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Introduction

The autologous fat graft is used mainly in aesthetic medicine, 
particularly for face rejuvenation and volume restoration, and 
also for reconstructive purposes such as breast reconstruction, 

hypertrophic scars, and painful hand neuromas, thanks to its 
simple harvesting through liposuction and its autogenous and 
biocompatible nature1. Nevertheless, fat graft presents some 
limitations, such as the size of the injectable product, the 
unpredictable fat resorption rates2, and subsequent adverse 
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Abstract
Fat graft is widely used in plastic and reconstructive surgery. The size of the injectable product, the unpredictable fat resorption 
rates, and subsequent adverse effects make it tricky to inject untreated fat into the dermal layer. Mechanical emulsification of 
fat tissue, which Tonnard introduced, solves these problems, and the product obtained was called nanofat. Nanofat is widely 
used in clinical and aesthetic settings to treat facial compartments, hypertrophic and atrophic scars, wrinkle attenuation, skin 
rejuvenation, and alopecia. Several studies demonstrate that the tissue regeneration effects of nanofat are attributable to 
its rich content of adipose-derived stem cells. This study aimed to characterize Hy-Tissue Nanofat product by investigating 
morphology, cellular yield, adipose-derived stem cell (ASC) proliferation rate and clonogenic capability, immunophenotyping, 
and differential potential. The percentage of SEEA3 and CD105 expression was also analyzed to establish the presence of 
multilineage-differentiating stress-enduring (MUSE) cell. Our results showed that the Hy-Tissue Nanofat kit could isolate 3.74 
× 104 ± 1.31 × 104 proliferative nucleated cells for milliliter of the treated fat. Nanofat-derived ASC can grow in colonies 
and show high differentiation capacity into adipocytes, osteocytes, and chondrocytes. Moreover, immunophenotyping analysis 
revealed the expression of MUSE cell antigen, making this nanofat enriched of pluripotent stem cell, increasing its potential in 
regenerative medicine. The unique characteristics of MUSE cells give a simple, feasible strategy for treating a variety of diseases.
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events3. Moreover, injecting the fat graft into the dermal layer 
to treat superficial rhytides, wrinkles, and atrophic scars is 
still challenging4. Therefore, many patients still need to be 
convinced to use this procedure. Fortunately, modern com-
mercial medical devices are able to make up for the shortcom-
ings of the original techniques5.

Moreover, during the last years, surgeons and research-
ers tested different protocols to manipulate fat and inject it 
rapidly without inflammatory reactions. In particular, the 
adipose tissue should be able to integrate within the dam-
aged tissue through sufficient vascularization adequately. 
This makes the fate of the fat uncertain when used as a 
volumetric filler. Derivatives of adipose tissue, such as 
microfat, nanofat, microvascular fragments, stromal vascu-
lar fraction, and stem cells, are not only commonly used in 
research but also clinically to enhance the vascularization 
of implants and grafts at defect sites. In plastic surgery, adi-
pose tissue is harvested via liposuction and can be manipu-
lated in three ways (macrofat, microfat, and nanofat) in the 
operating room, depending on its ultimate use and on the 
disgregation system6. Whereas macrofat and microfat are 
used as a filling material, nanofat is a viscous extract that 
can induce tissue remodeling because it is rich in growth 
factors and stem cells6.

Nanofat is defined as an autologous liquid-like tissue 
obtained through the mechanical manipulation of lipoaspi-
rates. During the process, the harvested fat is filtered and 
shuffled between two 10-ml syringes with a 30 passes con-
nector, destroying nearly all adipocytes, resulting in a puri-
fied emulsion product6. The final product can be directly 
injected into the target site with high precision, even in dif-
ficult areas, allowing it to work superficially with still finer 
sharp needles (27 or 30 gauge)7,8. Nanofat is widely used in 
clinical practice to treat facial compartments, hypertrophic 
and atrophic scars, wrinkle attenuation, skin rejuvenation, 
and alopecia9–12. Recently, nanofat has been investigated for 
broader applications, such as wound healing by the paracrine 
effect of nanofat product1,13. The regenerative effect of nano-
fat is attributable to the presence of microfragments of stro-
mal connective tissue composed of adipose-derived stem 
cells (ASCs), endothelial precursor cells, endothelial cells, 
macrophages, smooth muscle cells, lymphocytes, pericytes, 
and pre-adipocytes1,14–16. The nanofat main secretome con-
sists of proliferative, pro-angiogenic, pro-differentiative, and 
pro-antiapoptotic factors such as platelet-derived growth fac-
tor (PDGF), vascular endothelial growth factor (VEGF), and 
insulin-like growth factor (IGF), among others14,17.

Among the cellular components of nanofat, ASCs repre-
sent the leading actor of tissue regeneration, cooperating 
with other cellular elements in the process of restitutio ad 
integrum18. ASCs are adult plastic-adherent mesenchymal 
stem cells easily isolable from adipose tissue, allowing autol-
ogous cell transplantation19,20. According to the literature, 
ASCs module the inadequate healing responses, which lead 

to tissue degeneration such as chronic inflammation21, hyper-
metabolic responses22, and fibrosis23. Moreover, ASCs stim-
ulate extracellular matrix production, new collagen 
deposition, and early revascularization24,25. Initial in vitro 
experiments demonstrated the angiogenic effect of ASC26, 
which was then attributed to the presence of the secretome27. 
Their biological effect is due to the self-renewal property, 
immunosuppressive potential, and ability to differentiate 
into different mesodermal cell lineages, such as adipocytes, 
osteocytes, and chondrocytes28–30. For these reasons, in vitro 
characterization of nanofat in terms of ASCs content could 
reflect the regenerative potential of the product, indicating 
how many cells are capable of duplicating and differentiating 
in a short period of time, which can guarantee a replicable 
result for patients and reduce the recovery time.

