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Introduction
The ease of collection, the large number of cells in vitro, and rapid 

expansion are quite attractive advantages of human Adipose Stem Cells 
(hASC) over Mesenchymal Stem Cells (MSC), when the contemplation 
of clinical strategies. The patient’s own cells can be harvested with 
minimal discomfort, expanded in culture, and seeded into a scaffold to 
be implanted in the bone defect site [1-4]. The hASC can be safely and 
effectively transplanted into an autologous or allogeneic recipient [5], 
and are able to differentiate into chondrogenic, adipogenic, osteogenic 
and myogenic lineages, suggesting its applicability in tissue repair [6].

Despite the traditional 2D cell culture have provided the majority 
of modern knowledge of the biology, the cells reside, proliferate, and 
differentiate into the body in complex 3D microenvironments. The 3D 
structure provides an ideal platform for cell-cell communication and 
cell-material interaction [7].

For tissue engineering applications, large quantities of cells must 
be kept alive, both in vitro and in vivo. The development of systems to 
assure cell survival and rapid proliferation includes bioreactor systems, 
a strategy to overcome the mass transfer limitations, which require 
living tissue for proper nutrition and waste disposal cell, in addition 
to providing mechanical stimuli to the specific tissue development, by 
hydrodynamic pressure and shear stress [8]. 

Studies have shown that perfusion bioreactors significantly 
increased the differentiation and proliferation of osteoblasts, super-
regulation of angiogenic and osteogenic factors, and production of 
mineralized scaffold by osteoblasts [9-12]. While the perfusion system 
was initially designed to improve the transport to chemical constructs, 

three dimensional flows also imparts a fluid shear force on the cells 
housed in the array, a process very similar to physiological fluid flow 
observed in native bone [13].

With few exceptions, as Leibovitz’s and Hanks balanced salt 
solution media, most methods require the use of 5% CO2 with sodium 
bicarbonate, or other buffers to maintain the appropriate pH [14]. 
Thus, the effectiveness of Leibovitz CO2 Independent Medium (LEI), 
which is able to maintain pH stability in the long run without CO2 
atmosphere, was studied. This medium has been used for maintaining 
or growing Vero cells-cell line of monkey kidney and MDCK-epithelial 
cells [15], various tumor [16], embryonic cells [17], and stem cells 
isolated from brain tissue [18], HepG2-cell line of liver cancer [19], 
Caco-2-cell line of epithelial colorectal adenocarcinoma-to study drugs 
[20]. It was not found in the literature tests related with LEI medium 
and human adipose stem cells.
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Abstract
Advances in research on stem cells derived from human Adipose tissue (hASC) may allow its use for bone tissue 

engineering. In such context, it is important to standardize a methodology to culture cells in high quantity. Bioreactors, 
in which cells are cultured in three-dimension, mimic the physiological environment in vitro, allowing the hASC 
maintenance, proliferation and differentiation. The aim of the study was to assemble a perfusion bioreactor, and to 
develop a new protocol for hASC cultivation in a CO2 independent medium to be used in the bioreactor. The hASC 
were isolated from human lipoaspirate, and a two-dimensional cell culture was performed in DMEM, supplemented 
with 10% Fetal Bovine Serum (FBS). The follow step was to adapt the cells to Leibovitz’s CO2 Independent Medium 
(LEI+10% FBS), and compare the MTT and Alkaline Phosphatase Activity (ALP) assays to cells cultured in DMEM. 
The cellular adaptation from DMEM to LEI chosen was the most gradual, beginning in the first passage with 10% 
LEI, continuing with 25%, 50%, 75% and 100% LEI in the subsequent passages. Phenotypic characterization 
was performed and hASC cultivated in DMEM and LEI expressed the following markers: CD29, CD44, CD73, 
and HLA-ABC. In a second step, hASC were evaluated in relation to MTT, ALP, and collagen synthesis, when 
cultivated in LEI and osteogenic LEI (LEI O), compared to DMEM and osteogenic DMEM. And finally, analysis of 
imunofluorescence were made of hASC cultivated in LEI and LEI O, showing that in induction medium, this cells 
expressed osteopontin, osteocalcin, and type I collagen, characteristic of osteogenic cell. The results suggest that 
Leibovitz’s CO2 Independent Medium supplemented with 10% FBS is an adequate model for in vitro cultivation of 
hASC in perfusion bioreactor. 
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Therefore, the purpose of this study was to assemble a perfusion 
bioreactor and develop a new protocol for human stem cell cultivation 
in a CO2 independent medium, to be used in this bioreactor providing 
a new tool for bone tissue engineering. 

