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Background: Several studies have shown that one of the sugars, trehalose, can improve tissue survival after cryopreservation
when combined with other cryoprotective agents, and thus may possibly be used in cryopreservation of adipose tissues that
have been found more resistant to injury after freezing.
Objectives: The purpose of this study was to test our hypothesis that lipoplasty-derived adipose aspirates could be effectively
cryopreserved by adding trehalose as the sole cryoprotective agent (CPA), and to develop a practical technique to effectively
preserve adipose tissues for future applications.
Methods: The middle layer of adipose aspirates obtained from conventional lipoplasty was collected after centrifugation and each
specimen was randomized into 3 groups: the control group, fresh adipose aspirates without preservation; the simple cryopreservation group (no CPA); and the optimal cryopreservation group (with trehalose as a CPA). Cryopreservation of adipose aspirates
was conducted with controlled slow cooling and fast rewarming rates. Fresh or cryopreserved adipose aspirates in each group
were evaluated by viable adipocyte counts, glycerol-3-phosphate dehydrogenase (G3PDH) assay, and routine histology.
Results: More viable adipocytes and better cellular function of adipose aspirates were found in the optimal cryopreservation
group compared to the simple cryopreservation group, but these results were less ideal than results from the control group.
Conclusions: An optimal cryopreservation method using trehalose as a CPA appears to provide better long-term preservation
of adipose aspirates than a simple cryopreservation method. Further studies are needed to reﬁne our method for cryopreservation with trehalose as a CPA and conﬁrm our ﬁndings in vivo. (Aesthetic Surg J 2005;25:126-131.)

T

he use of autologous fat transplantation in both
aesthetic and reconstructive plastic surgery has
revolutionized the field of soft tissue augmentation. As lipoplasty procedures gained popularity in the
past 2 decades, it was discovered that the adipose aspirates obtained from lipoplasty could provide a source of
fatty tissues for autologous transplantation. These aspirates have many of the properties desirable for soft tissue
augmentation: they are abundant, readily available, inexpensive, and host-compatible.1,2 With a growing array of
plastic surgery applications for soft tissue augmentation,
the option of preserving and banking already harvested
fatty tissues for possible future use or repeated application is in greater demand.3
Modern cryopreservation techniques permit the longterm storage of living cells and tissues for many potential
clinical applications.4-11 At the present time, adipose
aspirates can only be used for immediate autologous fat
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grafting in the same setting as lipoplasty; therefore, adipose aspirates obtained from the procedure are usually
discarded. It has been a strong desire of both plastic surgeons and patients to preserve adipose aspirates obtained
from conventional lipoplasty for potential future applications.
Recently, an optimal long-term preservation method
for adipose tissues was developed in our laboratory. By
adding relatively low concentrations of dimethyl sulfoxide (DMSO) and trehalose as cryoprotective agents
(CPAs), using a controlled slow cooling and fast rewarming protocol, good preservation of adipose tissues
obtained from conventional lipoplasty has been demonstrated.12 However, DMSO has a toxic effect on tissues
and has to be removed after thawing before cryopreserved adipose tissues can be administered in vivo.13
Trehalose is a non-reducing disaccharide of glucose
found at high concentrations in a wide variety of organ-
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isms that are capable of surviving complete dehydration.14 When it is used in combination with DMSO as a
CPA, the viability of cells or tissues after cryopreservation is signiﬁcantly enhanced.15-18 This beneﬁt is probably the result of a synergistic effect of trehalose as a
non-permeable CPA to DMSO. Trehalose has also been
used alone as a CPA in cryopreservation of red blood
cells and sperm, with promising results.19,20 The purpose
of the present study was to evaluate whether the use of
trehalose alone as a CPA could effectively protect adipose
tissues during cryopreservation. Since trehalose is basically a sugar and is not tissue toxic, it does not need to be
removed from previously cryopreserved adipose tissues
before they are administered in vivo.

