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Abstract

In regenerative medicine, the isolation of mesenchymal stromal cells (MSCs) from
the adipose tissue’s stromal vascular fraction (SVF) is a critical area of study. Our
review meticulously examines the isolation process of MSCs, starting with the
extraction of adipose tissue. The choice of liposuction technique, anatomical site,
and immediate processing are essential to maintain cell functionality. We delve
into the intricacies of enzymatic digestion, emphasizing the fine-tuning of enzyme
concentrations to maximize cell yield while preventing harm. The review then
outlines the filtration and centrifugation techniques necessary for isolating a
purified SVF, alongside cell viability assessments like flow cytometry, which are
vital for confirming the efficacy of the isolated MSCs. We discuss the advantages
and drawbacks of using autologous vs allogeneic SVF sources, touching upon
immunocompatibility and logistical considerations, as well as the variability
inherent in donor-derived cells. Anesthesia choices, the selection between hypo-
dermic needles vs liposuction cannulas, and the role of adipose tissue lysers in
achieving cellular dissociation are evaluated for their impact on SVF isolation.
Centrifugation protocols are also analyzed for their part in ensuring the integrity
of the SVF. The necessity for standardized MSC isolation protocols is highlighted,
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promoting reproducibility and successful clinical application. We encourage ongoing research to deepen the
understanding of MSC biology and therapeutic action, aiming to further the field of regenerative medicine. The
review concludes with a call for rigorous research, interdisciplinary collaboration, and strict adherence to ethical
and regulatory standards to safeguard patient safety and optimize treatment outcomes with MSCs.

Key Words: Mesenchymal stromal cells; Stromal vascular fraction; Adipose tissue; Autologous stromal vascular fraction;
Stromal vascular fraction isolation

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Stromal vascular fraction isolation is essential for extracting mesenchymal stromal cells (MSCs) in regenerative
medicine. Optimizing this process requires improved liposuction techniques, immediate processing, precise enzymatic
digestion, and efficient filtration and centrifugation. Quality control is verified through flow cytometry to ensure cell
viability and purity. The necessity for standardized MSC isolation protocols is emphasized to ensure reproducibility and
clinical success.
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INTRODUCTION

The extraction of mesenchymal stromal cells (MSCs) from stromal vascular fraction (SVF) is a cornerstone in the
burgeoning field of regenerative medicine. The therapeutic efficacy of interventions utilizing MSCs is critically dependent
on the successful isolation of these cells in terms of both quality and quantity[1]. SVF, sourced from adipose tissue, is a
heterogeneous cellular conglomerate that provides a repository for MSCs, celebrated for their intrinsic regenerative
capabilities. The complex process of MSC isolation from SVF demands a comprehensive understanding of various
influential factors to optimize cell yield and ensure the development of effective regenerative therapies.

The technique of adipose tissue extraction through liposuction is pivotal in preserving the integrity and viability of the
SVE[2-5]. The selection of a liposuction method that reduces adipocyte trauma is essential for maintaining a cell
composition conducive to a substantial yield of MSCs. The choice of anatomical site for tissue harvest is also significant,
as different regions may vary in MSC concentrations, affecting their regenerative potential. The critical time interval
between adipose tissue collection and the initiation of SVF isolation inversely affects cell viability, necessitating optimized
processing times to maintain MSC functionality[6-8]. Control of temperature during processing and transport is equally
crucial to avert cell damage and maximize MSC yield.

Enzymatic digestion is a pivotal step in SVF isolation, and the choice and balance of enzymes, such as collagenase and
dispase, are vital[8]. This stage must be meticulously controlled to prevent cellular damage that would reduce MSC
viability and yield. The subsequent separation of SVF from the digested tissue matrix, utilizing precise filtration and
centrifugation parameters, is critical for MSC recovery[9]. The washing and resuspension of isolated cells are further
essential steps, requiring the use of isotonic buffers and appropriate culture media to support cell survival and maximize
MSC yield[9]. Assessing cell viability and purity is fundamental, with techniques like the trypan blue exclusion test and
flow cytometry providing crucial metrics of MSC quality[10]. The culture conditions post-isolation, including growth
media composition, supplemental growth factors, and incubator environmental conditions, significantly impact MSC
proliferation and yield[11]. The inherent biological variability among donors adds another dimension of complexity to
MSC yield and quality, indicating the potential need for personalized isolation protocols[12].

This narrative review aims to systematically dissect the multifaceted process of MSC isolation from SVF, exploring the
impact of each stage on the yield and viability of MSCs. It will delve into current methodologies and technologies, assess
the influence of procedural variables, and consider donor variability on the quality of MSCs isolated. Furthermore, this
review seeks to underscore the necessity of standardizing protocols to harness the full therapeutic potential of MSCs.
Through this lens, the objectives of this review are to consolidate existing knowledge, identify gaps in the current
understanding, and suggest directions for future research to refine MSC isolation techniques, thus facilitating the
transition of MSCs from laboratory research to clinical application.

ADIPOSE TISSUE BIOLOGY

Adipose tissue, an intricate and specialized form of connective tissue, plays a quintessential role in the physiological
landscape of mammals, offering a multifaceted suite of functions that transcend mere fat storage. Within this tissue, a
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complex network comprising adipocytes, immune cells, vasculature, and an extracellular matrix (ECM) orchestrates a
series of critical bodily functions. These include the regulation of energy balance, the secretion of hormones, the provision
of thermal insulation, and the mechanical protection of organs. The primary cellular constituents of adipose tissue are the
adipocytes, which are specialized in the storage and liberation of energy as triglycerides. These cells are structurally
defined by a singular lipid droplet that occupies the majority of the cytoplasm, dynamically expanding and contracting in
response to the organism’s metabolic demands[11]. This capability to modulate lipid storage and mobilization positions
adipocytes as pivotal actors in the maintenance of energy homeostasis, particularly evident during fluctuations in caloric
intake and expenditure.