Recent studies have focused on a subpopulation of mes-
enchymal stem cells defined as multilineage-differentiating 
stress-enduring (MUSE) cells. MUSE cells are defined as 
non-tumorigenic stress-tolerant and pluripotent cells with 
high regenerative potential31–34 and migration capacity into 
the damaged tissue35. MUSE cells were isolated from differ-
ent sources such as skin, bone marrow, and hair bulbs, but 
principally were isolated from adipose tissue, in which 
researchers found a higher number of MUSE cells36–38. 
MUSE cells are characterized by high integration capacity 
and restoration of tissue function, as evidenced in numerous 
preclinical studies34,39. Thanks to their unique features, 
MUSE cells are a promising candidate for tissue regenera-
tion and stem cell therapy.

This study aimed to characterize at the morphological and 
cellular level a promising and standardized single-use assem-
bled system named Hy-Tissue Nanofat that allows obtaining 
a final product enriched in pluripotent and proliferative 
ASCs with highly potential use in clinical practice.

Materials and Methods

Adipose Tissue Collection

The adipose tissue was collected from eight women under-
going liposuction for aesthetic purposes, aged between 41 
and 69 years. Informed consent was taken before collect-
ing lipoaspirates following the ethical guidelines estab-
lished by the review committee for human studies of AOU 
“Ospedali Riuniti,” Ancona, Italy (Micro-adipose graft_01, 
18 May 2017). Klein solution (2% lidocaine solution: 
0.08% w/v; adrenaline 1 mg/ml solution: 0.1% v/v in 0.9% 
saline) was injected 10 min after the liposuction. A cannula 
of 11 G, 6 holes, and a 20-ml Vac-Lock syringe provided 
with the Hy-Tissue Nanotaf Plus system was used to obtain 
lipoaspirate (about 30 ml of fat from each donor) from the 
abdominal area. The fat was transported in an adiabatic 
container to the laboratory and processed within 20 h from 
harvest.
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Procedure for Nanofat-Derived Microfragment 
Production

Each adipose tissue sample (about 30 ml) was divided into 
three portions. The first portion (about 10 ml) was processed 
with the Hy-Tissue Nanofat system (Fidia Farmaceutici, 
Abano Terme, Italy). The lipoaspirate was shuffled and 
emulsified through two 10 ml coupled syringes via a 30 
passes connector. The emulsified lipoaspirate was filtered 
into the inner bag with a pore size of 120 µm and was col-
lected into a lower syringe.

To characterize the product at a cellular level, it was cen-
trifuged at 3,000 × g for 6 min and filtered through a 70-µm 
nylon mesh. The product obtained by this method was named 
“Nanofat-derived SVF (N-ASC).”

Enzymatic Digestion of Fat

The second portion of lipoaspirate (about 10 ml) was pro-
cessed using an enzymatic method, as reported by Busato 
et al.30 The samples were digested with collagenase type I at 
a concentration of 1 mg/ml (GIBCO Life Technologies, 
Monza, Italy) dissolved in Hank’s Balanced Salt Solution 
(HBSS; GIBCO Life Technologies) with 2% of bovine serum 
albumin (BSA; GIBCO Life Technologies) for 45 min at 
37°C. Complete culture medium [Dulbecco’s Modified 
Eagle Medium (DMEM); Sigma-Aldrich, Milan, Italy], sup-
plemented with 10% of fetal bovine serum (FBS; GIBCO 
Life Technologies), 1% of 1:1 penicillin/streptomycin (P/S 
solution; GIBCO Life Technologies), and 0.6% of ampho-
tericin B (GIBCO Life Technologies), was added to neutral-
ize the enzyme action. After the neutralization process, the 
sample was centrifuged at 3,000 × g for 5 min. The cell pel-
let was incubated with 1 ml of erythrocyte lysis buffer 1× 
(Macs Miltenyi Biotec, Milan, Italy) for 10 min at room tem-
perature. Again, the cell suspension was centrifuged and 
resuspended with 1 ml of complete culture medium. Finally, 
the cells were filtered through a 70-µm nylon mesh. The 
product obtained by this method was named “collagenase-
derived ASCs (ED-ASCs).”

Enzymatic Digestion of Hy-Tissue Nanofat-SVF

The remaining portion of lipoaspirate (10 ml) was first pro-
cessed with the Hy-Tissue Nanofat kit, followed by the treat-
ment with collagenase type I. The Nanofat-SVF obtained, as 
described section “Adipose Tissue Collection,” was incu-
bated with collagenase type I at a concentration of 1 mg/ml 
(GIBCO Life Technologies) dissolved in HBSS (GIBCO 
Life Technologies) with 2% of BSA (GIBCO Life 
Technologies) for 45 min at 37°C. Complete culture medium 
(DMEM; Sigma-Aldrich), supplemented with 10% of FBS 
(GIBCO Life Technologies), 1% of 1:1 penicillin/streptomy-
cin (P/S solution; GIBCO Life Technologies), and 0.6% of 
amphotericin B (GIBCO Life Technologies), was added to 

neutralize the enzyme action. After the neutralization pro-
cess, the sample was centrifuged at 3,000 × g for 5 min. The 
cell pellet was incubated with 1 ml of erythrocyte lysis buffer 
1× (Macs Miltenyi Biotec) for 10 min at room temperature. 
Again, the cell suspension was centrifuged and resuspended 
with 1 ml of complete culture medium. Finally, the cells 
were filtered through a 70-µm nylon mesh.

The product obtained by this method was named “enzy-
matic digestion of Nanofat-SVF (N-ED-ASCs).”

Table 1 summarizes the code names used to identify the 
different processes employed to treat the fat tissue.

Morphological Analysis

To evaluate the morphology of the Hy-Tissue Nanofat, SVF 
whole-mount assay was performed, as reported in Busato 
et al.30 The emulsion was swiped in a histological glass and 
stained with toluidine blue (Sigma-Aldrich). All slides were 
examined under an Olympus BX-51 microscope (Olympus, 
Tokyo, Japan) equipped with a digital camera (DKY-F58 
CCD JVC, Yokohama, Japan). In addition, for a deeper mor-
phological understanding, the Hy-Tissue Nanofat-SVF was 
studied in scanning electron microscopy (SEM). The sample 
was fixed with glutaraldehyde 2% diluted in 0.1 M phosphate 
buffer (pH 7.4) for 2 h at 4°C and post-fixed in 1% osmium 
tetroxide (OsO4) diluted in 0.2 M potassium hexacyanoferrate 
for 1 h at 4°C. The samples were dehydrated in a graded con-
centration of ethanol, followed by a critical point dryer (CPD 
030, Balzers, Vaduz, Liechtenstein), mounted to stubs with 
colloidal silver and sputtered with gold by an MED 010 coater 
(Balzers), and examined with FEI XL30 scanning electron 
microscope (FEI Company, Eindhoven, The Netherlands). 
All the morphological analyses were performed on each sam-
ple collected from every patient.

