
Research

Aesthetic Surgery Journal 
2025, Vol 45(1) NP16–NP24 
Editorial Decision date: August 29, 2024; online 
publish-ahead-of-print September 20, 2024. 
© The Author(s) 2024. Published by Oxford 
University Press on behalf of The Aesthetic 
Society. All rights reserved. For commercial re- 
use, please contact reprints@oup.com for 
reprints and translation rights for reprints. All other 
permissions can be obtained through our 
RightsLink service via the Permissions link on the 
article page on our site—for further information 
please contact journals.permissions@oup.com. 
https://doi.org/10.1093/asj/sjae192
www.aestheticsurgeryjournal.com

Dr Ventura is full professor of molecular biology, Istituto Nazionale 
Biostrutture e Biosistemi (INBB), School of Medicine of the University of 
Bologna, Bologna, Italy. Dr Bondioli is technical director, Cell Factory of 
Skin Tissue Bank of Emilia Romagna Region, Cesena, Italy. Dr de Vita is 
chief, Department of Plastic and Reconstructive Surgery, Regina Elena 
National Cancer Institute, Rome, Italy. Dr Rigotti is head of the Lipotech 
Department, San Francesco Hospital, Verona, Italy. Dr Morigi is a biologist 
and Dr Scarpellini is a pathologist, Department of Clinical Pathology, O.U. 
Pathological Anatomy, Bufalini Hospital, Cesena, Italy. Ms Di Fede is a 
clinical data manager consultant in private practice, Milano, Italy. Dr Nanni- 
Costa is a scientific consultant in private practice, Milano, Italy. Dr Melandri 
is a dermatologist, Department of Surgery and Trauma Center, O.U. Burn 
Center and Dermatology, Bufalini Hospital, Cesena, Italy.

Corresponding Author:  
Dr Carlo Ventura, Via Irnerio, 49, Bologna, BO 40126, Italy.  
E-mail: carlo.ventura@unibo.it

Autologous Cryopreserved Adipose Tissue 
Using an Innovative Technique: An In Vitro 
Biological Characterization

Carlo Ventura, MD, PhD; Elena Bondioli, BD; Roy de Vita, MD; 
Gino Rigotti, MD; Federico Morigi, PhD; Francesca Scarpellini, MD; 
Francesca Di Fede; Alessandro Nanni-Costa, MD; 
and Davide Melandri, MD

Abstract
Background: Utilization of autologous adipose tissue transplantation in plastic and orthopedic surgery such as breast reconstruction and intra- 
articular injection has become an attractive surgical treatment with satisfactory clinical outcomes. Nevertheless, repeated liposuctions neces-
sary to harvest fatty tissue, normally performed with sedation or general anesthesia, may represent a noteworthy concern.
Objectives: The aim of this study was to demonstrate through an in vitro characterization the validity of the surgical option of cryopreserved au-
tologous adipose tissue harvested in a single shot for repeated graft transfer in breast reconstruction without impairment of cell viability and sterility.
Methods: Adipose tissue was collected by standard liposuction from patients who needed numerous fat grafting procedures for breast recon-
struction. According to an innovative and patented cryopreservation method, autologous adipose tissue was subsequently fractioned in a ster-
ile bag system and frozen at the RER Tissue Bank of the Emilia Romagna Region. Each graft was evaluated for sterility and cell viability 
immediately after harvesting, and 1, 3, 6, 12, and preliminarily 18 months after cryopreservation and thawing.
Results: In vitro results showed that after processing, middle-term and long-term cryopreservation, and subsequent thawing, autologous cryo-
preserved adipose tissue retained absence of bacterial contamination, high cellular viability, and unmodified histomorphological properties, 
thereby ensuring maintenance of the stromal vascular niche and the filling properties in different multistep surgical procedures.
Conclusions: In vitro study and sterility assessment showed that autologous cryopreserved adipose tissue grafting is a safe procedure, making 
it possible to avoid multiple liposuction surgery. No impairment of sterility, cell viability, or morphology was observed over time.

Over the past decade, use of autologous adipose tissue as a tissue 
graft has spread rapidly in different surgical protocols for treatment 
of several degenerative and traumatic human tissue diseases. The 
reason why autologous fat in reconstructive surgery is widespread 
lies in its capacity to maintain different cell lineages, such as adipo-
cytes, preadipocytes, and their precursors of mesodermal origin, as 
it has been demonstrated since the 2000s.1-4 In addition to the 
above-mentioned mesenchymal content, it has been demonstrated 
that adipose tissue includes endothelial precursor cells that may 
exhibit hematopoietic activity.5

Human autologous fat grafting (HAFG) is in general employed for 
the treatment of multifaceted fields that need tissue augmentation, 
from breast reconstructive surgery to aesthetic surgery, and also is 
becoming popular and common in orthopedics and sport medicine.6-11

HAFG is considered an emerging therapeutic option for challeng-
ing wound treatment as a consequence of peripheral vasculopathy 
that leads to chronic wound onset, for therapeutic angiogenesis in pa-
tients with critical limb ischemia or diabetic foot, and in acute or chronic 
wound treatment.12-17 More recently, HAFG has been investigated for 
treatment of complications related to Crohn’s disease, showing good 
clinical outcomes in curing anoperineal fistulas, with a meaningfully 

clinical improvement after in situ injection of autologous HAFG or allo-
geneic adipose tissue–derived mesenchymal stem cells (ADSCs).18-20