The dichotomy within adipose tissue is characterized by the distinction between white adipose tissue (WAT) and
brown adipose tissue (BAT), which are anatomically and functionally distinct entities. WAT, the predominant form, is
primarily tasked with energy storage. Its distribution is extensive, encompassing subcutaneous layers that insulate the
body and visceral depots that enshroud internal organs, thereby serving as an energy reservoir. Beyond its storage
capacity, WAT exerts profound endocrine effects through the secretion of adipokines, hormones that actively participate
in the regulation of metabolic pathways, immune responses, and appetite[12]. In contrast, BAT serves a specialized
function in thermoregulation, primarily through the process of non-shivering thermogenesis. This heat generation is a
critical physiological response, especially in neonates and hibernating species, where maintenance of body temperature is
vital for survival. The brown coloration of this tissue type is attributed to its high mitochondrial content, with mito-
chondria being rich in iron-containing cytochromes[12].

The dynamic nature of adipose tissue is further exemplified by its ability to remodel and adapt. Factors such as diet,
physical activity levels, and hormonal milieu can precipitate structural changes within the tissue, manifesting either as
hypertrophy of existing adipocytes or as hyperplasia, the formation of new fat cells[13]. In certain instances, this
remodeling process involves the “browning” of white adipocytes, where they begin to mimic the thermogenic properties
of brown adipocytes, a phenomenon that has garnered interest for its potential implications in energy expenditure and
obesity management.

Adipose tissue’s endocrine function is underscored by its role in the secretion of various adipokines, which have
systemic effects on multiple organ systems[14]. These hormones play an instrumental role in maintaining metabolic
equilibrium, influencing processes such as glucose uptake, fat oxidation, and appetite control. Disruption in the
homeostatic secretion of adipokines has been implicated in the pathogenesis of metabolic disorders, highlighting the
critical role of adipose tissue in the broader context of metabolic health. Within this complex tissue resides a reservoir of
adipose-derived stem cells (ADSCs), which exhibit the potential to differentiate into a variety of cell types, including but
not limited to, adipocytes, chondrocytes, and osteoblasts[15]. This multipotent characteristic of ADSCs, combined with
their relative abundance and accessibility, renders them an attractive candidate for therapeutic applications in the
burgeoning field of regenerative medicine. The regulation of adipose tissue is pivotal for metabolic health, with
imbalances in this system contributing to the pathophysiology of obesity. Excessive accumulation of adipose tissue,
particularly WAT, is associated with a spectrum of adverse health outcomes, including cardiovascular diseases, type 2
diabetes, and certain cancers. Conversely, therapeutic strategies that promote the activation of BAT or the browning of
WAT have shown promise in combatting metabolic syndrome by increasing basal energy expenditure.

The exploration of adipose tissue biology is thus a field of immense importance, bearing significant implications for
public health. The intricate mechanisms governing adipose tissue function are a subject of intensive study, promising to
unveil a new understanding of obesity and metabolic diseases. This, in turn, is anticipated to catalyze the development of
novel therapeutic interventions, tailored to exploit the regenerative and metabolic potential of adipose tissue in disease
amelioration and prevention. Having explored the fundamental biology of adipose tissue, we now turn our attention to
the specific regenerative products that can be derived from this versatile tissue source. These products form the basis for
various therapeutic applications in regenerative medicine.

REGENERATIVE PRODUCTS OF ADIPOSE TISSUE

Adipose tissue, traditionally viewed as a passive storage site for triglycerides, has been reconceptualized as a dynamic
and versatile source of regenerative materials. Its diverse cellular composition and rich milieu of bioactive compounds
have positioned it at the forefront of regenerative medicine, offering a spectrum of applications from tissue repair to
modulating inflammatory responses[13]. The therapeutic regenerative products derived from adipose tissue are tabulated
in Table 1[16-22]. The regenerative potential of adipose tissue is primarily determined by ADSCs, which possess
multipotent characteristics and can differentiate into various cell types including adipocytes, chondrocytes, osteoblasts,
and endothelial cells[23,24]. These cells are not only remarkable for their differentiation capacity but also for their ease of
harvest and subsequent expansion, which has spurred extensive research into their application in tissue engineering and
cell-based therapies. The versatility of ADSCs lends itself to a myriad of regenerative medicine applications, from
reconstructive surgeries to the treatment of chronic wounds, underscoring their significance as a therapeutic tool.

SVF represents another regenerative product obtained from adipose tissue[25]. This heterogeneous cell population,
isolated through enzymatic digestion and centrifugation, encompasses a variety of cell types including ADSCs,
endothelial progenitor cells, pericytes, fibroblasts, and immune cells. The SVF is particularly valued for its high content of
growth factors and its ability to promote repair and regeneration across various tissue types. SVF acts via paracrine
signaling by secreting growth factors, cytokines, and extracellular vesicles (EVs)[26]. It plays a crucial role in immuno-
modulation by secreting regenerative factors, modulating inflammation, and promoting tissue repair, including cartilage
regeneration[27,28]. The chondrogenic differentiation of SVF cells enhances cartilage regeneration and supports
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Table 1 Therapeutic regenerative products derived from adipose tissue

Regenerative product from

) . Description Potential applications
adipose tissue
Adipose-derived stem cells[16,17] ~ Multipotent stem cells capable of differentiating into Tissue engineering, cell-based therapies
multiple cell types
Stromal vascular fraction[18] A heterogeneous cell population, including adipose-derived Wound healing, tissue repair, regenerative treatments

stem cells and other cell types

Extracellular vesicles[19] Vesicles contain bioactive molecules like proteins and Angiogenesis, immunomodulation, tissue healing
nucleic acids