Cellular Yield

Collected cells from the evaluated procedures were counted 
using trypan blue exclusion assay using a CytoSMART 
counter (Automated Image-Based Cell Counter, version 
1.5.0.16380; CytoSMART Technologies B.V, Eindhoven, 
The Netherlands), which indicates the number of living cells 
in a sample. Cell yield was calculated considering the total 
amount of living cells of N-ASC, ED-ASC, and N-ED-ASC 
divided by the fat volume.

Table 1.  Code Names of the Products Obtained With the 
Evaluated Protocols for Fat Tissue Digestion.

Evaluated protocol Code name

Nanofat-derived SVF N-ASC
Collagenase-derived ASC ED-ASC
Enzymatic digestion of Nanofat-SVF N-ED-ASC

ASC: adipose-derived stem cell.
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Proliferation Capacity

To evaluate the cell proliferation capacity of the cells derived 
from the three different isolation procedures (N-ASC, 
ED-ASC, and N-ED-ASC), 2 × 105 cells of each procedure 
were plated on a 25-cm2 T-flask and incubated in a humidi-
fied atmosphere with 5% CO2 at 37°C in triplicate for each 
procedure. The complete culture medium was changed 72 h 
after the cell extraction and, subsequently, every 48 h until 
80% confluence. The days required for the cultured cells to 
reach confluence (cellular passage 1) were used for deter-
mining the proliferation capacity. Furthermore, the popula-
tion doubling time (PDT) assay was performed to estimate 
the time request for cell replication. Four days after the seed-
ing, 5 × 104 cells from N-ASC, ED-ASC, and N-ED-ASC 
were plated in T-25 Flasks (in triplicate) with 4 ml of com-
plete culture media. They were incubated in a humidified 
atmosphere with 5% CO2 at 37°C for different time points, 
24, 72, and 96 h. At each time point, after a brief wash with 
PBS, the cells were incubated with 0.25% trypsin (GibcoBRL/
Life Technologies) at 37°C for 5 min, centrifuged, and the 
cell pellet was resuspended in 1 ml of complete culture 
media. CytoSMART counter (Automated Image-Based Cell 
Counter, version 1.5.0.16380; CytoSMART Technologies) 
was used to detect the number of cells at each time point. 
PDT was calculated using the following equation: PDT = 
[t(h) × log2]/log (Nf/Ni)40, where Ni and Nf are initial and 
final cell numbers, respectively.

Clonogenic Capacity

N-ASC, ED-ASC, and N-ED-ASC were seeded in a six-well 
plate in triplicate.

In all, 5 × 103 cells from N-ASC were plated, while 1 × 
103 cells from N-ED-ASC and ED-ASC were used. Cells 
were cultured for 14 days. Toluidine blue (Sigma-Aldrich) 
staining was performed to count the colonies. The frequency 
of colony-forming unit-fibroblast (CFU-F) within N-ASC, 
ED-ASC, and N-ED-ASC was expressed as a percentage of 
seeded cells.

Immunophenotyping

N-ASC, ED-ASC, and N-ED-ASC and the subsequent sub-
culture cells (cellular passage 2) were characterized by 
flow cytometry in triplicate. To perform cytofluorimetric 
analysis, the different cells product was centrifuged at 3000 
× g for 6 min. The cell pellet obtained was resuspended in 
a complete culture medium, incubated with 1 ml of erythro-
cyte lysis buffer 1× (Macs Miltenyi Biotec, Milan, Italy) 
for 10 min at room temperature, and filtered through a 
70-µm cell strainer. Subsequently, cells were washed with 1 
ml of PBS and incubated (1 × 105 for each tube) with con-
jugated antibodies on ice for 30 min. After incubation, the 

pellets were centrifuged (5,000 rpm, 7 min) and resus-
pended in 100 µl of PBS.

The antibodies used were selected considering the mini-
mal criteria to identify mesenchymal stem cells defined by 
the International Society of Cellular Therapies41, which are 
as follows: CD105 APC conjugate (1:20 dilution), CD73 
BV421 conjugate (1:20 dilution), CD34 PE conjugate (1:5 
dilution), CD45 FITC conjugate (1:20 dilution), CD146 APC 
conjugate (1:20 dilution), and SEEA3 FITC conjugate (1:20 
dilution). All antibodies were purchased from BD Biosciences 
(Becton Dickinson Italy S.P.A., Milano, Italy). Also, the iso-
types of each antibody were incubated with cells to deter-
mine the threshold of fluorescence and to exclude no specific 
signal. Isotypes were indicated by the datasheet of each pri-
mary antibody and incubated with cells at the same concen-
tration of primary antibodies.

Immunophenotyping was performed through a chant II 
FACS (BD, Becton Dickinson).

Differentiation Assay

The differentiation potential was evaluated in vitro for the 
N-ASC compared with ED-ASC and N-ED-ASC. Non-
induced cells were used as control (CTR). Differentiation 
was carried out employing expanded cultured cells from pas-
sage 4. At each time point, the samples were seeded in tripli-
cate for every differentiation protocol.

For adipogenic differentiation, 5,000 cells were seeded on 
a 12-well plate containing one slide per well to make the 
cells grow adherent and incubated at 37°C, 5% CO2, and 
after 24 h; the complete culture medium was replaced with 
adipogenic media (Sigma-Aldrich). To evaluate the adipo-
genic differentiation capacity, after 4 and 9 days of incuba-
tion, the cells were fixed with Baker’s fixative (Bio-Optica, 
Milan, Italy) for 10 min at 4°C, washed with tap water for 10 
min, and stained with Oil-Red-Oil solution (Bio-Optica) for 
10 min, which is the particular staining for adipocytes42, and 
Mayer’s hematoxylin (Bio-Optica) for 5 min. Finally, the 
glass coverslips were mounted with Mount Quick aqueous 
(Bio-Optica).