Materials and Methods
The assembly of the perfusion bioreactor 

The perfusion bioreactor developed in this work is a closed system, 
able of undergoing sterilization by autoclaving. The culture medium 
is continuously pumped at a constant flow rate by a peristaltic pump 
through connection tubes. The scaffold must be appropriately fitted 
inside the perfusion chamber, forcing the flow to permeate it completely, 
and return through tubes to the medium reservatory (Figure 1).

The perfusion chamber was designed with an inlet and an outlet 
to allow the perfusion of the medium throughout its interior, where 
the construct (biomaterial and cells seeded) must be properly adjusted. 
The perfusion chambers, designed to encapsulate scaffolds with 6 mm 
diameter and 10 mm length, were machined in the machine shop of 
the Department of Metallurgical Engineering at Universidade Federal 
de Minas Gerais. The material chosen for the construction of the 
chambers was polypropylene, a low-density material that offers a good 
balance of thermal and electrical properties and moderate resistance. 
The polypropylene of choice is nontoxic, and allowed easy machining 
and autoclaving.

Selected tubes to connect the bioreactor system were silicon 
calibrated peristaltic tubes with 2.6 mm internal diameter. These tubes 
were chosen because they are autoclavable, translucent, and present 
biocompatibility and high gas permeability.

The culture media reservatories of choice were bottles of stock 
culture medium, which are glass bottles of Sarstedt brand. In the lids of 
the bottles, three holes were made, two of them to adapt the connection 
tubes-one for input and one for output of medium-and one for the 
adaptation of a Millipore filter breather, in order to avoid the formation 
of a vacuum inside the bottle during the tests, and more likely to be a 
gas via exchange.

The peristaltic pump used was Miniplus pump 3, which produces 
a smooth flow, and is pulse-free. It allows working with 8 perfusion 
chambers at the same time fed by a constant flow of culture medium. 
This pump meets a wide flow range: from 0.05 mL/min-40 mL/min.

Some physiological conditions in the bioreactor could be controlled 
such as temperature of 37°C, guaranteed by the maintenance of tubes 
and reservatories of culture medium in a water bath and monitored 
daily, and pH, monitored at each exchange of culture medium.

The change of culture medium in the bioreactor should be partial 
to keep new components produced by cells, such as growth factors, 
hormones and enzymes, important in regulating their own cellular 
mechanisms [21,22]. 

Because the perfusion bioreactor system was adapted for use 
in a water bath, it was necessary to use a special medium to ensure 
pH stability of the cell culture. Leibovitz CO2 Independent Medium 
(Gibco) is a culture medium able to maintain pH stability in the long 
run, without CO2 atmosphere. Thus, some tests with hASC were carried 
out, since the stability of the culture pH depends on the cell type used, 
and there is no literature studies involving the cultivation of hASC in 
LEI.

hASC adaptation to LEI medium 

LEI medium was prepared according to the manufacturer’s 
specifications and supplemented as DMEM medium: 10% FBS, 1000 
units/ml penicillin, 1 mg/ml streptomycin, 2.5 mg/ml of amphotericin 
B, and 60 mg/L gentamycin. The pH was adjusted to 7.4, and the 
medium was filtered to polyvinylidene difluoride membrane of 0.22 
micrometers. 

Initially, it was tried to isolate and culture the hASC directly with 
the medium LEI, but without success. The alternative was to develop a 
new method of adapting hASC to the LEI environment. Therefore, tests 
were performed on cells using three adaptation groups, compared to 
cells grown in DMEM medium: (G1) slow adaptation-addition of 10% 
LEI through first passage, 25% in second, 50% in third, 75% in fourth, 
and finally 100% in fifth passage; (G2) faster adaptation medium with 
25% LEI in first passage, followed by 50% and 75% in the second and 
third passage, and 100% at the fourth passage, and finally (G3) rapid 
adaptation with 50% LEI in the first passage, 75% in second passage, 
and 100% in third passage.