Adipokines[20] Hormones and signaling molecules secreted by adipose Regulation of appetite, insulin sensitivity, inflam-
tissue mation, and lipid metabolism

ECM scaffolds[21] Decellularized scaffolds maintain adipose tissue’s structural ~Tissue engineering, support for tissue regeneration
components

Microfat and nanofat[22] Adipose tissue forms rich in regenerative cells and growth  Soft tissue augmentation, wound healing, tissue repair
factors

ECM: Extracellular matrix.

subchondral bone regeneration through the production of collagen type I[29]. Additionally, SVF mechanisms involve
angiogenesis, where ADSCs produce vascular endothelial growth factor for migration and platelet-derived growth factor
for proliferation, which supports endothelial cells in forming vasculature-like structures[25]. Furthermore, SVF contains
multiple cell populations, including pericytes and ADSCs, which release growth factors and ECM particles, contributing
to its regenerative potential[30,31]. These multifaceted actions of SVF underline its capability to mediate tissue repair,
regulate inflammatory and immune responses, and promote chondrocyte proliferation and chondrogenesis[28,32]. Its
application in wound healing and tissue repair is particularly promising, offering a minimally invasive option to
stimulate the body’s intrinsic repair mechanisms.

EVs derived from adipose tissue are yet another avenue through which adipose tissue contributes to regenerative
processes[33]. Comprising exosomes and microvesicles, these EVs are laden with proteins, lipids, and nucleic acids that
facilitate intercellular communication. Their role in regeneration is attributed to their ability to carry and transfer these
bioactive molecules to target cells, thereby initiating processes such as angiogenesis, immunomodulation, and tissue
repair. The therapeutic potential of adipose-derived EVs is vast, with research delving into their ability to enhance the
body’s repair mechanisms in a targeted and controlled manner.

The role of adipose tissue as an endocrine organ is characterized by its secretion of adipokines[34]. These signaling
molecules, including adiponectin, leptin, and resistin, have been implicated in a host of physiological processes that
extend to the regulation of appetite, insulin sensitivity, and lipid metabolism. Their contribution to regenerative
processes, particularly tissue repair and angiogenesis, opens new therapeutic avenues, particularly in conditions where
these processes are compromised, such as in diabetic wound healing. The development of adipose tissue-derived ECM
scaffolds has introduced a novel approach to tissue engineering[35]. These scaffolds, created through the decellularization
of adipose tissue, maintain the complex composition of growth factors and structural proteins inherent to the native
tissue. They provide a conducive environment for cell attachment, proliferation, and differentiation, essential for the
regeneration of damaged tissues.

The refinement of adipose tissue into microfat and nanofat grafts has expanded the utility of adipose tissue in
regenerative medicine[36]. These preparations are rich in regenerative cells and growth factors and have shown effect-
iveness in soft tissue augmentation, wound healing, and tissue repair. The process of creating microfat and nanofat
involves emulsification and filtration, which not only concentrates the regenerative components but also renders the fat
more malleable for precise applications. The regenerative products derived from adipose tissue encapsulate a promising
and rapidly evolving area of research, offering therapeutic possibilities that were previously unattainable. These
products, each with their unique properties and mechanisms, present a diverse toolkit for clinicians and researchers
aimed at promoting tissue repair, regenerating damaged tissues, and ultimately improving patient outcomes. As the field
advances, ongoing research will be paramount to fully elucidate the mechanisms of action of these regenerative products
and to optimize their clinical applications, thereby harnessing the full therapeutic potential of adipose tissue in
regenerative medicine. To better understand the complexities of SVF isolation. Figure 1 illustrates the key variables that
influence this process. Various methods of lipolysis for SVF-MSC isolation are depicted in Figure 2.

AUTOLOGOUS SOURCE OF SVF

The sourcing of SVF from autologous or allogeneic donors is a critical consideration in the field of regenerative medicine,
each with distinct advantages and challenges. Autologous SVF, harvested from the patient’s adipose tissue, is a
cornerstone in tissue engineering due to its inherent compatibility with the recipient’s immune system. In the context of
autologous SVF, the process begins with the extraction of adipose tissue from the patient, typically through liposuction
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Figure 1 Variables of mesenchymal stem cell isolation in stromal vascular fraction derived from adipose tissue. SVF: Stromal vascular
fraction.

[37]. This procedure, while minimally invasive, is a surgical intervention that requires careful consideration of the
patient’s overall health and comfort. Once the adipose tissue is collected, it undergoes processing to isolate the SVF.
While the immunological advantages of autologous SVF are clear, there are practical considerations that must be weighed
when choosing this approach.

The advantages of autologous SVF are rooted in its immunological profile, being derived from the patient’s cells,
thereby virtually eliminating the risk of immune rejection. This biocompatibility is of paramount importance in cell
transplantation, as it ensures the integration of the transplanted cells without eliciting an adverse immune response.
Furthermore, the autologous route circumvents the risks associated with disease transmission from donor to recipient, a
concern particularly relevant in the context of infectious pathogens. Autologous SVF also allows for the possibility of
personalized therapies. The cells can be manipulated or expanded in vitro to enhance their regenerative properties or to
tailor them to address specific patient needs. This bespoke approach holds the potential for more effective and targeted
regenerative outcomes.

However, the approach is not without its limitations. The requirement of a liposuction procedure for tissue harvesting
introduces additional complexity to the treatment regimen. This step not only poses surgical risks but also may not be
well-received by all patients, particularly those who are averse to invasive procedures or those with conditions that
elevate surgical risk. Moreover, the variability in SVF yield and cellular potency is a significant factor; these attributes are
influenced by the patient’s age, comorbidities, lifestyle, and the intrinsic quality of the adipose tissue. Such variability
necessitates a careful assessment of the harvested tissue’s viability and may require subsequent interventions to secure a
sufficient quantity of therapeutically effective cells.