Most importantly, to preserve the bioactivity of HAFG and its com-
ponents, the stromal vascular fraction (SVF), encompassing 
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adipocytes, preadipocytes, pericytes, and ADSCs, an increasing 
number of systems have been developed to process or isolate autol-
ogous adipose tissue elements, overcoming donor variations, risk for 
infections, and unpredictability of the final product. These proce-
dures, carried out with specific processing devices, follow defined re-
quirements when processing the harvested fat, particularly 
concerning minimal tissue manipulation. To date, many nonenzymat-
ic isolation methods and devices (the enzymatic isolation falls within 
the high manipulation process, with regulatory implications) have 
been developed to process human adipose tissue, maintaining the 
integrity of both the SVF and the tissue microenvironment (the stro-
mal vascular niche), ensuring full compliance with the minimal manip-
ulation regulatory requirements of human cells, tissues, and cellular/ 
tissue-based transplantation. In Italy, the clinical use of adipose tissue 
is regulated by the Legislative Decree (DLGS) 191/2007, which has 
been adopted pursuant to European Directive 23/2004 EC on stan-
dards of quality and safety for the donation, procurement, testing, 
processing, preservation, storage, and distribution of human tissues 
and cells. Moreover, the subsequent Legislative Decree, DLGS 16/ 
2010, implements the technical requirements in compliance with 
European Directives 2006/17 EC and 2006/86 EC on traceability 
and notification of serious adverse events (SAE), including specific 
technical requirements according to Directive 23/2004 EC.

The above-mentioned nonenzymatic processing systems apply me-
chanical forces or filtering steps by means of a semipermeable mem-
brane to separate the cells or fat nanoclusters from oily residues and 
hematic components, minimizing cellular stress and preserving the in-
tegrity of the extracellular matrix (ECM) with a sound efficacy, even 
with a lower cell yield than enzymatic-dependent techniques.21,22

In recent years, through a multidisciplinary approach, breast recon-
structive surgery has become a full-fledged part of breast cancer treat-
ment and has greatly contributed to the improvement of the patient’s 
quality of life. It is therefore considered an integral part of the diagnostic 
and therapeutic pathway for the treatment of breast cancer. In the 
mid-1990s, the introduction and use of HAFG in breast reconstruction 
was considered an elective treatment at a single surgical time, thanks 
to the supply of “new tissue,” limiting the need for prostheses.23 In the 
2000s, HAFG as lipofilling in reconstructive mastoplasty procedures be-
came increasingly common, and the clinical scientific literature consis-
tently reported satisfactory outcomes with HAGF, up to 7 years of 
follow-up.24-27 There was also success with grafting megavolumes of 
fat, and even adopting hybrid surgical approaches involving the implan-
tation of a prosthesis associated with an autograft of adipose tissue.28,29

Moreover, some randomized clinical trials reported that autologous 
fat transfer (AFT) was estimated to be more cost effective in the long- 
term follow-up period because no additional surgeries were necessary 
for this group, in comparison to the control group that received im-
plants.30 The procedure was safe, with no or marginal effects on the 
probability of postmastectomy locoregional recurrence of breast can-
cer.31 Nevertheless, the standard surgical protocol of reconstructive 
mastoplasty with AFT usually required multiple treatments, and the pa-
tient underwent repeated surgical sessions to achieve satisfactory clin-
ical outcomes. Furthermore, the procedure had to be achieved quickly 
enough to preserve sterility and avoid necrosis, considering its poor vas-
cularization and also absorption of the tissue, which could adversely af-
fect the final desired clinical outcome.32-34 The patients who had 
undergone fat grafting with necessary simultaneous repeated liposuc-
tion perceived discomfort, because this procedure was the most inva-
sive and painful phase of the surgical protocol and required at least 
major sedation with the presence of an anesthesiologist, and finally 
requiring medical compression garments for 3 weeks to avoid morbidity 
at the donor site (ie, swelling, pain, or bruising). Other limitations and 

discomfort of that procedure included increased time of surgery, 
home medical care service, higher medical costs, greater loss of work-
ing days, and, finally, the precious fat derivative after the initial surgery 
was discharged.35,36 To overcome the limitations and relative therapeu-
tic disadvantages of that procedure, several articles have recently 
been published on cryopreserving adipose tissue under certain condi-
tions and appropriate treatments, such as with cryoprotectant agents 
(CPAs) and adjustments of cooling rate and thawing time, to protect 
the tissue. In general, these storage procedures have been shown not 
to meaningfully modify the ADSCs and associated molecular marker 
components biologically, keeping the differentiative and regenerative 
power intact and allowing fractionation of the volume of the harvested 
fat, making it available for subsequent—even after an extended 
period—multiple grafts to complete the surgical protocol.37 The scien-
tific rationale of this approach has been experimentally demonstrated 
by the isolation and preservation of ADSCs in unmanipulated and 
long-term cryopreserved human adipose tissue without additional colla-
genase isolation. The investigators demonstrated that a longer cryo-
preservation of adipose tissue may impact negatively on cell viability 
in comparison to short-term cryostorage. However, they demonstrated 
that isolated ADSCs derived from whole cryopreserved fat after a long 
time had a higher proliferative capacity, also maintaining their multipo-
tency in the elderly population, allowing serial fat grafting. In fact, the 
ADSC phenotypes were confirmed by fluorescence-activated cell sort-
ing (FACS) analysis of the specific markers of human mesenchymal stem 
cells. The results showed that the great majority of adipose stromal cells 
(ASCs) were CD105+ and CD45−. Furthermore, it was observed that 
ASCs isolated at all cryopreservation times were capable of differentiat-
ing into both osteogenic and adipogenic phenotypes, as demon-
strated by positive staining with alkaline phosphatase and Oil 
Red O, respectively.38 Nevertheless, a standard cryopreservation 
procedure to guarantee a high level of viability of adipocytes and 
other cellular elements in the SVF is still currently debated, partic-
ularly concerning the cryoprotective agent variables. Therefore, 
cryopreservation and cryobiology remain topics more relevant 
than ever, and represent a key requirement for a clinically successful 
procedure.36,39