Materials and Methods
Preparation of adipose aspirates

Adipose aspirates were obtained from specimens after
conventional lipoplasty (suction-assisted lipoplasty only)
performed at University of Kentucky Medical Center and
Lexington Healthsouth Outpatient Surgery Center, both
in Lexington, Kentucky. The study was approved by the
Institutional Review Board. All specimens were obtained
from the abdomens of 12 adult, white, female patients
(aged 26 to 56 years) who had no major systemic metabolic diseases or lipid disorders. The adipose aspirates
(about 500 mL) were collected in a bottle at the time of
lipoplasty and transferred immediately to the laboratory.
The specimens were then spun at 50 g for 10 minutes on
a large-capacity centrifuge (Mistral 3000i, Dearborn, MI)
to separate adipose tissue from oil and soluble liquid.
After centrifugation, the middle layer of adipose aspirates, which contained more viable adipocytes, was taken
for cryopreservation according to the experimental protocol. All procedures were performed at room temperature unless otherwise indicated.
Experimental protocol

Adipose aspirates from each patient were processed
in vitro and then randomized into 3 groups: control
group (fresh adipose aspirates without preservation);
simple cryopreservation group (adipose aspirates preserved with our established cooling and thawing protocol but without adding CPA); and optimal
cryopreservation group (adipose aspirates preserved
with our protocol and with adding 0.25 M trehalose as
a CPA).

Cryopreservation of Adipose Tissues:
The Role of Trehalose

Cryopreservation procedure
Choices of CPAs. In this study, trehalose, a non-permeable CPA, was selected based on previous studies.12,1418 Many different concentrations of trehalose were used
in the early stages of the experiment in order to ﬁnd an
optimal concentration for cryopreservation of adipose tissues. A concentration of 0.25 M trehalose (Sigma, St.
Louis, MO) was determined to be optimal and was used
later in the study. Double concentrations of 0.25 M trehalose were made ﬁrst and then diluted to the ﬁnal concentration about 30 minutes before it was added to the
adipose tissue.
Freezing and thawing protocol. A freezing and thawing protocol developed from our previous study was
used.12 This protocol represents the optimum for adipose
tissue and was used throughout the study. For the optimal cryopreservation group, 1 mL of adipose aspirate
was placed into a 3-mL vial after preparation and mixed
with 1 mL of trehalose (in 0.25 M) solution. After adding
trehalose, the vial was placed in room temperature for 10
minutes and then put into a methanol bath (Kinetics,
Stone Ridge, NY). The freezing system was set up at
approximately 1 to 2˚C per minute of slow cooling rate
from 22˚C to -30˚C without artiﬁcially induced ice formation. The vial was then transferred into liquid nitrogen
(-196˚C) after it reached -30˚C and held there for 10 minutes for long-term preservation. For the simple cryopreservation group, 1 mL of adipose aspirate after
preparation was placed into a 3-mL vial and mixed with
1 mL of normal saline; it was then subjected to the freezing protocol described above. All cryopreserved adipose
aspirates, once they became equilibrated in liquid nitrogen in about 20 minutes, were considered to be equivalent to those that underwent long-term preservation and
were ready for thawing.
Before thawing, the vial containing cryopreserved adipose aspirates was taken from the liquid nitrogen tank
and placed in room temperature for 2 minutes in order to
let the liquid nitrogen vapor out of the vial. The vial was
then dropped into a stirred 37˚C water bath until the preserved adipose aspirates were thoroughly thawed. For the
control group, 1 mL of adipose aspirate after centrifugation was mixed with 1 mL of normal saline and placed in
room temperature for assessment.
Assessments of preservation method. The preservation method was evaluated by taking a viable adipocyte
cell count, by conducting a glycerol-3-phosphate dehydrogenase (G3PDH) assay, and by histologic examina-
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Figure 1. Results of viable adipocyte counts. Data were expressed as
mean ± SD.