In weighing the benefits and drawbacks of autologous SVF, it is essential to consider the individualized nature of the
treatment. Personalized medicine, while offering tailored solutions, must also reconcile the practicality of such
approaches, balancing the procedural demands with the expected therapeutic benefits. The development of standardized
protocols for the harvesting, processing, and application of autologous SVF is therefore a critical step forward, ensuring
the reproducibility and efficacy of regenerative therapies. As the field evolves, the continuous refinement of these
techniques and a deeper understanding of the biological behavior of SVF will be instrumental in maximizing the potential
of autologous cell therapies in regenerative medicine.
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Figure 2 Various methods of lipolysis for mesenchymal stem cell isolation in stromal vascular fraction derived from adipose tissue.

ALLOGENIC SOURCE OF SVF

Allogeneic SVF represents a paradigm shift in the availability and application of regenerative cellular therapies, where
SVF is sourced from donors rather than the recipients themselves. This approach leverages the adipose tissue of healthy
individuals, which upon extraction and processing, yields SVF that can be administered therapeutically to patients. The
allogeneic SVF, once isolated, can be cryopreserved, thus offering a stockpile of regenerative material that can be tapped
into as needed[38]. This method stands out for its logistical efficiency, providing a uniform and on-demand supply of
SVF, obviating the need for individualized tissue harvesting through surgical procedures.

The benefits of using allogeneic SVF are multifaceted. Primarily, it eliminates the necessity for each patient to undergo
a surgical procedure for adipose tissue extraction, thereby reducing the overall invasiveness of the treatment and the
associated risks of surgery. Furthermore, it assures a steady and consistent source of SVF, which is particularly advant-
ageous when treating multiple patients or in scenarios where immediate treatment is required. Allogeneic SVF is also a
vital resource for patients who may not have an adequate amount of adipose tissue for autologous SVF extraction, such as
those with low body fat or certain medical conditions. Despite these advantages, allogeneic SVF is not without potential
drawbacks. The risk of immune rejection is a concern, given the possible disparity in human leukocyte antigens between
the donor and the recipient, which can provoke an immunological response. Moreover, the transmission of diseases
remains a risk factor that necessitates rigorous donor screening, testing protocols, and adherence to stringent regulatory
standards to mitigate potential complications.

When considering the use of autologous vs allogeneic SVF, the decision-making process must integrate an assessment
of the risks and benefits tailored to the individual patient’s condition and the intended therapeutic application. While
autologous SVF is typically favored for its reduced risk of immune complications, allogeneic SVF offers practical benefits
in contexts where autologous tissue is not viable or when there is a need for large-scale or immediate treatment regimens.
The employment of allogeneic SVF, therefore, requires a comprehensive framework for donor selection, tissue processing,
and quality control to maximize safety and therapeutic efficacy. This holistic approach ensures that the potential of
allogeneic SVF can be harnessed effectively, expanding the scope of regenerative medicine. The comparative analysis of
autologous vs allogenic SVF sources is tabulated in Table 2.

CHOICE OF ANESTHESIA

The management of anesthesia during the procurement of SVF for regenerative medical applications is a nuanced area
that currently lacks uniform guidelines. The options of anesthesia for SVF isolation procedures are written in Table 3[39-
43]. This absence of consensus leaves the choice of anesthesia to be tailored to the specifics of the SVF isolation procedure,
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Table 2 Comparative analysis of autologous vs allogenic stromal vascular fraction sources

SVF source  Advantages Disadvantages
Autologous Eliminates immune rejection. No donor disease transmission. Enables person-  Requires surgical adipose extraction. Variable SVF
SVE alized treatments quality and quantity

Allogenic SVF  Avoids surgery for each patient. Steady, ready supply. Beneficial for patients ~ Possible immune response. Risk of disease if donor
with scant adipose tissue screening is lax

SVF: Stromal vascular fraction.

Table 3 Anesthesia options for stromal vascular fraction isolation procedures

Anesthesia type Description Application in SVF isolation

Local anesthesia Involves injecting anesthetic agents like lidocaine at the harvest site. Preferred for small-scale SVF isolation; ensures patient
[39] Patients remain conscious and have minimal systemic side effects comfort and cooperation

Tumescent Diluted lidocaine with epinephrine and saline is injected to anesthetize, Common in liposuction to obtain adipose tissue;
anesthesia[40] minimize bleeding, and ease tissue harvest provides extended anesthesia and vasoconstriction

General anesthesia Induces complete sedation and unconsciousness, used in comprehensive  Rarely used solely for SVF isolation; considered if
[41-43] surgical settings combined with other surgical interventions

SVEF: Stromal vascular fraction.

the patient’s health profile, and the combined judgment of the patient and the medical team. During SVF isolation,
adipose tissue is harvested primarily from subcutaneous fat depots. This process is essential for accessing regenerative
cells such as ADSCs, which are integral to subsequent therapeutic applications. The anesthetic techniques adopted for
this procedure vary, with local anesthesia being a preferred method due to its simplicity and direct action.

Local anesthesia involves injecting anesthetic agents into the tissue extraction site and numbing the specific area to be
treated. This localized approach offers several advantages - it not only provides effective pain control during the
procedure but also allows patients to remain awake, which can be critical for monitoring their well-being throughout the
process. This method is associated with a favorable tolerance profile, as it minimizes the patient’s exposure to systemic
anesthetic agents and the related side effects. Tumescent anesthesia, a derivative of local anesthesia, expands upon its
basic principle by infusing a larger volume of a dilute anesthetic solution into the subcutaneous tissue. This solution
typically consists of lidocaine, epinephrine, and saline, and serves multiple functions. The lidocaine provides local
anesthesia, the epinephrine induces vasoconstriction to minimize bleeding, and the saline facilitates the mechanical
process of adipose tissue extraction. This technique is particularly valued in liposuction, a common method for harvesting
adipose tissue, and by extension, is often employed in SVF isolation.

