated as
Q=3906.27, p<0.001; I*=99.94%; 1°=113.80, T=10.67,
and the pooled mean effect size was estimated at 11.63%
of SVF cells (CI 1.17; 22.08). Visual inspection did not
reveal single prominent outliers.

A few studies conducted within-study statistical com-
parisons of multiple mechanical SVF isolation protocols.
For instance, paper [29] demonstrated that introducing
the rotating blade device into the washing and centrifu-
gation protocol significantly increased progenitor cell
yield (CD45-CD31-CD34 +, 22.7% versus 9.1%). At the
same time, study [19] found that intersyringe dissociation
overperformed vibration and centrifugation, while sub-
sequent filtration and final centrifugation were the same
(CD45-CD31-CD34 +, 38.1% versus 5.8%).

Mechanical versus enzymatic methods
Statistical comparisons between different types of
SVFE harvesting protocols revealed either a higher
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ADSC-related marker percentage in mechanical
approaches compared to enzymatic ones [19, 31, 34] or
an absence of significant differences [29]. For instance,
both studies, Yaylaci et al. [34] and Tiryaki et al. [31],
showed a significantly greater proportion of CD90 +and
CD?73 + cells in SVF isolates obtained in the mechanical
protocols (utilising Microlyzer and cubic devices, respec-
tively) versus protocols with collagenase. Please refer to
Additional file 1, Table S1 for other comparisons.

Overall, the immunophenotypic data confirmed the
presence of key regenerative cells within mechanically
isolated SVE. Despite some inconsistencies in ADSC defi-
nitions and proportions, these findings broadly support
the potential of mechanical methods to isolate clinically
relevant SVF cell subpopulations.

Differentiation potential

Mechanical methods

Among the reviewed studies, the most common way
to demonstrate the differentiation potential of ADSCs
from SVF was to culture SVF isolates under adipo-
genic, osteogenic, or chondrogenic induction conditions
(please see Fig. 4). Estimating published images of the
stained samples according to the semi-quantitative scale
[14] revealed consistently high osteogenic differentia-
tion potential (4 points of 4 in papers [17, 30, 33, 34, 36].
In turn, there was a moderate variability for adipogenic
potential, with scores ranging from 1 (paper [29], wash-
ing and centrifugation protocol) to 3 (the same article

Adipogenic Osteogenic Chondrogenic
Study potential potential potential
Days Points Days Points Days Points
Busato et al, 2017 (17) 16 2 21 4 14 1
Cicione et al, 2016 (20) 15 3 15 3 n/a n/a
Solodeev et al, 2023 (29), RB 21 3 21 3 n/a n/a
Solodeev et al, 2023 (29), WC 21 1 n/a n/a n/a n/a
Tarallo et al, 2018 (30) 15 2 15 4 n/a n/a
Winnier et al, 2019 (33) 14 2 14 4 n/a n/a
Yaylaci et al, 2023 (34) 13 2 13 4 13 3
Yoshimura, 2006 (36) 28 2 28 4 28 2
lower level 1 2 3 4 higher level

Fig. 4 Differentiation potential assessment. Stained histological samples from the included studies were evaluated by reviewers using a four-point semi-
quantitative scale, as previously described [14]. Detailed descriptions of all protocols are provided in Additional File 1, Table S1. Abbreviations: n/a, not
applicable; RB, rotating blades device protocol; WC, washing and centrifugation protocol
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[29], rotating blades device protocol, and study [20]. For
the chondrogenic potential, our marks were 3 points [34],
two points [36], and one point [17]. Notably, no mechani-
cal protocol demonstrated consistently superior perfor-
mance across all three lineages (Fig. 4), which also could
be influenced by differences in cultivation and staining
approaches.

Additional aspects of differentiation potential assess-
ment included alternative lineages (beyond the three
aforementioned) and analysis of gene and protein expres-
sion. Winnier et al. [33] showed strong hepatogenic
differentiation (4 out of 4 points) and evidence of neuro-
genic potential, including neuron-like morphology and
expression of neural markers. Also, Chaput el al [19] and
Yaylaci et al. [34] demonstrated, for instance, a progres-
sive increase of adipocyte protein factor 2, aggrecan [19,
34], and Osterix transcription factor [19] mRNA (mes-
senger ribonucleic acid) gene expression under adipo-,
chondro-, and osteogenic conditions, respectively.