tion. In the first method, 1 g of adipose aspirate was
taken from all 3 groups and washed 3 times with phosphate-buffered solution (PBS). It was then mixed with 1
mg per mL of Type I collagenase (Sigma, St. Louis, MO)
in PBS containing 5% bovine serum albumin (Sigma, St.
Louis, MO) for digestion and incubated at 37˚C in a CO2
incubator. After 1-hour incubation, the digestion was terminated with 10% (v/v) fetal calf serum (Sigma, St. Louis,
MO) and any remaining tissue fragments were removed
by straining the digested fatty tissues through a piece of
large-weave gauze. The digested fatty tissues were fractionated into mature adipocytes (top layer) and stromal
pellet (bottom) after a centrifugation at 200 g for 10 minutes. The viable fatty cells were determined after 0.4%
trypan blue vital stain (Sigma, St. Louis, MO) from a 100µl sample with 1:1 dilution with trypan blue. The number
of viable fatty cells was then counted with a hemocytometer under a microscope with ×400 magnification.
The second method, a G3PDH assay, was chosen to
assess cellular function of fatty tissues because it is relatively simple but adipocyte specific. According to the
instructions from the manufacturer (Kamiya Biomedical
Co., Seattle, WA), G3PDH activity within fatty tissues
was evaluated using a spectrophotometric assay. Briefly,
1 g of fresh or cryopreserved adipose aspirate was mixed
with 4 mL of 0.25M cane sugar solution and homogenized. The mixture was then spun at 700 g at 4˚C for 10
minutes and the supernatant was taken to the special centrifuge tube, which was again spun but at 54,000 g for
60 minutes. The supernatant obtained after the second
centrifugation was diluted approximately 20 to 100 times
with an enzyme extracting reagent. Final procedures of
the assay were as follows: the substrate reagent (400 µl)
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was dispensed into an assay well and heated to 25˚C; the
diluted supernatant was also heated to 25˚C and 200 µl
of it added to the well and mixed with the substrate
reagent; the optical absorption at 340 nm was measured
for 3 to 10 minutes and plotted on a graph; the change in
optical density (∆ OD) per minute from the linear position of the curve was obtained; and G3PDH activity was
calculated based on the formula (G3PDH activity (U/mL)
= ∆ OD @ 340 nm/min × 0.482) and the value expressed
as U/mL.
For the histologic examination, fresh or cryopreserved
adipose aspirates (about 2 to 3 g) were fixed immediately in 10% buffered formalin, concentrated by gravity filtration through a porus paper (“tea bag”), processed
through graded alcohols and xylene, embedded in paraffin, sectioned at 5 microns, and stained with H&E staining. All histologic slides were examined by a pathologist
(M.L.C.) in a single-blinded fashion for evidence of
architectural disruption, adipocyte degeneration, or
necrosis.
Statistical analysis

All data in this study were expressed as mean ± standard deviation (mean ± SD). A 2-tailed student t-test was
used to assess the difference between the groups. A P value
less than 0.05 was considered statistically significant.

Results
Viable adipocyte counts were performed in all fresh or
cryopreserved specimens. Although the viable adipocyte
count in the optimal cryopreservation group was significantly lower when compared with the control group
(fresh specimens) (1.78 ± 0.33 versus 2.64 ± 0.54 ×
106/mL, P < 0.001), the number of viable adipocytes was
much higher in the optimal cryopreservation compared
with the simple cryopreservation group (1.78 ± 0.33 versus 0.99 ± 0.35 × 106/mL, P < 0.0001) (Figure 1).
G3PDH assay was used in this study to assess cellular
function of fatty tissues within fresh or cryopreserved
adipose specimens in each group. The G3PDH activity in
the control group was significantly higher when compared with the optimal cryopreservation group (0.32 ±
0.09 versus 0.24 ± 0.07 U/mL, P < 0.05). However, there
was a statistically significant increase of G3PDH activity
in the optimal cryopreservation group compared with the
simple cryopreservation group (0.24 ± 0.07 versus 0.15 ±
0.06 U/mL, P < 0.01) indicating good cellular function of
fatty tissues maintained after optimal cryopreservation
(Figure 2).
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Figure 2. Results of G3PDH assay. Data were expressed as mean ± SD.

Figure 3. Routine histology of fresh adipose aspirates from the control
group (H&E staining, original magniﬁcation ×200) shows completely
normal structure of fatty tissues.

Figure 4. Routine histology of cryopreserved adipose aspirates from the
simple cryopreservation group (H&E staining, original magnification
×200) shows more prominent shrinkage of fatty tissues compared to the
control group. The structure of adipose tissues was maintained, with no
evidence of tissue degeneration or necrosis.

Varying degrees of fatty tissue shrinkage were found
in all cryopreserved groups compared with the control
group (Figures 3 to 5), but there was no evidence of fatty
tissue degeneration or necrosis. Cryopreservation
appeared not to alter the architecture of fatty tissues signiﬁcantly and the basic structure of fragmental fatty tissues was maintained in all cryopreserved adipose tissues.
However, more prominent tissue shrinkage was found in
the simple cryopreservation group compared with the
control group (Figures 3 and 4). Such tissue shrinkage
was less prominent in the optimal cryopreservation group
compared with the control group (Figures 3 and 5).