For chondrogenic differentiation, 1 × 106 cells resus-
pended in 5 µl of complete culture media were seeded in a 
12-well plate, and after 2 h, the chondrogenic media was 
added (StemPro Chondrogenic Differentiation Kit; GIBCO 
Life Technologies). After 4 and 9 days of incubation, chang-
ing the media every 3 days, cells were fixed with 4% formal-
dehyde (Bio-Optica) in PBS 0.05 M for 30 min at 4°C, 
washed twice with distilled water, and stained with Alcian 
blue solution (Merck KGaA, Darmstadt, Germany) for 40 
min and with Nuclear Fast Red (Bio-Optica) for 20 min. 
Finally, after brief dehydration, the glass coverslips were 
mounted with Entellan (Merck KGaA).

For osteogenic differentiation, 5,000 cells were seeded on 
a 12-well plate with complete culture media, and after 24 h, 
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the media was replaced with osteogenic media (StemPro 
Osteogenesis Differentiation Kit; GIBCO Life Technologies). 
To evaluate the osteogenic differentiation capacity, after 4 
and 9 days of incubation, the cells were fixed with 4% form-
aldehyde (Bio-Optica) in PBS 0.05 M for 30 min at 4°C, 
washed twice with distilled water, and incubated with 
Alizarin Red Solution (Merck KGaA) for 2/3 min and 
Mayer’s hematoxylin (Bio-Optica) for 30 s. Finally, after 
brief dehydration, the glass coverslips were mounted with 
Entellan (Merck KGaA).

The stained cells were imaged using a bright-field optical 
microscope, Olympus BX-51 (Olympus, Tokyo, Japan) and 
equipped with a digital camera (DKY-F58 CCD JVC, 
Yokohama, Japan). Slides were gently cleaned with ethanol, 
then placed on the microscope slide holder, and five images for 
each slide were acquired using a 20× objective for quantifying 
the lipid droplets and a 10× objective for the quantification of 
calcified and collagenous matrices. The acquired images con-
tained 8 to 12 cells to standardize the quantification.

The semi-quantitative analysis was performed using a 
custom-designed Image J Software plug-in (US National 
Institutes of Health) in blind condition, with previously 
treated images (binary images). In the case of adipogenic dif-
ferentiation, the number of red spots (lipid droplets) on the 
cytoplasm of the cell was considered. For chondrogenic and 
osteogenic differentiation, the area covered by collagen 
aggregates was stained in blue and the area covered by calci-
fication deposits was stained in red, respectively.

Immunostaining for MUSE Detection

An immunostaining assay revealed the presence of MUSE 
cells in nanofat-derived ASCs at cellular passage 4. N-ASCs 
were seeded on a glass with a diameter of 24 mm in six-well 
plates in triplicates with complete medium. The wells were 
incubated at 37°C and 5% of CO2. After 24 h, cells were 
fixed with 4% buffered formalin for 1 h at 4°C in the dark, 
washed three times with sterile PBS 1×, and incubated with 
SEEA3 (FITC conjugate, 1:200 dilution) and CD105 (APC 
conjugate, 1:200 dilution) antibodies in the dark at 4°C for 
30 min. At the end of the incubation with the antibodies, the 
glasses were washed with PBS, and mounting medium con-
taining DAPI was added. The slices were imaged with an 
Olympus BX-51 microscope (Olympus) equipped with a 
digital camera (DKY-F58 CCD JVC) at 60× objective. 
Images were prepared using Las-X software.

Statistical Analysis

The data were reported as mean ± standard deviation (SD). 
Mann–Whitney tests were performed, and differences 
between groups were considered statistically significant 
when the P value was < 0.05. All statistical analyses were 
performed using GraphPad Prism version 8.00 for Windows, 
GraphPad Software (La Jolla, CA, USA).

Results

Microscopical Analysis of Hy-Tissue Nanofat-SVF

Hy-tissue Nanofat-SVF was examined at a morphological 
level to investigate its composition. For this purpose, 
lipoaspirates were processed following the protocol recom-
mended by the manufacturer (Fig. 1A). The adipose tissue 
was shuffled 30 times between two connected syringes, fil-
tered through a membrane of 120 µm, and collected with a 
syringe using the lower valve port of the outer bag, resulting 
in an autologous whitish emulsion ready to inject.

The microscopic analysis revealed that the Nanofat-SVF 
was mainly composed of intact lipid droplets of different 
sizes (Fig. 1B). The size distribution of the lipid droplets 
(Fig. 1C) showed that Nanofat-SVF was composed of drop-
lets classified in four main clusters: with a diameter lower 
than 60 µm (42.42 ± 10.10 µm), between 60 and 100 µm 
(76.59 ± 11.77 µm), between 100 and200 µm (143.43 ± 
33.42 µm), and over 200 µm (245.45 ± 38.07 µm). At the 
end of the procedure, Hy-Tissue Nanofat-SVF appears as 
connective tissue micro-fragments consisting of an extracel-
lular matrix and preserved capillaries with endothelial and 
perivascular cells (Fig. 1C). The morphologies observed 
with SEM images (Fig. 1D) show the evidence of the pres-
ence of some adipocytes, elastic fibers (dotted arrow in Fig. 
1D), connective tissue lamina (asterisk in Fig. 1D), and sin-
gle collagen fibers (arrow in Fig. 1D). The images show that 
the mechanical treatment consents to a possible scaffold-like 
connective tissue formation.

To characterize the Hy-Tissue Nanofat-SVF at a cellular 
level, ASCs were isolated (N-ASC) and compared with 
ASCs enzymatically extracted (ED-ASC). Moreover, to ver-
ify the total amount and quality of the regenerative units, the 
Hy-Tissue Nanofat-SVF was subjected to enzymatic diges-
tion (N-ED-ASC) (see the “Materials and Methods” section). 
Fig. 2 shows the experimental procedure followed to charac-
terize the product in terms of cellular yield, proliferative and 
clonogenic capability, immunophenotyping, and multipoten-
tial capacity.