Autologous adipose tissue processing and cryopreservation ac-
cording to a standardized, innovative, and patented methodology 
make it possible to obtain a product in which the overall tissue matrix, 
the microenvironmental structure, and the resident cells residing 
within remain unaltered, without damage, preserving their original 
physiological, morphological, and viability characteristics.35,40 With 
this method, the resulting final product is minimally manipulated 
cryopreserved tissue specifically for autograft use. Furthermore, 
most importantly, fat grafting without simultaneous liposuction can 
be carried out under local anesthesia or a nerve block (it is feasible 
through light sedation), and the treatment can be performed in outpa-
tients without hospitalization, requiring no rehabilitation. It is ultimate-
ly less expensive and more effective in addressing the current 
challenge of long hospital waiting lists.

Therefore, the specific aim of this in vitro investigation was to dem-
onstrate the validity of the above-mentioned innovative method for 
cryopreserving and thawing autologous adipose tissue and maintain-
ing its adipogenic properties as an effective treatment for subse-
quent planned breast reconstructive surgeries.

METHODS
Adipose Tissue Collection and Processing
After written informed consent was obtained, the lipoaspirate was 
harvested by elective liposuction from 12 consecutive patients who 
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underwent breast reconstruction with autologous fat grafting from 
July 2022 to June 2023. We conducted this investigation in compli-
ance with the principles of the Declaration of Helsinki, and the proce-
dure was carried out in accordance with common hospital practices 
at the following Italian hospitals: Department of Plastic and 
Reconstructive Surgery at the Regina Elena National Cancer 
Institute in Rome, and the San Francesco Clinic in Verona. Under lo-
cal anesthesia, adipose tissue was collected in a variable volume, 
based on the area that needed lipofilling, from different anatomical 
sites (abdomen, hips, thighs, buttocks) by a plastic surgeon with a 
thin cannula (3-mm diameter) equipped with a blunt tip and connect-
ed to a syringe. The procedure was carried out after infiltration into 
the subcutaneous panniculus with Klein solution (saline solution 
mixed with adrenaline [final concentration of 2 μg/mL, 1:500,000] 
and lidocaine to a dilution of 0.02%) in a ratio of 1:1 with the volume 
of tissue to be collected. After 10 to 15 minutes, local anesthesia 
and ischemia were achieved at the donor site with limited bleeding, 
and the adipose tissue was harvested with the cannula connected to 
a syringe while negative pressure was maintained.

Suctioning was carried out at moderate speed to minimize adipo-
cyte damage. When the syringe was filled, the cannula was removed, 
and another syringe was connected until the required volume of lip-
oaspirate was reached. Then, the lipoaspirate was left to decant in 
the surgical theater to reduce and eliminate any fibrous frustules pre-
sent. The purified adipose tissue was then transferred into a certified 
ethylene vinyl acetate (EVA) bag and immediately shipped under a 
controlled temperature of 4°C to the RER Tissue Bank of the Emilia 
Romagna Region of Cesena (Italy) for cell characterization and 
cryopreservation.

Lipoaspirate Delivery and Cryopreservation  
at RER Tissue Bank
Upon delivery, an identification code containing the donor’s initials 
was assigned to each lipoaspirate, ensuring anonymity and full trace-
ability of the samples for this characterization. Samples were frac-
tioned through a closed-loop system (LipoBank S.r.l., Milano, Italy) 
in aseptic conditions in a laminar flow cabinet (class A) in a dedicated 
class B good manufacturing practice (GMP)-certified room of the RER 
Tissue Bank.

According to the standard protocol of the RER and LipoBank cryo-
preservation method, the preliminary cellular characterization of 
fresh tissue and the cryopreservation process were completed within 
48 hours of receipt of the collected lipoaspirate. Thirty minutes be-
fore freezing, a cryoprotective agent solution (0.5 M DMSO/0.2 M 
trehalose) was added drop by drop to a 15-mL test tube containing 
fresh adipose tissue at a volume ratio of 1:1 and then transferred 
into 0.5-mL sealed cryopreservation-specific paillettes. With a con-
trolled blast chiller, the tubes were subjected to slow and controlled 
freezing, lowering the temperature by 1°C per minute to −18°C, then 
they were transferred into liquid nitrogen vapor at a temperature of 
approximately −195°C.