General anesthesia is seldom used for SVF isolation alone, primarily due to its comprehensive nature, which renders
the patient completely unconscious. This type of anesthesia is generally reserved for procedures that are either too
painful or too complex to perform under local or tumescent anesthesia. When SVF isolation is performed in conjunction
with other, more invasive surgical procedures, general anesthesia may become necessary to ensure patient comfort and
procedural efficiency. The selection of an anesthetic regimen is a multifaceted decision that hinges on several factors. The
complexity of the procedure, the anticipated duration, the patient’s medical and surgical history, and the presence of
comorbidities all play critical roles in this decision-making process. Additionally, patient preference is paramount; some
may favor local anesthesia to avoid the risks and recovery associated with general anesthesia, while others may opt for
complete sedation due to anxiety or discomfort with being awake during the procedure.

In practice, local or tumescent anesthesia is often the method of choice for SVF isolation, striking a balance between
minimizing procedural pain and reducing the risk of systemic complications associated with anesthesia. These app-
roaches ensure that the patient remains comfortable and cooperative, which is especially important in outpatient or office
settings where rapid recovery post-procedure is advantageous. The determination of the most suitable anesthetic
approach for SVF isolation should be a collaborative endeavor, engaging the patient, the surgeon, and the anesthesi-
ologist. This collaborative approach is essential for aligning the anesthetic plan with the patient’s needs, and procedural
requirements, and ensuring the highest standards of safety and care. As the field of regenerative medicine continues to
evolve, so too will the strategies for anesthesia management, to optimize patient experiences and outcomes in SVF
isolation and application.

SITE OF ASPIRATION

The aspiration of SVF is a medical procedure integral to regenerative medicine, wherein subcutaneous adipose tissue is
the primary target for harvesting[44]. This layer of fat, located directly beneath the skin’s surface, provides a readily
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accessible and rich source of adipose tissue, making it ideal for SVF isolation. The process of SVF aspiration is routinely
conducted at sites where subcutaneous fat is both abundant and easily accessible (Table 4).

The abdomen, particularly the lower abdominal area, is a prime site for adipose tissue harvesting. It is routinely
selected for its accessibility and the substantial presence of subcutaneous fat. This region’s predominance of fat deposits
not only ensures a sufficient yield for SVF isolation but also contributes to the relative simplicity and lower risk profile of
the procedure. Such characteristics render the abdomen an optimal site for various regenerative procedures, including
those requiring liposuction or manual aspiration techniques.

The thighs are another common site for SVF aspiration, with both the inner and outer thighs offering ample subcu-
taneous fat. The choice between these sub-regions is typically informed by the patient’s body composition and the
quantity of adipose tissue needed. The thighs are comparable to the abdomen in terms of the volume of tissue available
and are often used when additional adipose tissue is required or when the abdominal site is less suitable due to previous
surgeries, scarring, or patient preference. Flanks are also a favored site for SVF aspiration. The flank area, which extends
from the lower back around the side of the body, is another region where adipose tissue tends to accumulate. This site can
be particularly beneficial for patients with less adipose deposition in the abdomen or thighs or when a larger quantity of
SVF is necessary, as the flanks can provide an additional reservoir of adipose tissue.

In some scenarios, adipose tissue may also be harvested from the buttocks for SVF isolation. The buttocks may be
chosen based on the patient’s specific anatomical and fat distribution characteristics, and in cases where other sites are
not viable due to anatomical constraints, prior procedures, or patient choice. The decision on the precise site for SVF
aspiration is multifactorial, taking into account individual patient factors, the desired quantity of SVF, ease of access to
the fat deposit, patient comfort, and any concurrent procedures that might be taking place. For example, if adipose tissue
is being harvested for aesthetic purposes in addition to SVF isolation, the choice of site might be influenced by the goals
of the aesthetic procedure.

Various techniques for SVF aspiration are available, with the choice often depending on the physician’s expertise, the
volume of tissue needed, and the specifics of the patient’s case[23]. Methods can range from manual aspiration, which
may be less technically demanding, to more technologically advanced approaches like liposuction, which can facilitate a
more significant harvest of adipose tissue. Regardless of the method, the primary aim remains to procure an adequate
quantity of viable adipose tissue for SVF isolation while maintaining the highest standards of patient safety and comfort.

Before undertaking SVF isolation, healthcare providers must engage patients in a comprehensive informed consent
process. This conversation is vital to ensure that the patient is fully apprised of the procedural details, understands the
rationale for site selection, and is aware of any potential risks or complications associated with the procedure. Such
informed consent is a cornerstone of ethical medical practice, enabling patients to proceed with a clear understanding of
the treatment plan and its implications for their care.

TECHNIQUES OF ADIPOSE TISSUE EXTRACTION

The isolation of SVF from adipose tissue is a critical step in regenerative medicine that requires the precise dissociation of
the tissue to harvest a viable population of regenerative cells, including ADSCs and other stromal cells. The adipose
tissue lyser, also referred to as a dissociator or homogenizer, is instrumental in this process, applying either mechanical,
enzymatic or a combination of forces to efficiently disrupt the adipose tissue matrix[7,45].