Cell Yield, Proliferation Capacity, and Clonogenic 
Potential of N-ASC

The N-ASC obtained by the mechanical disaggregation was 
analyzed in terms of cell yield, product quality, viability, pro-
liferation capacity, and clonogenic potential considering 
only the living cells after the trypan blue exclusion test for 
cell vitality.

The number of nucleated cells (N-ASC) for milliliter of 
fat obtained with the Hy-Tissue Nanofat system was 3.74 
× 104 ± 1.31 × 104 cells/ml FAT (Fig. 3A), while the 
number of cells extracted after enzymatic digestion of the 
filtered emulsion (N-ED-ASC) and after the enzymatic 
digestion of fat (ED-ASC) was 1.20 × 105 ± 3.90 × 104 
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and 4.13 × 105 ± 1.15 × 104, respectively. Considering 
the enzymatic treatment as the gold standard protocol (cell 
yield 100%), the cellular yield for N-ASC resulted in 
9.02% ± 3.18%, which increased to 28.98% ± 9.44% after 
the enzymatic digestion of the emulsion (N-ED-ASC), as 
reported in the table in Fig. 3A.

Cells were seeded in T-flasks until confluence to analyze 
the ASC adhesion and proliferation capacity (Fig. 3B, left). 
The results show that ED-ASC required less time to reach 
confluence (4.80 ± 2.28 days) than N-ASC (10.8 ± 2.59 
days). This finding reflects the higher frequency of adherent 
cell content obtained with the enzymatic digestion of the fat. 
On the contrary, no significant statistical differences were 
shown between ED-ASC and N-ED-ASC (7.60 ± 3.29 
days). Proliferation capacity results were confirmed with a 
PDT (Fig. 3B, right). PDT reveals that the replication rate of 
ED-ASC and N-ED-ASC was comparable (52.84 ± 6.40 
and 57.06 ± 25.41 h, respectively), while cells obtained 

from N-ASC required more time to duplicate their number 
(81.85 ± 18.87 h). No statistical differences were found 
between N-ASC and N-ED-ASC, and N-ED-ASC and 
ED-ASC.

Fig. 3C shows a representative image of N-ASC, N-ED-
ASC, and ED-ASC morphology 3 days after extraction (first 
culture media change). Hy-Tissue Nanofat treatment did not 
affect the cell morphology compared with cells obtained 
from enzymatic digestion, exhibiting a homogeneous fibro-
blast-like morphology. Moreover, cellular membranes and 
nuclei were well preserved, indicating no sign of cell 
suffering.

CFU-F assays were performed to assess the ability of the 
evaluated methods to grow as colonies. Fig. 4A shows a rep-
resentative micrograph of CFU-F detected by toluidine blue 
staining after 14 days of seeding. On day 14, the morphology 
of CFU-F appeared comparable between the three treat-
ments. The CFU-F yield of N-ASC was 61.29 ± 45.10 

Figure 1.  Morphological analysis of Hy-Tissue Nanofat product. Representative images were selected among the eight treated samples. 
(A) Scheme of the Hy-Tissue Nanofat procedure; (B) light microscopy of Hy-Tissue Nanofat product obtained with the whole-mount 
method. The square (in Fig. 1B, left) indicates the location of the higher magnification (right) [scale bar: (left) 300 μm, (right) 100 μm]. 
The graph represents the size distribution of the lipid droplets. (C). Light microscopy of Hy-Tissue Nanofat product obtained with the 
whole-mount method after centrifugation. The square (in Fig. 1C, left) indicates the location of the higher magnification (Fig. 1C, right) 
[scale bar: (left) 80 μm, (right) 40 μm]. (D) Scanning electron microscopy of Hy-Tissue Nanofat product after centrifugation. The square 
(in Fig. 1D, left) indicates the location of the higher magnification (Fig. 1D, right); the elastic fiber, the connective tissue lamina, and the 
single collagen fiber are shown with a dotted arrow, an asterisk, and an arrow, respectively [scale bar: (left) 50 μm, (right) 5 μm].
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CFU-F/ml FAT, while the CFU-F yield of N-ED-ASC 
increased over 11 times (702.29 ± 368.40 CFU/mL FAT; 
Fig. 4B). Furthermore, the relative proportion of CFU-F in 
the N-ED-ASC (0.54% ± 0.09%) increases significantly 
after the enzyme digestion of the emulsion compared with 
N-ASC (0.18% ± 0.05%; Fig. 4C). CFU-F obtained with 
ED-ASC was 29 and 3 times more (1,830.59 ± 1,190.82 
CFU-F/mL FAT) compared with N-ASC and N-ASC-ED, 
respectively (Fig. 4B), with a relative proportion of CFU-F 
of 2.54% ± 0.69 % (Fig. 4C).

Immunophenotyping

To characterize N-ASC immunophenotypically, a cytofluori-
metric analysis was performed immediately after the treat-
ments (at cellular passage 0, P0) and after in vitro cellular 
expansion (cellular passage 2, P2). Specific single antigens 
(such as CD34, CD45, CD105, CD29, and CD73) were ana-
lyzed on the previously selected cells. The proportion of 
CD34 cells in N-ASC was 3.37% ± 1.67% (Fig. 5A), not 
thus far from the percentage of CD34 expression obtained in 
N-ED-ASC and ED-ASC (7.99% ± 4.6% and 4.91% ± 2.5 
%, respectively). The hematopoietic surface marker CD45 
resulted in less expressed cells (1.27% ± 0.45%, 1.35% ± 
0.71%, and 1.53% ± 0.40% for N-ASC, N-ED-ASC, and 

ED-ASC, respectively), as reported in Fig. 5B. Moreover, 
the frequency of CD105-, CD29-, and CD73-positive cells 
(mesenchymal stem cell marker) was evaluated. In N-ASC, 
the percentage of antibody expression was 15.9% ± 8.86%, 
3.59% ± 2.00%, and 1.79 ± 0.23 % for CD105, CD29, and 
CD73, respectively (Fig. 5A), comparable with the results 
obtained for the same antibody in N-ED-ASC and ED-ASC 
(Fig. 5B). Finally, cultured cells (P2) were also analyzed to 
confirm the phenotype preservation over time (Fig. 5C). The 
immunophenotypic analysis after the cellular expansion 
showed that the surface marker expression profiles of 
N-ASC, N-ED-ASC and ED-ASC were comparable, reveal-
ing a low expression for CD45 and CD34 and a high expres-
sion for mesenchymal stem cell–associated markers such as 
CD105, CD73, and CD29 (Fig. 5C).