Sterility control and cell characterization were achieved for 
each fresh sample, and thawing was performed after 1, 3, 6, 12, and 
preliminarily 18 months of cryopreservation. Microbiological 
tests demonstrated maintenance of sterility of the lipoaspirate over 
time.

Thawing of Frozen Adipose Tissue
The thawing of autologous adipose tissue was carried out in the asep-
tic and GMP-certified environment of the cell factory of the RER in com-
pliance with the current regulations of the National Transplant Center. 
The process was completed with the Conformite Europeenne 

(CE)-marked procedural kit LIPOWASH (LipoBank) specifically dedicat-
ed to the procedure of thawing and washing adipose tissue for subse-
quent clinical use.

The samples of adipose tissue inside the packages taken out of liq-
uid nitrogen were thawed with a thermostatic bath (model 20-TW20- 
Seneco; Julabo S.r.l., Italy) at a temperature of 37°C for 1 minute under 
the laminar flow hood. Then they were placed into containers to main-
tain a temperature of 4°C. Finally, under a sterile hood, the thawing pro-
cedure was completed with an appropriate washing of the adipose 
graft.

Approximately 30 minutes before thawing, the following 3 washing 
solutions at decreasing concentrations of DMSO/saline in trehalose/ 
saline were prepared in a volume of 6 mL each: 0.3 M of DMSO +  
0.2 M of trehalose (solution 1); 0.1 M of DMSO + 0.2 M of trehalose 
(solution 2); and 0.2 M of trehalose (solution 3). Solutions were main-
tained at 4°C under sterile conditions in a clean room.

With sterile Pasteur pipettes, the adipose tissue was then trans-
ferred from the tube containing washing solution 1 into another tube 
containing washing solution 2, where the adipose tissue was further 
mixed and transferred into a third tube containing washing solution 
3, where it was again gently stirred. Finally, the adipose tissue suspen-
sion from the third tube was transferred into a tube containing 6 mL of 
complete cell culture medium, consisting of Dulbecco’s Modified 
Eagle Medium (Thermo Fisher Scientific; Waltham, MA) low glucose, 
1% L-glutamine, 1% penicillin-streptomycin, and 20% fetal bovine se-
rum. After an overnight incubation at 37°C with 5% CO2, the adipose 
tissue was subjected to the viability analyses, metabolic activity as-
sessment, and tissue architecture evaluation.

Samples of fresh lipoaspirate and samples of tissue thawed after 
intervals of 1 month, 3 months, 6 months, and 12 months, respectively, 
were assessed in vitro to validate the cryopreservation process. 
The following tests were carried out in triplicate: sterility tests, endotox-
in activity assays, cell counts, cell viability assays by Cell Proliferation 
Kit I (MTT) test and LIVE/DEAD test (Thermo Fisher Scientific), histology, 
and immunohistochemistry.

Sterility Assessment
Sterility Test With Selective Culture Medium
The sterility assay consisted of seeding in aseptic conditions the sam-
ples of fresh autologous adipose tissue, after processing in a class B 
GMP-certified environment, and thawed adipose tissue in plates of 
TSA (tryptic soy agar; Agricons Ricerche, Padova, Italy) under a class 
A laminar flow hood within the dedicated class B GMP-certified envi-
ronment. The plates were then incubated in an incubator (Thermo 
Fisher Scientific) at a temperature of 30°C to 35°C for 5 days. The ap-
pearance of colonies at any point during the 5 days was scored as 
microbial growth present.

In the event of positive microbial assessment on a sample, after re-
porting the biomolecular characterization and evaluation of the mi-
crobial load to O.U. Microbiology and Virology, the RER Tissue 
Bank activated an “emergency procedure” defined within the stan-
dard operative procedures, which included decontamination of the 
adipose tissue with a washing solution containing antibiotics and 
antimycotics in standardized amounts for a validated contact time es-
tablished as  20 minutes (expected range, minimum 15 minutes to 
maximum 25 minutes of contact). The decontaminating solution 
was added to the sample thawing procedure and therefore was total-
ly removed from the first washing step. The BacT/ALERT (Biomerieux, 
Marcy l’Etoile, France) sterility test was repeated to assess the steril-
ity of the sample, and only in the presence of a negative result, 
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corresponding to no pathogenic growth, was the adipose tissue con-
sidered biologically suitable for transplantation.

Sterility Test: Microbial Contamination Assay 
With BacT/ALERT PLUS System
With the aerobic and anaerobic BacT/ALERT iFN and iFA plus culture 
bottles and the BacT/ALERT Microbial Automated Detection System, 
additional microbial controls for bacteria, fungi, and mycobacteria 
were completed in duplicate, respectively, on the fresh adipose tis-
sue after collection, adipose tissue after processing in the class B 
GMP-certified environment (for the purpose of cryopreservation 
and storage in nitrogen vapor), and adipose tissue thawed before re-
lease and clinical transplantation use, in a class B GMP-certified en-
vironment. For these assays, sample liquid was loaded into a sterile 
syringe with a needle and injected into the culture liquid through a 
rubber septum. Both the aerobic and anaerobic media bottles were 
kept for 7 days at 37°C. Any growth within 7 days, every 24 hours, 
was scored as positive, and the sterility results were finally reported 
in the clinical record.