Despite hASC cultivated in 100% LEI medium were maintained in 
a CO2 incubator in all experiments, they were grown in closed bottles 
and 24-well plates, to assure an environment without CO2.

Evaluation of adaptation of hascs to LEI medium

hASC cultured in DMEM and in the three groups of adaptation to 
LEI were seeded in 24-well plates (NUNC), at a density of 5×103 cells/

DEVELOPMENT of A PROTOCOL FOR HUMAN ADIPOSE STEM CELLS CULTURE IN
CO2 INDEPENDENT MEDIUM AND PERFUSION BIOREACTOR

Bath, 37° C
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Figure 1: (A) Illustration of bioreactor’s organization scheme: perfusion 
chamber, peristaltic pump and tube connection inside bath. (B) Top view 
of bioreactor’s assembly showing its components: (a) tubes, (b) perfusion 
chamber, (c) culture medium reservatory with filter attached to the breather 
cap, (d) thermometer, (e) peristaltic pump, and (f) bath.
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well, with 1 mL of the respective culture medium. Cells were incubated 
at 37°C in humid atmosphere.

Viability and cell proliferation: The proliferation and viability 
of hASC cultivated were evaluated by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Cat. M-6494, 
Invitrogen), as previously described [23]. Wells without cells were 
subjected to the same procedure, as a test control.

Activity of alkaline phosphatase: The Alkaline Phosphatase 
Activity was evaluated with the BCIP-NBT Kit assay, as described 
by the manufacturer (Cat. 00-2209, Invitrogen). At the end of each 
adaptation, the supernatant of each well was removed and the cells 
were washed twice with PBS. Then, 200 µL of BCIP-NBT solution 
was added to each well, and incubated. Two hours later, the insoluble 
purple precipitants were dissolved with SDS-10% HCl. After 18 hours, 
100 µl of solution was transferred to a 96-well plate, and the OD was 
measured at 595 nm. Wells without cells were subjected to the same 
procedure, as an experiment control.

Cultivation of hASC in DMEM and LEI media

Characterization of the immunophenotype of hASC: 
Immunophenotypic analyses were performed at fifth passages of 
hASCs cultured in DMEM and LEI media. The protocol was adapted 
from a study that has been previously described [24]. The hASCs were 
incubated with only Alexa Fluor 488 goat anti-mouse IgG (H+L) (Cat.
A11001, Invitrogen), to assess the background fluorescence of the 
secondary antibody as a control. The following unconjugated mouse 
monoclonal antibodies were used: integrin β1chain-CD29 (Cat. sc-
9970, Santa Cruz Biotechnology), HCAM-CD44 (Cat. sc-7297, Santa 
Cruz Biotechnology), Hematopoietic Stem Cell (HSC) associated 
marker-CD34 (Cat. ab8147-500, Abcam), and pan-leukocyte marker 
CD45 (Cat. 616256, BD biosciences), which were stained with Alexa 
Fluor 488 goat anti-mouse IgG (H+L), as a secondary antibody. The 
following conjugated antibodies were used: ecto-5’nucleotidase-
CD73-Phycoerythrin (PE) (Cat. 550257, BD biosciences), HLA-
ABC-Fluorescein Isothiocyanate (FITC) (Cat. ab20313-100, Abcam), 
and HLA-DR-FITC (Cat. ab36775-500, Abcam). The hASCs were 
analyzed by flow cytometry with a FACSCalibur (Becton Dickinson 
Immunocytometry System, San Jose, CA), using CELLQuest 
acquisition software (BD biosciences, USA). A minimum of 20,000 
events were acquired for each sample of cells analyzed for each surface 
marker. Cell marker expression was determined by comparison with 
control, and the data were analyzed with WinMDI 2.8 software. 

Evaluation of osteogenic differentiation: The hASC were 
induced to differentiate by the addition of osteogenic differentiation 
factors to DMEM and LEI media: 50 μg/mL ascorbate-2-phosphate 
(Ecibra), 10 mM β-glycerophosphate (Sigma-Aldrich), and 0.1 μM 
dexamethasone (Aché) [6]. hASC were seeded in 24-well plates at a 
density of 5×103 cells/well, and grown in DMEM and LEI, and their 
respective osteogenic media DMEM O and LEI O. Cells were incubated 
at 37°C in humid atmosphere for 7, 14 and 21 days, and evaluated by 
MTT, Alkaline Phosphatase Activity assays described previously, and 
Collagen synthesis.