Mechanical versus enzymatic methods

In split-sample comparisons of SVF harvesting methods,
cells isolated using mechanical protocols demonstrated
differentiation levels comparable to those obtained with
enzymatic approaches. There were no studies that con-
ducted statistical analysis of image-related metrics for
differentiation potential employing n>10 samples. For
studies that provided representative histological images
from at least 2 protocols ([17, 29, 33, 34, 36], visual com-
parison was performed by the reviewers (MS, OI, and
NBS), and we did not reveal prominent visual differences
in any case. Please refer to Additional file 1, Table S1 for
details about the protocols.

Overall, ADSCs from mechanically derived SVF dem-
onstrated multipotent characteristics, including dif-
ferentiation into mesenchymal and non-mesenchymal
lineages, indicating potential suitability for various clini-
cal contexts.

Other cell characteristics

Mechanical methods

A few studies evaluated additional potentially clini-
cally relevant functional characteristics of SVF isolates.
For instance, Casari et al. [18] reported higher mRNA
expression of HOXB7 and bFGF (pro-regenerative and
pro-angiogenic factors) in mechanically processed fresh
SVF compared to Coleman fat. Moreover, the Lipogems
product preserved its structural integrity, cellularity, and
growth factor expression while being cultured in pathol-
ogy-related conditions, such as the presence of osteoar-
thritic synovial fluid.
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Mechanical versus enzymatic methods

Split-sample comparisons between mechanical and enzy-
matic SVF isolates were investigated only after in vitro
cultivation. Chaput et al. [19] co-cultured SVF-derived
cells with activated CD3/CD28-stimulated T lympho-
cytes and found no difference in their immunosuppres-
sive effect. At the same time, Tiryaki et al. [8] showed a
higher migration rate in the in vitro scratch test for Lipo-
cube-derived SVE.

Taken together, these findings suggest that mechani-
cal isolation preserves key functional properties of SVF,
including regeneration-related gene expression, immu-
nomodulatory capacity, and cell migratory activity.

Discussion

A wide range of experimental conditions and lack of pro-
tocol design standards were likely the main sources of
considerable variability among study outcomes. Further-
more, not reporting key metrics such as total cell count,
cell viability, stem cell-associated CD marker expression,
or differentiation potential (please see Additional file 1,
Table S1) hampered efforts to obtain a comprehensive
picture of each method’s potential benefits and draw-
backs. High SD values and subject-level outcomes [26,
28] indicated substantial inter-individual variability, rep-
resenting another source of inconsistency. To enhance
robustness for key investigated outcomes, we included
results based on at least 10 human lipoaspirate donors;
however, subject-level variability remained considerable,
suggesting the need for detailed investigations of this
aspect as well.

The field of mechanical SVF harvesting has shown
several notable trends over time. First of all, mechanical
methods became attracting more attention; for example,
19 of 22 included studies were published over the last
decade. Next, there was a clear trend of at least particular
standardizing isolation steps by introducing specialized
systems and devices (please see Fig. 2). However, there
is still no clear agreement even concerning the most
common procedures, such as centrifugation (please see
Additional file 1, Table S1). Moreover, earlier and recent
studies, for instance, [19, 22, 24] run a few parallel pro-
tocols with minimal variations, seeking to find optimal
parameters.