Endotoxin Activity Assay: Limulus Amebocyte 
Lysate Test
The LAL (Limulus amebocyte lysate) test is a specific and accurate as-
say for the detection and quantification of gram-negative bacterial en-
dotoxins. According to regulatory authorities, the LAL assay is a 
recommended test for quantifying the presence of endotoxins in drugs, 
devices, and tissue engineering products. The US Pharmacopoeia 
Bacterial Endotoxins Test (USP Bacterial Endotoxins Test) is currently 
the official reference test. For the present validation, it was performed 
to test all adipose tissue samples previously processed and cryopre-
served after thawing, and on the final tissue for clinical transplant 
use. The LAL test was performed with the LAL kit (Pyrotell STV, 
Associates of Cape Cod Inc., East Falmouth, MA) according to the man-
ufacturer’s recommendations.

Cell Count, Cell Viability Assay, and 
Cytotoxicity
Automated Cell Count
The automated cell count was planned as a quantitative analysis of cell 
viability on the autologous adipose tissue previously cryopreserved, af-
ter thawing, by LipoBank method. This assay was carried out in collab-
oration with the Bioscience Laboratory of Emilia Romagna Institute for 
Cancer Care (“Dino Amadori”; IRST S.r.l., Meldola, Italy), with the TC20 
Automated Cell-Counter (BIO-RAD Laboratories S.r.l., Segrate, Italy). 
Specifically, for the analysis of adipose tissue, the instrument was set 
for a cell count with a range of size 4 to 60 µm. This provided the num-
ber of total cells and the number of viable cells per mL. It also enabled a 
count of irregular cells because of its accuracy in declustering cells. 
This test was performed to assess cell viability of the thawed tissue 
over time.

Cell Proliferation Kit I (MTT) Test
The MTT is a standard colorimetric assay for assessing cellular meta-
bolic activity of biological samples. The MTT (3-[4,5-dimethylthiazol- 
2-yl]-2,5 diphenyl tetrazolium bromide) assay is based on the 
conversion of this salt into formazan crystals by living cells, which deter-
mines mitochondrial activity. The subsequent application of substances 
such as glycerol, methoxyethanol, or DMSO promotes lysis of the cell 
membrane, resulting in precipitation of the incorporated salts, which 
spill into the extracellular solution with consequent pinkish-purple 

coloration in a very short time, with a purple color intensity proportional 
to the salts produced and directly related to the cellular metabolic ac-
tivity of the analyzed samples. For this test, samples of patients were 
included and the test was performed in replicate in a multiwell plate to-
gether with negative controls. Samples of adipose tissue (1 mL) were 
weighed with the precision analytical balance Analytical Plus Model 
AP250 DE (Ohaus Corporation, NJ). Afterward, 1 mL of MTT (Sigma 
Aldrich, St. Louis, MO) was added to the adipose tissue, and the plate 
was incubated in a Hera Cell 150 incubator (Thermo Fisher Scientific, 
Waltham, MA) at 37°C and 5% CO2 for 3 hours.

After this incubation period, the MTT solution was removed by as-
piration and the formazan precipitates were solubilized by adding 
DMSO (CRYO ON AL.CHI.MI.A. S.r.l., Padova, Italy) to the tissue in a 
1:1 ratio, and then the whole was transferred into cuvettes.

Twenty minutes after the addition of DMSO, a reading was taken 
with a UV/VIS spectrophotometer (Beckman Coulter TM DU 530 
Spectrophotometer; Beckman Coulter, Brea, CA) at a wavelength 
of 570 nm. The viability of the adipose tissue was calculated by per-
forming an estimate of the average percentage viability index (I.V.%) 
obtained from the ratio of optical density (OD) to the weight of each 
sample (in grams), with the formula I.V.% = OD/gram.

LIVE/DEAD Viability/Cytotoxicity
Adipose tissue samples also were analyzed for cell viability and tox-
icity with the Cell Viability Assay LIVE/DEAD Viability/Cytotoxicity Kit 
(Thermo Fisher Scientific) for mammalian cells. The kit provides a 
2-color fluorescence cell viability assay that is based on the real-time 
determination of live and dead cells with 2 probes that measure well- 
known parameters of cell viability, intracellular esterase activity and 
plasma membrane integrity. The green dye highlights viable cells 
and the red of propidium iodide highlights suffering or dead cells.

After incubation at 37°C, the assay was conducted with a Nikon 
Inverted Microscope Eclipse Ti-E light microscope (Nikon Instruments, 
Tokyo, Japan) equipped with a DS-03 digital camera connected to a 
computer and operated by NIS-Elements Imaging Software, version 
4.30 (Nikon Instruments). After incubation at 37°C for 30 minutes in 
the dark, the cells were imaged by fluorescence microscopy with an 
80i Eclipse fluorescence microscope (Nikon Instruments).