Evaluation of Collagen synthesis: To evaluate collagen synthesis 
by hASC cultured in DMEM and LEI osteogenic media, a colorimetric 
assay was performed based on Sirius Red [25]. As a control, the hASC 
were also cultured in their respective basal culture media, under the 
same conditions.

At the end of each induction period, cells were washed with PBS 

and was added 1 mL/well of Bouin’s solution, incubated at 37°C under 
stirring for 1 hour. Cells were washed in running and distilled water, 
and subsequent staining reagent Sirius Red at 37°C under stirring for 
30 minutes. The wells were washed with 0.01 N HCl and 0.5 M NaOH 
for 30 minutes under stirring. 100 mL of the solution was transferred 
to a 96-well plate, and optical density was measured at 540 nm. Wells 
without cells were subjected to the same procedure, as an experiment 
control.

Evaluation of the expression of markers of osteogenic lineage 
cells: Briefly, 1×105 cells were seeded on sterile coverslips in 6 well-
plates, and cultivated for 7, 14 and 21 days in LEI and LEI O media. 
After each period of test, they were fixed in 4% paraformaldehyde for 15 
minutes. For permeabilization, the cells were incubated for 10 minutes 
in PBS containing 0.1% Triton X-100. The cells were blocked for 1 
hour at room temperature, with blocking buffer containing 1% Bovine 
Serum Albumin (BSA) and 5% goat serum in PBS. Subsequently, the 
cells were incubated for 2 hours in blocking buffer containing the 
following antibodies: rabbit polyclonal antibody against osteopontin 
(Cat. ab8448, Abcam), mouse monoclonal antibody against collagen 
type I (Cat. ab6308-100, Abcam), and mouse monoclonal antibody 
against osteocalcin (Cat. ab13418, Abcam). Afterwards, the cells were 
washed with PBS and incubated with the respective Alexa Fluor 488 
goat anti-rabbit IgG (H+L) (Cat. A11008, Invitrogen), and Alexa Fluor 
488 goat anti-mouse IgG (H+L) (Cat.A11001, Invitrogen), antibodies 
for 1 hour. The cells were washed with PBS, and the nuclei were stained 
with 1µg/mL Hoeschst 33258 pentahydrate (Cat. H3569, Invitrogen), 
for 30 minutes. 

The coverslips were mounted with Hydramount Aqueous media 
(Cat. HS-106, National diagnostics), and analyzed with a Zeiss LSM 
510-Meta confocal microscope. The images were taken at Microscopy 
Center, Universidade Federal de Minas Gerais, Brazil.

Statistical Analyses
All experiments were repeated three times with triplicate samples. 

Statistical analyses were performed by using Graph Pad Prism 5.0. 
The values were represented as the mean ± standard error of the 
mean (SEM). Statistical differences were calculated by using ANOVA 
and Bonferroni’s post tests. Differences were considered significant at 
p<0.05.

Results and Discussion
Evaluation to adaptation of hASCs to LEI medium

Primary cultures of hASC were obtained after the enzymatic 
processing of lipoaspirate, showed type fibroblastoid-shaped cells and 
adherent to plastic surface, according to the literature [6].

Viability and cell proliferation: According to the cell viability 
and proliferation test, when compared to the control group-hASC 
cultivated in DMEM-the group that presented the best result was the 
G1, with a slower and gradual adaptation to LEI, when compared to the 
groups of faster adjustments (Figure 2A). When the medium contained 
100% of LEI in the three groups tested, the result of absorbance of the 
G1 was the one closest to the absorbance of hASC grown in control 
DMEM.

Alkaline phosphatase activity: The test to assess the activity of 
alkaline phosphatase was also used to compare the performance of 
production of this enzyme by hASC in the three different groups of 
adaptation to the LEI, when compared to control medium DMEM. As 
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in the cell proliferation and viability test, the group with the best result 
when compared to control, was G1 (Figure 2B).