Analysis of Multipotency

The multilineage differentiation ability of N-ASC was deter-
mined by analyzing qualitatively and semi-quantitatively the 
ability of adherent cells to differentiate toward adipocytes, 
chondrocytes, and osteocytes. The differentiation assay was 
conducted for 4 and 9 days of evaluation after the induction 
with a selective medium containing lineage-specific induc-
tion factors for the lineages mentioned above.

Figure 2.  Experimental methodology. The fat samples were each divided into three portions to be processed in N-ASC, N-ED-ASC 
and ED-ASC and evaluated for cell proliferation capacity, CFU-F assay, immunophenotyping and differentiation potential. N-ASC: 
nanofat-derived adipose-derived stem cell; N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem cell; ED-ASC: collagenase-
derived adipose-derived stem cell; CFU-F: colony-forming unit-fibroblast.
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Figure 3.  Cellular yield and proliferation capacity obtained with the three evaluated procedures of eight adipose tissue samples. (A) 
Nucleated cells obtained after the three evaluated treatments. Cell yield (no. of cell/ml FAT) was evaluated considering the enzymatic 
digestion as 100%. (B, left) Proliferation capacity of N-ASC, N-ED-ASC, and ED-ASC in T25 flasks. The days required for the adherent 
cells to reach confluence (passage 1) were counted. (B, right) The PDT of N-ASC, N-ED-ASC and ED-ASC was analyzed to evaluate the 
growth rate of adherent cells. No statistically significant differences were found between N-ASC and N-ED-ASC, and N-ED-ASC and 
ED-ASC. (C) Microscopic images of adherent cells 3 days after the extraction. All the results are shown as mean ± SD represented by 
error bars. Box and whisker plots represent the median. Significant statistical differences are indicated (*P < 0.05, **0.005 < P < 0.001, 
or ***P < 0.001). N-ASC: nanofat-derived adipose-derived stem cell; N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem 
cell; ED-ASC: collagenase-derived adipose-derived stem cell; PDT: population doubling time assay.
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Induced N-ASCs were stained with Oil-Red-Oil, 
Alizarin red, and Alcian blue to visualize the adipogenic, 
osteogenic, and chondrogenic differentiation, respectively, 
and the results were compared with ED-ASC and N-ED-
ASC. Fig. 6A, B shows that N-ASCs were clearly differen-
tiated into three mesodermal lineages on days 4 and 9. 
Applying the Oil-Red-Oil solution, red spots revealed the 
generation of lipid droplets on day 4, which increased in 
size due to the fusion of smaller lipid droplets during adipo-
genesis differentiation until day 9. Mature adipocytes are 
characterized by one lipid droplet of a size more significant 
than the cell nucleus that is formed by the fusion of small 
droplets43. In the case of osteogenic differentiation, Alizarin 
red staining shows the formation of in vitro calcification 4 
days after medium induction with an intensification of the 
calcium deposits on day 9 of the study.

Similarly, the chondrogenic differentiation assay revealed 
that the generation of a cartilage-like matrix started from the 
fourth day upon the specific culture media induction. On 
day 9, a well-organized cartilage-like matrix rich in collagen 
III and sulfated proteoglycans was detectable, as shown 
with Alcian blue staining (Fig. 6A, B). Similarly, the multi-
potency assay was performed on N-ED-ASC and ED-ASC, 
showing positive staining compared with non-induced cells 
(CTR). For N-ED-ASC, the assay reveals that multilineage 
differentiation started on day 4, while ED-ASC differentia-
tion started 9 days after the specific medium induction, sug-
gesting a slower differentiation capacity than N-ASC for 
both methodologies. Fig. 6C shows the semi-quantitative 
analysis of the number of lipid droplets for the adipogenic 
differentiation, the calcified area for the osteogenic differenti-
ation, and the cartilage-like matrix area for the chondrogenic 

Figure 4.  Clonogenic potential of Hy-Tissue Nanofat product (n = 8). (A) Representative light microscope of CFU-F assay stained with 
toluidine blue (scale bar, 20 µm). (B) CFU-F yields of N-ASC, N-ED-ASC, and ED-ASC. (C) Percentage of CFU-F of N-ASC, N-ED-ASC, 
and ED-ASC. All the results are shown as mean ± SD represented by error bars. Significant statistical differences are indicated (*P < 
0.05, **0.005 < P < 0.001, or ***P <0.001). CFU-F: colony-forming unit-fibroblast; N-ASC: nanofat-derived adipose-derived stem cell; 
N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem cell; ED-ASC: collagenase-derived adipose-derived stem cell.
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Figure 5.  Surface markers expression was detected by flow cytometric analysis of N-ASC (n = 8). The percentage of positive cells for 
each marker was calculated after subtracting the non-specific fluorescence obtained with the control (unmarked). (A) Representative set 
of flow cytometry analysis for CD34, CD45, CD105, CD29, and CD73 markers performed on N-ASC. Percentage of positive cells to 
CD markers was indicated as an average of the samples; (B) percentage of positive cells to CD markers (as an average of the samples) in 
N-ASC compared with N-ED-ASC and ED-ASC; (C) percentage of positive cells to CD markers after in vitro cell expansion in N-ASC, 
N-ED-ASC, and ED-ASC. Results are presented as mean ± SD portrayed with error bars. Significant statistical differences are indicated 
(*P < 0.05). N-ASC: nanofat-derived adipose-derived stem cell; N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem cell; 
ED-ASC: collagenase-derived adipose-derived stem cell.
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differentiation. These results confirmed the previous optical 
analyses where the mean amount of lipid droplets for N-ASC 
after 4 days is higher than the one measured after 9 days of 
induction, indicating the fusion of small droplets to form 
larger ones that are characteristic of mature adipocytes. In 
addition, the number of lipid droplets after 9 days for N-ASC 
was 469.20 ± 44.35, which was higher than those found for 
ED-ASC (110.60 ± 22.81), N-ED-ASC (158.00 ± 34.10), 
and CTR (7.40 ± 2.29). In the same manner, the calcium 
deposition area was higher for N-ASC (3010.4 ± 699.4 
µm²) compared with ED-ASC (493.2 ± 167.4 µm²), N-ED-
ASC (1273.2 ± 268.7 µm²), and CTR (41.0 µm² ± 23.17 
µm²) after 9 days of the osteogenic induction. Finally, the 
semi-quantification of the cartilage-like deposition area 
reveals a faster formation of a collagen matrix for the 
N-ASC (79716 ± 31360 µm²) in comparison with ED-ASC 
(1744 ± 372 µm²), N-ED-ASC (13740 ± 5944 µm²) and 
CTR (0 µm²) after 9 days of study.