In our review, we took into account a few SVF-related
metrics together (mainly, cell yield, viability, stem cell
markers, and multilineage differentiation potential), as
they collectively contribute to therapeutic relevance [41,
42], especially for point-of-care use. For instance, high
viability is essential to ensure therapeutic effects [41],
while the presence of progenitor cells supports regen-
erative potential [42]. Single-marker data (e.g., CD34,
CD?73, and CD105) were more commonly reported and
provide indirect evidence of endothelial progenitors
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Mechanical versus enzymatic SVF harvesting protocols

Regulations Cell yield Viability

—-/=

+ -—

MW o 73~

Stem cell Differentiation Functional
markers potential properties
+/= = +/=

Fig. 5 Comparison of mechanical and enzymatic SVF harvesting protocols. Symbols+, -, and = indicate higher, lower, or similar results for mechanical
SVF (according to statistical and descriptive comparison). The presence of 2 symbols reflects mixed findings. Functional properties include regeneration-
related gene expression (18), immunomodulatory capacity [19], and cell migratory activity (8)

(CD34) and ADSCs (CD73 and CD105) content per-
centage [19, 32]. Multi-marker profiles (for instance,
CD45-CD106 + CD90 + CD73 + CD105 + [26]) offer bet-
ter accuracy, but the choice of such profiles varied across
studies, limiting direct comparisons. In addition, we
considered other functional properties, for instance, cell
migration in the scratch test that potentially could con-
tribute to the regenerative outcomes [8].

Among the reviewed mechanical protocols, device-
based approaches demonstrated relatively high per-
formance across key metrics (please see numbers at
Additional file 1, Table S1). For instance, the Lipocube
device combined with centrifugation [8, 32] showed some
of the highest values for cell yield, viability, and ADSC
content. The Microlyzer [34] system was also associated
with high viability and a relatively prominent presence of
stem cell-associated markers. Similarly, the rotating blade
device [29] yielded a high percentage of ADSCs, although
total cell yield was lower in comparison to other stud-
ies. Notably, most high-performing devices had a func-
tion to make an additional mechanical disaggregation of
adipose tissue to enhance SVF release. In contrast, the
lowest reported outcomes among not failed protocols
were observed for washing and filtration [25], likely due
to insufficient mechanical disruption. Also, substantial
differences were found between similar systems, such as
MyStem [25] and MyStem EVO [30], particularly in cell
yield (mean+SD: 0.6+0.9x 10* versus mean 83.0x 10%
respectively), raising questions about the underlying fac-
tors driving performance. It should be noted, however,
that these protocols were described in more detail than
others were, so less-reported approaches may be under-
estimated due to limited data availability.

Considering the mechanical versus enzymatic
approaches comparison (Fig. 5), mechanical SVF har-
vesting can yield comparable outcomes across most met-
rics, with the exception of total cell yield. Importantly,

non-enzymatic methods produce a regulatory-compliant
final product [1] and may be more suitable for intraop-
erative settings where processing time is critical. These
advantages highlight the potential of mechanically iso-
lated SVF in reconstructive and aesthetic procedures,
offering opportunities for innovation in plastic surgery.
However, the widespread adoption of mechanical pro-
tocols is currently limited by the lack of standardisa-
tion, which complicates the prediction and evaluation of
outcomes.

Further research is needed to improve standardisa-
tion, both of harvesting protocols and of key reporting
parameters such as viability, marker expression, and cell
yield. The impact of liposuction technique also deserves
attention, as methods like laser-assisted liposuction [28]
potentially may positively influence SVF-related out-
comes. Exploring optimal combinations of preprocessing
steps and mechanical disaggregation could help enhance
reproducibility and clinical applicability.

Conclusion

Mechanical SVF harvesting methods can be comparable
to enzymatic protocols in terms of cell viability, differ-
entiation potential, ADSC content, and functional prop-
erties, and may even outperform enzymatic approaches
in the latter two. The only consistent disadvantage of
mechanical isolation techniques remains lower total cell
yield. Most of the relatively high outcomes observed in
this review were achieved using device- and systems-
based protocols. Key challenges of the mechanical SVF
harvesting field include the lack of protocol standardi-
sation and substantial inter-subject variability, both of
which limit reproducibility and predictability. Further
research is needed to optimise processing pipelines and
improve consistency in both methodology and reporting.
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Abbreviations

ADSCs Adipose-derived stem cells

cD Cluster of differentiation

@] Confidence intervals

g Relative centrifugal force

ml Millilitre

MRNA Messenger ribonucleic acid

N/A Not applicable

OHAT Office of Health Assessment and Translation

PRISMA  Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

SD Standard deviation

SE Standard error

SVF Stromal vascular fraction
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