Comparative tests between hASC cultivated in DMEM and 
LEI 

The first comparative test between hASC in DMEM and LEI was 
performed by Optical Microscopy (OM). Comparing the cells after 
the second pass, hASC grown in DMEM and adaptation to the LEI 
presented very similar morphological characteristics as adherence to 
plastic, colony formation, and growth profile (Figure 3). It was also 
observed that at the fourth passage, there is a greater density of cell 
population for culture in LEI, compared to DMEM medium, suggesting 
excellent adaptation to the new environment proposed.

Characterization of the immunophenotype of hASC: As a cell 
population can be defined by the types of antigens expressed on the 
plasma membrane of its cells, in the fifth passage, ​​a phenotypic analysis 
of cells grown in DMEM and LEI was performed. Cells were incubated 
with antibodies specific for the following markers: CD29, CD34, CD44, 
CD45, CD73, HLA-ABC, and HLA-DR.

The population selected for the analysis of surface markers was 
determined from a chart versus size granularity obtained from cells 
without any marking. The analysis of the histograms has shown 

that approximately 96% of cells grown in LEI expressed CD 29, 96% 
expressed CD 44, 96% expressed CD 73, and 96% expressed HLA-ABC. 
The CD 34 was expressed as 5%, CD 45 as 2%, and HLA-DR in less than 
1% of the cells (Figure 4).

The hASC cultured in DMEM and LEI media formed in vitro a 
homogeneous population of cells that express the surface markers 
characteristic of the MSC: CD29, CD44, CD73 and HLA-ABC, and 
does not express markers of hematopoietic lineages: CD34, CD45, and 
HLA-DR. 

In this work, it was found around 5% of expression of CD 34. One 
of the minimum criteria established for the definition of mesenchymal 
stem cells is that, less than 2% of cells express CD34 [24]. Besides, CD34 
expression decreases with passages throughout the cultivation, with the 
cellular expansion and medium exchange [26]. 

These results showed that there was no interference of culture 
medium used in the expression of the surface markers. Phenotypically, 
the hASC isolated are in accordance with the profile proposed by the 
literature [6,27], and accepted by the International Society for Cell 
Therapy [26].

Viability and cell proliferation: Cells grown in all media tested 
were able to metabolize MTT and produce formazan crystals. Initially, 
the cells in both basal media (Figure 5) had a slightly larger proliferation 
than those grown in osteogenic media. One may suggest a lower cell 
proliferation due to a change of composition of media, which were 
supplemented with osteogenic factors. Then, the larger absorbance 
observed for hASC cultured in osteogenic media for 14 and 21 days of 
culture indicate that the supplement used, favored the proliferation of 
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these cells after an initial period of adaptation. It is also noted that cells 
grown in LEI followed growth profile similar to that observed in cells 
grown in DMEM.

Alkaline phosphatase activity: The levels of alkaline phosphatase 
production by hASC increased over time of cultivation in DMEM, 
especially when grown in DMEM O, while for cells grown in LEI, the 
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production levels of alkaline phosphatase increased significantly at all 
time points when in osteogenic medium (Figure 6).

When comparing the graphs of alkaline phosphatase activity, 
taking into account the graphics of the MTT assay, we observed that 
the levels of absorbance were higher on 14th day for cells grown in LEI 
O, maintaining this production until the 21th day, while in DMEM O, 
the absorbance levels were significantly higher on 21th day of culture.

It was observed a peak of activity of the enzyme alkaline 
phosphatase in 14 days of culture using LEI O, which is in agreement 
with the literature [28,29]. Alkaline phosphatase is an enzyme present 
in undifferentiated cells, so it is used as a marker of stem cells; however, 
this enzyme is produced at high levels in early osteogenic differentiation, 
and is considered an early marker of differentiation [28].

Evaluation of collagen synthesis: A significant increase in collagen 
synthesis from 21th day in hASC grown in DMEM O was observed, 
while cells grown in LEI O increased collagen synthesis in from 7th day 
of cultivation, peaking on 14th day (Figure 7).