To confirm the pluripotency of N-ASC, cells were then 
analyzed at flow cytometry to verify the presence of the 
MUSE cells, investigating the expression of SSEA-3 and 
CD-105 antibodies. Fig. 7A shows the percentage expression 
of the evaluated antibodies. N-ASC expressed 25.5% ± 
6.5% of SSEA-3, while N-ED-ASC and ED-ASC expressed 
3.12% ± 2.2% and 0.5% ± 0.2%, respectively. Finally, the 
immunofluorescence assay (Fig. 7B) confirmed the presence 
of MUSE cells in N-ASC, revealing positive cells for the 
expression of CD105 and SEEA3 simultaneously.

Discussion and Conclusion

Nanofat is a simple and well-described procedure that allows 
small volumes of adipose tissue injection. The product 
obtained is an emulsified fat, rich in viable cells avoiding 
expansion or enzymatic treatments. The emulsification pro-
cedure reduces the size of adipose fragments harvested by 

Figure 6.  Multilineage differentiation assay (n = 8). (A) Optical microscopy images of induced N-ASC, N-ED-ASC, and ED-ASC and 
non-induced (CTR) cells with differentiation medium at day 4 (Oil-Red O staining scale bar, 10 μm; Alzarin red staining scale bar, 20 
μm; Alcian blue staining scale bar, 10 μm); (B) optical microscopy images of induced N-ASC, N-ED-ASC, and ED-ASC and non-induced 
(CTR) cells with differentiation medium at day 9 (Oil-Red O staining scale bar 10 μm; Alzarin red staining scale bar 20 μm; Alcian blue 
staining scale bar, 10 μm). Red spots indicate the accumulation of neutral lipid vacuoles stained with Oil-Red-Oil; Alzarin red staining 
reveals in red the extracellular matrix calcification; deposition of sulfated proteoglycan-rich matrix is marked in blue with Alcian blue 
staining; (C) graph represents the mean amount of lipid droplets of the induced ASC. After 9 days of the induction, N-ASC shows 
higher lipid droplet formation than ED-ASC, N-ED-ASC, and CTR. (D) The graph showed the extracellular matrix calcification area 
measurement (µm²) of the induced ASC. After 9 days of treatment, N-ASC showed the highest calcium deposit formation. (E) The 
graph represents the area measurement of the generated cartilage-like matrix (µm²). On the ninth day, N-ASC showed the larger 
cartilage deposit formation. In graphics C, D and E, the pink line represents N-ASC, the green line ED-ASC, and the blue line N-ED-
ASC. The data are presented as mean ± SD; significant statistical differences are indicated (*P < 0.05, **0.05 < P < 0.001, ***P < 0.001 
or ****P < 0.0001). N-ASC: nanofat-derived adipose-derived stem cell; N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem 
cell; ED-ASC: collagenase-derived adipose-derived stem cell; CTR: control.
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liposuction by a delicate filtration, obtaining an immediately 
injectable product44. Thanks to its fluid consistency, surgeons 
have promoted nanofat for face treatment rejuvenation, vol-
ume restoration, wrinkles, hypertrophic and atrophic scars, 
and defect correction9–12.

This micro-fragmentation is able to produce smaller adi-
pose niches than traditional techniques of adipose tissue 
manipulation with enormous advantages, allowing ASCs to 
migrate easily from the adipose lobules. In addition, nanofat 
is a “gentle” fragmentation that enables the preservation of 
the regenerative components in connective niches increasing 
cellular vitality and migration rate and allowing a faster 
secretion of growth factors. This could be crucial in clinical 
practice because it provides more beneficial regenerative 

effects for patients as already seen with the use of skin micro-
grafts for difficult-to-heal wound treatment45.

Hy-Tissue Nanofat is a new, simple system that reduces 
the time of adipose tissue processing drastically and guaran-
tees the survival of regenerative units. The device reduces 
the size of the fat microfragments obtained after emulsifica-
tion by shuffling the lipoaspirates 30 times between two con-
nected syringes and filtering the emulsified adipose tissue 
through a membrane of 120 µm. In this study, deep charac-
terization of the product has been performed, and the abun-
dance of regenerative cells has been described.

Morphological analysis of the emulsified fat shows the 
presence of lipid droplets of different dimensions, mainly 
ranging between 60 and 100 µm, making the product easy to 

Figure 7.  MUSE cell expression (n = 8). (A) Flow cytometry of N-ASC, N-ED-ASC, and ED-ASC to investigate the presence of MUSE 
cells. The percentage of positive cells to SEEA-3 and CD105 markers was indicated as an average of three samples, and the results are 
presented as mean ± SD. (B) Immunofluorescence microscopy of MUSE cells. MUSE cells in N-ASC were detected as positive cells 
for CD105 (left), SEEA3 (middle), and the simultaneous expression of CD105-SEEA3 (right). N-ASC: nanofat-derived adipose-derived 
stem cell; N-ED-ASC: enzymatic digestion of nanofat adipose-derived stem cell; ED-ASC: collagenase-derived adipose-derived stem cell; 
MUSE: multilineage-differentiating stress-enduring.
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inject into the desired location with high precision and suit-
able for injection under challenging areas with thin skin. The 
liquid consistency of nanofat, which also contains several 
endogenous cytokines and growth factors that are beneficial 
for vascularization initiation, allows it to be easily injected or 
be loaded onto a scaffold for various applications throughout 
the body1,46.