The isolation of SVF from adipose tissue employs various techniques, predominantly categorized into enzymatic and
mechanical methods. Enzymatic digestion is often considered the gold standard for SVF separation, utilizing collagenase
to break down adipose tissue and release stromal cells[26,30,46]. In this approach, adipose tissue is digested with
enzymes such as type I and VIII collagenase, followed by centrifugation and washing with phosphate-buffered saline to
purify the SVF[27,30]. This method ensures a high yield of viable cells, including ADSCs, pericytes, fibroblasts, and other
progenitor cells[28,47]. Mechanical isolation techniques, such as using rotating blades, vibrating shakers, and centrifuges,
provide a rapid and cost-effective alternative to enzymatic digestion. These methods involve physically disrupting the
adipose tissue to release stromal cells, followed by filtration and centrifugation to obtain the SVF[25,37,46]. Despite
yielding lower quantities of cells compared to enzymatic methods, mechanical techniques can still produce clinically
acceptable SVF with good viability and regenerative potential[31,46]. Additionally, approaches such as the use of
Liberase Blendzyme and ultrasound for cell membrane permeabilization have been explored to enhance SVF yield and
efficiency[29].

When selecting an adipose tissue lyser for SVF isolation, several factors must be carefully considered to ensure the
optimal release of cells: (1) The volume of adipose tissue being processed is a determinant of the scale and type of lyser
required. Larger volumes may necessitate the use of more robust systems capable of processing increased tissue amounts
efficiently; (2) The desired level of tissue dissociation is crucial, as different dissociation techniques may yield varying
degrees of cell liberation and viability, which in turn can influence the success of subsequent regenerative applications;
(3) The throughput requirements of the procedure, including the number of samples to be processed and the time frame
for processing, will influence the choice of lyser; (4) The resources available within the laboratory, including equipment
and expertise, are also key considerations. Some dissociators may require additional infrastructure or specialized training
to operate effectively; and (5) Safety and reproducibility are paramount. The chosen lyser must be reliable and consistent
in performance, ensuring patient safety and the highest quality of SVF isolation.

Adhering to the manufacturer’s instructions and laboratory best practices is essential when using an adipose tissue
lyser. It is this adherence to the protocol that ensures the effective and reproducible dissociation of adipose tissue, which
is a cornerstone for obtaining a high yield of viable and functional SVF. Such attention to detail is critical for translating
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Table 4 Common sites for stromal vascular fraction aspiration from subcutaneous adipose tissue

Common SVF aspiration sites Description

Abdomen[44] Preferred due to accessibility and ample subcutaneous fat; less invasive for adequate tissue collection
Thighs[44] Inner and outer thighs provide a high concentration of subcutaneous fat suitable for harvesting
Flanks[44] Often chosen for excess adipose tissue, easily accessible for SVF aspiration

Buttocks[44] Utilized when a significant amount of adipose tissue is needed, especially in regenerative procedures

SVEF: Stromal vascular fraction.

the potential of SVF into successful clinical outcomes in the rapidly advancing field of regenerative medicine.

ADIPOSE TISSUE ASPIRATION CANNULA TYPE

The selection of an appropriate cannula type for the aspiration of adipose tissue during SVF isolation is a decision that
hinges on a variety of procedural factors and desired outcomes (Table 5). Clinicians typically choose between two
primary instruments: The hypodermic needle and the liposuction cannula (Table 6). Each tool has its advantages and
limitations, which must be considered in the context of the SVF isolation process[48].

The hypodermic needle is a ubiquitous and cost-effective tool in medical procedures and is valued for its simplicity
and ease of use, especially in manual aspiration techniques. It is available in a range of sizes, allowing for its application
across different scales of adipose tissue aspiration. Despite its versatility, the hypodermic needle may not be the optimal
choice for larger-scale harvesting or liposuction procedures due to its limited capacity for tissue collection, often
necessitating multiple punctures to collect an adequate volume of adipose tissue.

In contrast, the liposuction cannula is specifically designed for the efficient harvest of larger volumes of adipose tissue,
making it the instrument of choice for liposuction procedures. Its design minimizes trauma to surrounding tissues during
the aspiration process. However, this efficiency comes at the cost of requiring specialized equipment and a higher level of
expertise for safe and effective use. Additionally, for smaller-scale or manual aspiration procedures, the use of a
liposuction cannula may not be as appropriate. There is a paucity of evidence that explores the variability of the SVF
quality based on the choices of liposuction technique, anatomical location, or surgical approach selection.

When determining the most suitable cannula type for SVF isolation, several factors must be evaluated: (1) The volume
of adipose tissue required is a decisive factor; larger quantities necessitate the use of a liposuction cannula for practical
and efficient extraction; (2) The nature of the procedure is also critical. For manual aspirations, hypodermic needles are
typically sufficient, whereas liposuction procedures are best served by cannulas; (3) Patient comfort and procedure
tolerance must be considered, as smaller needles can be less invasive and more tolerable during manual aspirations; (4)
The expertise of the physician is paramount. The clinician should possess proficiency in the use of the chosen instrument
to ensure the procedure’s success; and (5) Safety considerations must guide the selection process, ensuring that the chosen
needle type aligns with safety protocols to minimize the risk of complications.

Ultimately, the needle type for adipose tissue aspiration should be selected based on a careful assessment of the SVF
isolation requirements, the healthcare provider’s skill set, and the highest standards of patient care. Adherence to sterile
techniques and safety guidelines is essential to secure a successful outcome and the procurement of high-quality SVF for
use in regenerative medicine.

CENTRIFUGATION

Centrifugation is a pivotal step in the isolation of SVF from adipose tissue, a process that enriches regenerative cells such
as ADSCs by separating them from other cellular components[49]. The process begins with enzymatic digestion of the
adipose tissue to break down the ECM and liberate the cells. Following digestion, the tissue is typically mixed with a
buffer or saline to create a cell suspension suitable for centrifugation.

The goal of centrifugation in SVF isolation is to leverage the density differences between the various components of the
digested adipose tissue to effectively segregate the SVF from adipocytes and blood cells[49-51]. To achieve this, centrifu-
gation parameters are carefully selected based on the specific protocol and the equipment being utilized.