Discussion
An optimal method for long-term preservation of adipose aspirates by means of a modern cryopreservation

Cryopreservation of Adipose Tissues:
The Role of Trehalose

Figure 5. Routine histology of cryopreserved adipose aspirates from the
optimal cryopreservation group (H&E staining, original magniﬁcation
×200) shows less prominent shrinkage of fatty tissues compared to the
control group. The structure of adipose tissues was maintained well,
with no evidence of tissue degeneration or necrosis.
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approach was recently developed in our laboratory.12
That method involved the use of a combination of
DMSO and trehalose as a CPA for cryopreservation of
adipose tissues in addition to a controlled slow cooling
and fast rewarming protocol. Although the addition of
both CPAs appeared to provide good preservation of adipose tissues, these cryopreserved adipose tissues still
could not be used clinically. One of the CPAs, DMSO,
was used in low concentrations but still had to be
removed from adipose tissues after successful cryopreservation before these tissues could be administered in vivo
because of the toxic effect of DMSO on living tissues and
cells.13 The present study was conducted specifically to
evaluate whether the use of trehalose alone as a CPA
would be able to provide adequate preservation of adipose tissues during cryopreservation with our established
freezing and thawing protocol.
In this study, 0.25M trehalose was added to adipose
tissues as a CPA. Addition of trehalose was found to
improve long-term preservation of adipose aspirates collected from conventional lipoplasty. Significantly more
viable adipocytes and better cellular function of adipose
tissues were seen in an optimal cryopreservation group
(with trehalose as a CPA) compared to a simple cryopreservation group (without a CPA). Although adipose tissues preserved with our optimal cryopreservation
technique are still not as ideal as fresh adipose tissues, we
believe, based on the results from this study, that trehalose could potentially be used alone, as a single CPA,
in long-term preservation of adipose tissues because it
does not need to be removed from previously cryopreserved tissues before they are administered in vivo.
Intracellular ice formation is considered to be the primary mechanism by which any cell damage may occur
during or after cryopreservation. CPAs may reduce physical injury by preventing the formation of ice crystals.
Although a permeable CPA like DMSO is thought to
protect cells against freezing injury by reducing ice formation inside and outside the cells,21,22 a non-permeable
CPA like trehalose may provide protection through several different mechanisms. It dehydrates cells and thus
reduces the amount of water present before freezing. In
addition, it stabilizes cellular membranes and proteins
during freezing and drying. Because adipocytes are primarily filled with lipid and contain very little intracellular
water, they may undergo relatively less volume change
when frozen. The cryopreservation process, in theory,
may not alter the architecture of adipose tissues significantly. Thus, application of trehalose alone as a single
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CPA should provide adequate protection of adipose tissues during cryopreservation. The results from this study
have confirmed this theory.
Trehalose has been used in conjunction with DMSO
during cryopreservation. A combination of trehalose and
DMSO greatly enhanced the effect of cell or tissue protection during cryopreservation through a possible synergistic mechanism.15-18 Trehalose alone was assessed as a
possible substitute for glycerol (a permeable CPA) in the
cryopreservation of human red blood cells (RBCs) and
was found to recover an average of 81% of RBCs after a
standard cryopreservation compared with glycerol, which
recovered nearly 90% of RBCs. The cell morphology of
RBCs was maintained with use of trehalose.19 Trehalose
was also found to provide even better protection of
mouse sperm after cryopreservation compared to a permeable CPA such as DMSO or glycerol, as evidenced by
post-thawed sperm motility studies.20 A non-permeable
CPA, such as trehalose, may provide adequate protection
of tissues or cells in cryopreservation if they contain less
intracellular water.17,20
Testing the viability of adipose tissues in vitro may be
difficult because most available methods rely on cell isolation procedures and may not accurately reflect adipose
viability in the intact tissue. An MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay has
recently been introduced to test viability of free fat grafts
in vitro, but its reliability has not yet been confirmed by
others.23 The results of adipocyte counts and G3PDH
assay in our optimal cryopreservation group are still less
than optimal when compared to the results from the control group. Additional studies should be conducted to
search for the ideal concentration of trehalose as a CPA
for cryopreservation of adipose tissues. Because trehalose
may be introduced into cells during cryopreservation
using a genetically engineered version of α-hemolysin, a
pore-forming protein,24 its protective role as a CPA for
tissues or cells can be enhanced during cryopreservation.
Furthermore, an in vivo study should also be conducted
to confirm the results from our present in vitro study.

Conclusion
The results from this study indicate that the use of trehalose as a CPA can improve long-term preservation of
adipose tissues collected from conventional lipoplasty by
means of a modern cryopreservation method. Several modifications will be needed to refine our technique in cryopreservation of adipose tissues. If the findings of the present
study can be confirmed by our future in vivo studies, long-
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term cryopreservation of adipose tissues can become a real
option for patients who are willing to store their adipose
tissues collected from conventional lipoplasty.

13. Pegg DE. The history and principles of cryopreservation. Semin Reprod
Med 2002;20:5-13.
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