The microanatomy of emulsified fat is primarily compa-
rable to that of native adipose tissue, with capillaries and 
microvessels organized and disseminated between adipo-
cytes, and pericytes wrapped around endothelial cells. 
Consequently, if the therapeutic value of Hy-Tissue Nanofat 
is related to the extraction of the adipose-connective niche, 
those complexes (cells, extracellular matrix, and ASCs) 
might exercise their regenerative performance more indi-
rectly, via growth factor secretion, than as progenitor cells.

In vitro results obtained with the Hy-Tissue Nanofat sys-
tem have been compared with those obtained through enzy-
matic digestion (collagenase type I), considered the standard 
gold technique to purify mesenchymal stem cells47,48, and 
with the enzymatic digestion of Nanofat-SVF. Specifically, 
this last procedure was performed to evaluate the total 
amount of regenerative units, in terms of mesenchymal stem 
cells, that contribute to tissue remodeling, rejuvenation, and 
regeneration, describing the real regenerative potential of the 
Hy-Tissue Nanofat-SVF. The results of cellular yield and 
CFU assay showed that N-ASCs were characterized by lower 
cellular yield and capacity to form colonies if compared with 
the classic enzymatic digestion used to collect regenerative 
units from adipose tissue. The cellular yield resulted in about 
9% (N-ASC), which increased to 29% after the enzymatic 
digestion of the emulsion (N-ED-ASC), suggesting that the 
system was highly efficient in extracting nucleated cells. 
Indeed, the number of N-ED-ASC resulted in 1.20 × 105 ± 
3.90 × 104cells employing 10 ml of lipoaspirate, not so far 
from the results obtained in Tonnard et  al.6 for 100 ml of 
lipoaspirates. Subsequently, duplication and clonogenic 
assays have been performed to characterize the regenerative 
units present in the Hy-Tissue Nanofat-SVF. The growth rate 
and the clonogenic capability of N-ASC resulted to be lower 
than ED-ASC, which agrees with cellular yield results. 
Mechanical emulsification represents the minimal manipula-
tion required to consider the injection of Nanofat-SVF, an 
autologous fat implant. On the contrary, enzymatic digestion 
represents a stronger method to isolate regenerative units, 
higher in number but characterized by slower differentiation 
capability.

Previous studies established that CD34+ cells represent 
a stem cell population with higher proliferative capacity. 
Immunophenotypic analysis of N-ASC reveals 3.37% ± 
1.67% of CD34+-expressing marker, which is in accor-
dance with the literature23. Tonnard et  al.6 have reported 
4.5%–6.5% of CD34+ cells in nanofat-SVF. Moreover, a 
non-statistically significant difference has been noted 
between the treatments. When cultured, cells acquired a 

strong mesenchymal stem cell phenotype, increasing the 
expression of specific surface markers (CD73, CD105, and 
CD 29) and confirming phenotype maintenance after four 
passages in culture.

N-ASCs have also been tested for the capacity to differen-
tiate into three mesenchymal cell types: adipocytes, osteo-
cytes, and chondrocytes. The differentiation ability was 
evaluated after 4 and 9 days from specific media induction. 
N-ASCs can efficiently differentiate starting from the fourth 
day, underling a higher differentiation potential comparable 
with cells enzymatically extracted. Usually, the uptake of 
lipid droplets, a marker of adipogenic differentiation, is 
detectable between 10 and 14 days after media stimula-
tion6,15,29,30, while the calcification and proteoglycan matrix 
formation are detectable after 21 days15,29,30.

In addition, N-ASC was immunophenotypically ana-
lyzed for SEEA3 expression as a specific marker for a sub-
population of mesenchymal stem cells called MUSE 
cells31–35,36. These cells are composed of pluripotent mesen-
chymal stem cells, able to migrate in damaged areas, as 
described in different preclinical and clinical models49–51. 
The results showed that N-ASC expressed 25.5% ± 6.5% of 
SEEA3 marker, while ED-ASC expressed 0.5% ± 0.2%. 
This difference might be due to the mechanical manipula-
tion of fat tissue since MUSE cells are mainly expressed 
after severe cellular stress conditions29,34. These cells dif-
ferentiate in numerous tissues, not only of mesenchymal 
origin, in a short time and could support the results obtained 
with differentiation assay. The use of emulsion fat-enriched 
MUSE cells in regenerative medicine could represent a 
novel aspect, increasing the treatment efficacy and the 
recovery time, even if a deeper analysis to understand the 
mechanism that undergoes high differentiation potential and 
MUSE expression is necessary.

Mainly, it is known that tissue enzymatic disaggregation 
can cause alterations in gene expression52 and exosome 
amount53, and this research displays how much the emulsi-
fied adipose tissue seems to be enriched with growth factors 
that are necessary to promote the reparative actions in dam-
aged tissues54,55. Taken together, our data reveal a greater 
regenerative and differentiation impact of the adipo-connec-
tive niches that emerge from this “gentle micro-fragmenta-
tion,” which provides the basis on which to build an 
explanation of therapeutic superiority. These results indicate 
Hy-Tissue Nanofat as a rapid, standardized, and efficient sys-
tem able to produce an emulsion fat rich in viable, prolifera-
tive, and multipotent ASCs, suggesting a potential use in 
regenerative medicine and tissue engineering when trans-
lated into clinical practice. The regenerative potential of 
nanofat product is a safer alternative treatment given its 
intrinsic immunomodulatory, antiapoptotic, angiogenic, and 
proliferative factors without administering whole cells. 
Nevertheless, further research is needed to understand the 
specific role of nanofat secretome in repairing damaged and 
diseased tissues.
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