Histology and Immunohistochemistry
Hematoxylin and Eosin Staining
With the collaboration of the Department of Anatomical Pathology at 
M. Bufalini Hospital, Cesena, Italy, histological investigation was per-
formed on all adipose tissue specimens fresh, after processing and 
cryopreservation and thawing, and before clinical use to evaluate 
the effects of the LioBank cryopreservation technique on pattern, 
size, and structure—and so on adipose tissue integrity. All samples 
were fixed in 12% w/v formaldehyde solution with the addition of a 
0.5-M phosphate buffer (Bio-optica S.p.a., Improving Pathology, 
Milano, Italy), then sectioned (3-µm-thick) with a microtome and 
stained with hematoxylin and eosin. The resulting histological slides 
were then analyzed, comparing the morphology of cells before cryo-
preservation and after thawing with a light optical microscope (Leica 
mod. DL-DM IL; Leica Microsystems GmbH, Wetzlar, Germany) at 10× 
and 40× magnification, and photographed with a computerized high- 
resolution digital camera (Leica DM IL LED software LAS-X, Leica 
Microsystems GmbH).

Immunohistochemistry
For immunohistochemical assay, sections of processed fresh and 
thawed adipose tissue samples were deparaffinized, rehydrated, 
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fixed on slide surfaces, and incubated with primary ready-to-use 
mouse monoclonal antibodies (MoAb; Roche-Ventana Medical 
Systems, Oro Valley, AZ) for CD31+, CD34+, CD45+, and CD117+ 
markers. As a secondary antibody, a goat anti-mouse antibody 
(Roche-Ventana Medical Systems) was utilized. CD31+ was used for 
characterization of endothelial cells, also immunohistochemically ex-
pressed in monocytes or macrophages, megakaryocytes, and plate-
lets and granulocytes. The presence of CD31+ was particularly of 
note for therapeutic usage of ADSCs, due to its modulating effects 
on endothelial junction activity for inflammatory or thrombotic condi-
tions; CD34+ was remarkable for characterization of stem cells typi-
cally residing physiologically within the adipose tissue; CD45+ was 
amenable to identifying primarily lymphocytes and was a cytoplasmic 
marker; and CD117+ was suitable for characterization of hematopoiet-
ic stem cells.

Evaluation of the Stromal Vascular Niche
Fresh and thawed samples of adipose tissue were fixed and incubat-
ed with monoclonal antibodies directed to (VE)-cadherine, an ex-
tremely important adhesion molecule in maintaining the integrity 
and permeability characteristics of the vascular endothelium, and 
to CD31 (PECAM-1), an essential marker of endothelial cells that iden-
tifies these cells and tracks their distribution. These markers, high-
lighted by a red and a green color, respectively, make it possible to 
appreciate the structure of the so-called stromal vascular niche, a 
sort of special microenvironmental topography in which the stem 
cell elements and the other SVF components reside, within the con-
text of specific vascular architectures.

Statistical Analysis
Parametric and numeric data were reported as mean ± SD. 
Comparisons of parametric values were performed with 1-way analy-
sis of variance (ANOVA) and a t test, with statistical significance set at 
an α-value of P < .05. Statistical analysis was carried out with Statistic 
Kingdom Free Software (https://www.statskingdom.com).

RESULTS
Sterility Assessment
Upon receipt at the RER Tissue Bank of fresh adipose tissue samples, 
microbial tests for aerobic and anaerobic bacteria and fungi from cul-
ture supernatants with selective culture medium were negative. The 
BacT-Alert Sterility System exhibited positivity in 4 samples out of 12, 
however the bacteria detected were found to be normal bacterial 

flora of the skin. In fact, the most frequently detected pathogen 
was Staphylococcus epidermidis. The sterility control was subse-
quently performed for the thawed adipose tissue, before clinical 
use, at the following intervals: 1 month, 3 months, 6 months, and 12 
months. The results of both microbiological tests (conducted simulta-
neously) showed no bacterial contamination at all time intervals ana-
lyzed, confirming that sterility of adipose tissue was maintained in the 
cryopreservation process.

Endotoxin Activity Assay: Limulus Amebocyte Lysate 
Test
For all samples analyzed at the same intervals as for sterility assess-
ment, the LAL test showed the absence of endotoxin contamination 
(less than 10 IU/mL). Additionally, a preliminary evaluation on a limited 
group of samples (n = 8) at an 18-month interval confirmed the nega-
tive outcomes of previous time intervals.

Cell Count, Cell Viability Assay, and 
Cytotoxicity
Automated Cell Count
The findings of automated cell counts were available when fresh 
(n = 7), and at 1 month (n = 4), 3 months (n = 4), 6 months (n = 4), 
and 12 months (n = 4) after thawing, and the results showed no stat-
istically significant differences in cell numbers/mm3. The average 
numbers of viable cells were: 1.31 ± 0.21 × 106; 1.08 ± 0.57 × 106; 
0.91 ± 0.41 × 106; 0.91 ± 0.57 × 106; and 1.00 ± 0.59 × 106. No statisti-
cally significant differences were observed when comparing the 
groups (P = .405). Data are summarized in Table 1 and Figure 1.

MTT Test
Autologous adipose tissue processed and cryopreserved with this in-
novative technique maintained adipocyte viability after short-term 
and mid-term cryopreservation. The average I.V.% of viability of sam-
ple derived from fresh tissue (n = 12) was 89.7 ± 13.6, and at 1 month 
(n = 11), 3 months (n = 9), 6 months (n = 11), and 12 months (n = 12) it 
was 81.3 ± 16.9, 74.3 ± 15.5, 89.9 ± 11.6, and 77.9 ± 16.4, respectively. 
None of the comparisons between groups showed statistically signif-
icant differences (P = .847). Data are summarized in Table 2 and 
Figure 2.