Centrifugation speeds are generally categorized as low, medium, or high, corresponding to the gravitational forces
applied to the cell suspension (Table 7): (1) Low-speed centrifugation, ranging from 400 to 600 x g, is often employed for a
preliminary separation, gently pelleting down the heavier fractions while leaving lighter components in the supernatant;
(2) Medium-speed centrifugation, usually between 1200 and 1500 x g, can provide a balance between efficiency and cell
viability, often used to refine the separation process; and (3) High-speed centrifugation, at 2000 to 2500 x g, is utilized to
firmly pellet the SVF, ensuring maximal separation from the less dense lipid-rich adipocytes and other cellular debris.
Building upon these speed considerations, the duration of centrifugation is equally critical in optimizing SVF isolation.
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Table 5 Comparative analysis of adipose tissue harvesting tools: Hypodermic needle vs liposuction cannula

Instrument Advantages Disadvantages

Hypodermic Widely available and cost-effective. Simple, easy for manual aspiration. Limited use for large-scale harvesting. Multiple
needle Various sizes for different applications punctures may be necessary

Liposuction Efficient for large-volume harvesting. Suitable for extensive liposuction Requires special equipment and training. Less suitable
cannula needs. Reduces trauma to surrounding tissues for small-scale procedures

Table 6 Instrument selection criteria: Hypodermic needle vs liposuction cannula

Factor Hypodermic needle Liposuction cannula

Adipose tissue amount required ~ Suitable for smaller quantities Preferred for larger volumes

Procedure type Ideal for manual aspiration Designed for liposuction procedures

Patient comfort Potentially less invasive and more comfortable Larger cannulas may be more discomforting

Physician expertise Requires basic proficiency in aspiration techniques ~ Necessitates expertise in liposuction equipment and methods
Safety Low-risk tool for manual procedures Must be used in line with stringent safety protocols

Table 7 Centrifugation speed and time parameters for stromal vascular fraction isolation

Centrifugation parameters Speed, x g Time in min
Low-speed centrifugation 400-600 5-10
Medium-speed centrifugation 1200-1500 10-15
High-speed centrifugation 2000-2500 15-20

The duration of centrifugation is similarly tiered, with times typically extending from 5 min to 20 min depending on
the speed. Shorter times are usually adequate for low-speed centrifugation, while longer periods are reserved for high-
speed centrifugation to ensure a complete pellet formation. Some protocols may incorporate a two-step centrifugation
process, initially applying a lower speed to remove larger adipocytes and conclude with a higher speed to consolidate the
SVF into a pellet. This approach can be particularly beneficial for enhancing the purity and yield of the SVF. It is
important to note that centrifugation parameters are not one-size-fits-all and may require optimization based on the
volume of the suspension, the centrifuge model, and the intended use of the SVF. Variations in equipment, rotor types,
and sample sizes necessitate adjustments to centrifugation speeds and times to achieve the desired outcome.

The key to successful SVF isolation lies in the careful optimization and validation of centrifugation steps to ensure the
isolation of a high-quality SVF. This involves following validated protocols, ideally within the framework of Good
Laboratory Practices or Good Manufacturing Practices, particularly when SVF isolation is conducted for clinical applic-
ations[52,53]. Consulting with experienced laboratory personnel and adhering to established best practices is
recommended to achieve the best possible results in SVF isolation for regenerative medicine purposes.

VOLUME OF DELIVERY

Having established the methods for SVF isolation, the next critical consideration is determining the appropriate volume
for therapeutic delivery, particularly in the context of treating knee osteoarthritis. The treatment protocol itself is a
primary determinant of the volume of SVF to be delivered. Different protocols, which may be based on the latest research
findings, expert consensus, or institutional practices, can vary in their recommendations. These protocols consider the
concentration of the cellular components within the SVF, the expected volume of the knee joint space, and the therapeutic
regimen’s design, whether it be a single treatment or part of a series[54-57]. The severity of the OA condition directly
impacts the volume of SVF required. A knee joint with extensive cartilage degeneration or significant synovial inflam-
mation may require a higher volume of SVF, as the therapeutic goal is to reach a larger area of damaged tissue and to
provide a sufficient number of cells capable of exerting a regenerative effect[57-60]. In establishing the appropriate SVF
volume for knee OA, a thorough assessment of the patient’s clinical presentation is essential. A careful evaluation of
imaging results, such as magnetic resonance imaging or X-rays, can offer insights into the extent of joint damage and the
volume of space available for SVF injection.

Individual patient characteristics are pivotal in tailoring the SVF volume. The patient’s age can influence the
regenerative capacity of their cells, while overall health and comorbidities may affect the tissue’s receptivity to the
treatment[61-64]. A few studies have reported a positive correlation between body mass index and SVF yield[62,63].
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However, other studies have found no significant relationship between body mass index and SVF yield[64,65]. Moreover,
the patient’s history of responses to previous interventions can inform the likelihood of a favorable response to SVF
therapy, potentially adjusting the volume needed to achieve clinical improvement. The intended goals of the treatment
also guide the volume decision. For patients seeking relief from pain, a different volume may be employed compared to
those whose primary objective is to enhance joint function or induce repair of the cartilage itself. The volume admini-
stered may be modulated to prioritize these distinct therapeutic endpoints. Furthermore, considerations of the joint’s
biomechanical function, previous surgical history, and individual anatomy will also play a role. Having noted suboptimal
clinical response in single-dose treatment protocols, multiple dosing has also been implemented to compensate for the
reduced primary volume of SVF delivered during the index procedure[66].