Although the dosage was not specific for type I collagen, it is known 
that this type of collagen is a marker for osteoblasts, quickly expressed 
in cells committed to a lineage, and extracellular matrix deposition as a 
relatively early event in the pathway differentiation of osteoblasts [30]. 
Thus, the levels of absorbance produced by the synthesis of collagen by 
hASC grown in the LEI O had already suggested a commitment to the 
osteogenic phenotype, starting from 7th day of culture.

Evaluation of expression of markers of osteogenic lineage cells: 
hASC cells grown in LEI culture medium presented no marking for 
the three proteins tested, while cells grown in differentiation began to 
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Figure 6: Graphic representation of alkaline phosphatase activity detection in 
hASC grown in (A) DMEM and DMEM O (***p<0.001 DMEM×DMEM O) and 
(B) LEI and LEI O (***p<0.001LEI×LEI O every time).
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Figure 7: Graphical representation of collagen synthesis by hASC cultured in 
(A) DMEM and DMEM O (***p<0.001 DMEM×DMEM O) and (B) LEI and LEI 
O (**p<0.01 LEI×LEI O).
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express the three proteins in small amounts, up to 7th day of induction. 
The expression of osteopontin (Figure 8), osteocalcin (Figure 9), and 
type I collagen (Figure 10) remained and intensified after 14th and 21th 
day of osteogenic induction.

Osteopontin can be expressed in various tissues, including bone, 
which is produced by osteoblasts in different stages of maturation. In 
bone formation in vitro, there is initial production of osteopontin, and 
this is found in high levels of expression even after mineralization. 
The intracellular expression of osteopontin in osteogenic cells, even in 
proliferation appears to be related to cell migration, while extracellular 
osteopontin seems to regulate the mineralization process [31].

Osteocalcin, in turn, has a higher expression only in the stage after 
the proliferation, concomitant with the mineralization of extracellular 
matrix. Therefore, its expression is delayed in the development of 
osteoblasts and contributes to the regulation of the mineral phase of 
bone [32]. Recently, it was demonstrated that prior to their deposition 
in the extracellular matrix, osteocalcin can be secreted, and thus 
quantified in the medium before the mineralization stage, representing 
a good marker for predicting the osteogenic potential of cells [33].

Stem cells can differentiate into osteoblasts depending on 
conditions of the medium, thus, dexamethasone, ascorbic acid and 
β-glycerophosphate are indispensable factors for differentiation [28]. 
Dexamethasone induces the initial stage of differentiation, which is 

accompanied by increased expression of alkaline phosphatase. Since 
ascorbic acid and β-glycerophosphate are essential for the cells reach 
late stages of differentiation, in which the formation and mineralization 
take place in the extracellular matrix [29].

The cells in bone differentiation go through three distinct 
phenotypic phases, starting with a proliferative (which already exists 
synthesis of type I collagen), then formation of extracellular matrix 
(high alkaline phosphatase activity), and finally matrix mineralization 
(increased expression of osteopontin, osteocalcin and mineral 
deposition) [32]. 

Therefore, the results obtained in MTT, alkaline phosphatase 
activity, collagen synthesis and immunofluorescence tests showed that 
there was a commitment of hASC in osteogenic differentiation, when 
cultured in LEI osteogenic medium.

Conclusion
The adaptation of hASC to Leibovitz CO2 Independent Medium 

is a new methodology developed in this work, for its use in the 
perfusion bioreactor adapted to the water bath. Analyzing the results 
of comparative tests between DMEM and LEI media, it was concluded 
that cells grown in LEI showed morphological and phenotypical 
similarities with those grown in DMEM, and presented adequate 

Figure 8: Immunofluorescence analysis for osteopontin. hASC grown in LEI 
basal medium (A) and hASC cultured in LEI O after (B) 7, (C) 14 and (D) 21 
days.

Figure 9: Immunofluorescence analysis for osteocalcin. hASC grown in LEI 
basal medium (A) and hASC cultured in LEI O after (B) 7, (C) 14 and (D) 21 
days.
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Figure 10: Immunofluorescence analysis for type I collagen. hASC grown in 
LEI basal medium (A) and hASC cultured in LEI O after (B) 7, (C) 14 and (D) 
21 days.

results when evaluated the viability and cell proliferation, alkaline 
phosphatase activity, collagen synthesis, and expression of osteogenic 
markers for cells cultivated in LEI O.
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