LIVE/DEAD Viability/Cytotoxicity
The results obtained with fluorescence (qualitative) analysis were 
from a total of 4 fresh adipose tissue samples randomly selected 

Table 1. Automated Cell Count

Automated cell count

M SD

Fresh (n = 7) 1.31 × 106 0.21 × 106

1 month (n = 4) 1.08 × 106 0.57 × 106

3 months (n = 4) 0.91 × 106 0.41 × 106

6 months (n = 4) 0.91 × 106 0.57 × 106

12 months (n = 4) 1.00 × 106 0. 59 × 106

M, mean; SD, standard deviation.

Table 2. Adipocyte Viability After Short-term and Mid-term 
Cryopreservation and Thawing

% Index viability

M SD

Fresh (n = 12) 89.7 13.6

1 month (n = 11) 81.3 16.9

3 months (n = 9) 74.3 15.5

6 months (n = 11) 89.9 11.6

12 months (n = 4) 77.9 16.4

M, mean; SD, standard deviation.
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and the corresponding samples thawed after cryofreezing at 1, 3, 6, 
12, and 18 months respectively. This assay allowed us to highlight 
and distinguish viable cells (green staining) from suffering cells (red 
staining). The results unveiled that, although there was an intrinsic 
variability related to the individual patient, the profile of cell viability 
in the thawed tissues after cryopreservation was entirely comparable 
to that observed in the same fresh samples. Nevertheless, an increas-
ing number of suffering cells were observed when tissue was thawed 
at 18 months (red staining). Representative images of analysis are dis-
played in Figure 3.

Histology and Immunohistochemistry
Hematoxylin and Eosin
On microscopic examination with hematoxylin and eosin staining, 
fresh samples exhibited an overall normal architectural structure, rep-
resented by rich adipocytic cellular components with normal mor-
phology of the nuclei and the presence of some capillary vessels 
observed (Figure 4). The same autologous adipose tissue samples 
thawed after 1, 3, 6, 12, and 18 months showed an overall preserved 
structure characterized by the presence of numerous mature adipo-
cytes and a few preserved capillary vessels.

Immunohistochemistry
At immunohistochemistry qualitative assessment, all tissue observed 
showed focal presence of well-preserved and narrowed mature en-
dothelial cells within the vessel network (CD31+). Furthermore, 
CD34+ and CD45− confirmed the widespread presence of precursor 
endothelial cells and mesenchymal components.

All fresh and thawed adipose tissues were characterized by a rare 
presence of lymphocytes, as evidenced by positivity of the cytoplas-
mic lymphocyte marker CD45+. A very low expression of CD117+ as a 
marker for hematopoietic stem cells was observed. As shown in 
Figures 5-8, and Supplemental Figure 1 located online at https:// 
doi.org/10.1093/asj/sjae192, cells derived from both fresh and cryo-
preserved tissues showed a similar distribution for all markers. In con-
clusion, both methods (hematoxylin and eosin histology and 
immunohistochemical typing) demonstrated that the procedures of 
harvesting, freezing, banking, and thawing did not structurally dam-
age the adipose tissue and the viability of its cellular components.

Evaluation of the Stromal Vascular Niche
The fluorescence qualitative assessment performed with monoclonal 
antibodies for (VE)-cadherin and CD31 (PECAM-1) was on fresh fat 
graft and tissue thawed after 1 month only. The results showed that 
the microfragmented adipose tissue preserved the architecture of 
the stromal vascular niche and its components, the pericytes, 

endothelial cells, and mesenchymal stem cells (green staining), main-
taining the integrity and permeability of the vascular endothelium 
(red staining) after thawing, with no detectable differences when 
compared with the fresh samples (Supplemental Figure 2, located 
online at https://doi.org/10.1093/asj/sjae192).

DISCUSSION
The present experimental in vitro characterization studies were set 
up to assess whether an innovative process of fractionation, cryo-
preservation at −196°C, and thawing of unmanipulated autologous 
adipose tissue could retain the biological characteristics of the fresh 
tissue of origin, thereby providing a worthwhile therapeutic alterna-
tive to the current procedure of breast reconstruction after mastecto-
my with multiple autograft lipofilling. The usual surgical procedure 
involves fresh fat grafting, dumping of the exceeding tissue, and a re-
current course of treatment with autologous lipoaspirate, repeating 
surgical sessions of liposuction, leading to a higher cost, donor site 
adverse events, and discomfort for the patient. Therefore, cryopres-
ervation of the lipoaspirate derivative with subsequent thawing rep-
resents an innovative approach to autologous fat grafting in all its 
surgical applications—in orthopedics, cosmetics, regenerative sur-
gery, and particularly in breast reconstructive procedures after onco-
logic surgery, given the peculiarity of patients who undergo invasive 
surgery and subsequent chemotherapy and radiation treatments.