Given that SVF therapy for knee OA is still a developing area, it is subject to the dynamic flow of new research and
clinical experience. The field is evolving with ongoing studies that seek to optimize dosage, frequency, and delivery
methods to enhance the efficacy and safety of SVF treatments. Healthcare providers must therefore remain informed
about the latest advancements and incorporate this evolving knowledge into their practice. It is also critical to adhere to
high standards of clinical practice, including Good Laboratory Practices or Good Manufacturing Practices, especially
when preparing SVF for clinical applications[67,68]. This ensures the quality and safety of the cellular product being
administered. The determination of the SVF volume for knee OA treatment is a complex decision that integrates multiple
clinical variables. The optimal volume must be carefully calculated to provide the greatest potential for joint repair and
symptom alleviation while minimizing the risks of adverse effects. As the field advances, it is anticipated that more
standardized protocols will emerge, enhancing the precision and predictability of SVF therapy for knee OA.

HETEROGENEITY OF MESENCHYMAL STEM CELLS

The heterogeneity of mesenchymal stem cells (MSCs) leads to discrepancies in therapeutic efficacies due to differences in
donor sources, tissues, and intercellular variations, affecting proliferation, differentiation, and cytokine secretion[69].
MSCs from the same donor can show variability under identical culture conditions, impacting therapeutic outcomes.
Age-related changes, such as telomere shortening and DNA damage, further contribute to this variability[69]. Subpopu-
lations like differentiation-resistant MSCs upregulate YAP1, CDH6, and OCT4, promoting tumorigenic properties[70].
Similarly, osteogenesis-resistant MSCs retain stem cell characteristics and upregulate AJUBA, CDH4, and CTNNBI,
facilitating head and neck squamous cell carcinoma[71]. This emphasizes the need for standardization to improve MSC-
based therapies.

FUTURE PROSPECTS

SVEF, with its rich diversity of cells including ADSCs, is lauded for its ability to differentiate into multiple cell types,
supporting tissue repair and regeneration across a variety of medical conditions.

Another perspective frequently encountered in the literature pertains to the non-invasive nature of SVF isolation.
Research scholars often advocate for the use of adipose tissue as a source of stem cells due to its abundance and access-
ibility. The minimally invasive methods employed for harvesting adipose tissue, such as liposuction, are considered
advantageous over more invasive stem cell extraction techniques, with the potential for reduced patient discomfort and
quicker post-procedure recovery.

Ethical and safety considerations also form a pivotal part of the dialogue surrounding SVF isolation. The autologous
nature of SVF, derived from the patient’s tissue, circumvents many of the ethical dilemmas associated with embryonic
stem cells and alleviates concerns regarding immune compatibility and disease transmission. Researchers and clinicians
alike may emphasize this aspect, noting the favorable safety profile of SVF therapies.

The clinical applications of SVF are a subject of extensive discussion among clinicians, with many exploring its role in
managing OA, enhancing wound healing, and facilitating tissue repair. There is a keen interest in the anti-inflammatory
and angiogenic properties of SVF and its utility in a range of therapeutic contexts. Additionally, the potential of SVF in
novel medical applications continues to be a vibrant area of research, with research experts advocating for continued
exploration into its full clinical potential.

Standardization and quality control in SVF isolation are points of emphasis for some researchers, who argue for the
necessity of consistent and reproducible protocols. This perspective is grounded in the importance of ensuring patient
safety and treatment efficacy, with a call for rigorous standards and practices to be established and maintained across the
field.

The evolving nature of SVF research is a recurring theme in scholarly discussions. The research scientists acknowledge
that while the therapeutic promise of SVF is considerable, there remains a need for further studies to elucidate its
mechanisms of action and to refine its application in clinical practice. The consensus is that ongoing research and clinical
trials will be critical in advancing the field and expanding the therapeutic repertoire of SVF. It is essential to recognize
that the views expressed by researchers are influenced by their respective research focuses their interdisciplinary
backgrounds, and the evolving body of evidence. As such, the perspectives on SVF isolation are as diverse as the
scientific community itself, unified by a common pursuit of advancing regenerative medicine through robust evidence,
well-designed clinical trials, and stringent adherence to ethical and regulatory standards (Table 8).
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Table 8 Perspectives on stromal vascular fraction isolation in regenerative medicine

Perspective Description

Regenerative potential Highlights the diverse cells in SVF, like adipose derived stem cells, for tissue repair and potential in regenerative
medicine

Non-invasive approach Stresses minimally invasive adipose tissue harvest, leading to less discomfort and quicker recovery

Ethical and safety considerations ~ Notes the ethical advantage of autologous use and lower risk of rejection or disease transmission

Clinical applications Discusses the role of SVF in osteoarthritis, wound healing, and other regenerative areas
Standardization and quality Urges for standardized protocols to ensure consistent results and safety in SVF therapies
control

Evolving research Emphasizes the need for ongoing research to expand understanding and clinical use of SVF

SVF: Stromal vascular fraction.

CONCLUSION

SVF isolation and application represents a promising frontier in regenerative medicine, offering a rich source of ADSCs
and regenerative factors. The field grapples with the complexities of autologous versus allogeneic sourcing, each
presenting unique advantages and challenges. Isolation techniques, ranging from enzymatic to mechanical methods,
require optimization to balance efficiency and cellular viability. The potential of SVF in treating conditions like
osteoarthritis is significant, yet it demands rigorous standardization and quality control measures. Moving forward,
large-scale clinical trials are essential to evaluate long-term efficacy and safety. Researchers must elucidate the mecha-
nisms of action, explore combination therapies, and develop standardized protocols. Establishing robust regulatory
frameworks is crucial for clinical translation. While SVF shows great promise, ongoing research is vital to fully realize its
therapeutic potential and establish it as a mainstream regenerative medicine approach. The field’s advancement hinges
on addressing these multifaceted challenges.
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