The clinical rationale and validity of cryopreserved fat graft has been 
debated in the clinical and scientific community. Some authors believe 
that cryopreservation upholds the biological characteristics of the cryo-
preserved tissue when compared to the fresh tissue, such as volume 
and cell viability, with maintenance of cell phenotypes and the regener-
ative potency of the SVF where the mesenchymal cellular component 
nests.40 Others believe that freezing and thawing subjects the tissue to 
damage, with significant reduction in cell viability, which may trigger ne-
crosis when grafted, with loss of functional properties and regenerative 
potential, inducing surgeons to reflect on the therapeutic utility of freez-
ing adipose tissue to achieve satisfactory clinical results.41,42

In the past, given the popularity of autologous fat grafting in cos-
metic and reconstructive surgery, conventional cryopreservation 
techniques of lipoaspirate involved freezing the tissue at −196°C 
without cryoprotectant; furthermore, the protocols of thawing of the 
adipose tissue were animatedly discussed—for instance whether it 
might be more advantageous to thaw the tissue at 37°C in a 
bath.43,44 More recently, several studies have described investiga-
tions of different types of cryoprotectants in an attempt to identify 
which one had the best reduction of toxicity in the tissue, an essential 
condition for maintenance of cell viability.45 Among these studies, in 
a recent systematic review, even though the authors concluded that 
further studies to determine best standard protocols were needed, it 

Figure 2. Mean percentage ± standard deviation of cell viability on MTT test. No 
statistically significant differences were observed.

Figure 1. Automated live cell count. No statistically significant differences were 
observed.
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Figure 4. Histologic examination (20×) of fresh and thawed adipose tissue. 
(A) Fresh. (B) Thawed after 1 month. (C) Thawed after 3 months. (D) Thawed after 
6 months. (E) Thawed after 12 months. (F) Thawed after 18 months.
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Figure 3. (A) Fresh adipose tissue. (B) Thawed after 1 month. (C) Thawed after 
3 months. (D) Thawed after 6 months. (E) Thawed after 12 months. (F) Thawed after 
18 months.
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Figure 5. Immunohistochemistry images of fresh adipose tissue. (A) CD34+. 
(B) CD31+. (C) CD45+. (D) CD117+.

A B

C D

Figure 6. Immunohistochemistry images of adipose tissue thawed after 1 month. (A) 
CD34+. (B) CD31+. (C) CD45+. (D) CD117+.
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was demonstrated that adipose tissue could be successfully cryopre-
served over the long term with CPAs such as DMSO and trehalose, 
without compromising cell morphology and viability. These recent 
studies allowed improved and standardized cryopreservation proto-
cols demonstrating that the cryopreserved adipose tissue substantially 
maintained the viability, cellular phenotype, and regenerative proper-
ties of the SVF over the medium- and long-term period when com-
pared to fresh graft, ensuring safe clinical use with satisfactory 
clinical findings, as demonstrated in preliminary trials in humans.46,47

In our preliminary in vitro study, we have investigated and subse-
quently validated a patented method for collection and cryopreserva-
tion of autologous adipose tissue as part of a therapeutic protocol for 
breast reconstructive surgery after mastoplasty in patients who have 
undergone breast carcinoma removal. This validation also may help 
further protocols as part of the treatment pathway for applications 
other than plastic and reconstructive surgery, such as infiltrative 
treatment for joint osteoarthritis, proctology, wound care, treatment 
of peripheral arterial disease, and chronic limb ischemia.

Our preliminary results showed that the adipose tissue maintains 
unaltered its cell population, as demonstrated by the adipocyte count 
of the viable cell population, whose trend exhibited a decrease over 
time (6 to 12 months), but without statistically significant differences. 
More interestingly, the cell viability assessed by MTT remained ac-
ceptable and constant up to 6 months with a slight decline (not stat-
istically significant) at 12 months, with preservation of regenerative 
properties over time. These data also were confirmed by qualitative 
evaluation with the LIVE/DEAD test and by histological evaluation, 
showing no significant morphological or structural changes between 
the fresh tissue and thawed tissues at different time points. Finally, we 
assessed a panel of standard markers expressed by progenitor undiffer-
entiated cells on fresh and thawed adipose tissues, again observing no 
qualitative differences between the investigated conditions.

In conclusion, we have demonstrated that a standardized and pat-
ented methodology allows cryopreservation of autologous lipoaspi-
rate in a national authorized tissue bank for a long time, making 
available fat graft equivalent to fresh isolated tissue for patients 
who need multiple lipofilling procedures, thereby avoiding repeated 
liposuctions and related disadvantages.

There were some limitations to our investigation, including the rela-
tively small sample size, and lack of analysis of the regenerative poten-
cy of the SVF component through quantitative immunohistochemical 

analysis. Moreover, more consolidated long-term data are required. 
From a clinical and surgical point of view, we will have to direct our en-
deavors to improving existing service to hospital centers that perform 
breast reconstructive surgery, including outpatient surgery, by offer-
ing opportunities to cryopreserve tissue on site, reducing the graft de-
livery time and ensuring maximum regenerative power of the tissue, 
and consequently the best clinical outcome.

CONCLUSIONS
In our preliminary in vitro findings, we describe an innovative protocol 
for collection, processing, cryopreservation, and thawing of autologous 
adipose tissue for multiple lipofilling surgical treatments for different 
purposes, which retains unchanged tissue morphology and acceptable 
adipocyte concentration when compared with fresh adipose tissue, 
and therefore optimal functional properties. Nevertheless, this cryo-
preservation and thawing protocol will be the subject of continued 
implementation, characterization, and standardization, addressing po-
tential applications to surgical fields outside plastic and reconstructive 
surgery.
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