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Abstract
Human keratinocytes are needed for tissue engineering of skin applied in tissue repair and regeneration aimed 

at clinical application. The need to have high cell concentrations within a short time when performing cell proliferation 
is vital. The growth and maintenance of these cells commonly involve the use of MCDB 153 medium, which is 
supplemented with animal-derived components, such as growth factors and fetal bovine serum (FBS). The aim of this 
work was to evaluate different formulations based on MCDB 153 medium for keratinocyte proliferation. For that, several 
experiments were realized to define which supplements are important for skin cell culture using 24 factorial design. Skin 
samples were obtained from four consenting patients submitted to dermolipectomy, the plastic surgery operation. These 
fragments were treated with 0.25% trypsin-EDTA for four hours, at 37ºC. Furthermore, the epidermis was separated 
from the dermis, providing skin cells. Batch cultures were performed in 6 and 96-well plates, in addition to 25 cm2 flasks. 
Results concerning cell growth and metabolism showed that keratinocytes were full grown up in MCDB 153 medium 
containing insulin (7.5 µg.mL-1), bovine pituitary extract-BPE (80 µg.mL-1), epidermal growth factor-EGF (0.08 µg.mL-1), 
hydrocortisone (0.63 µg.mL-1) and glutamine (1 g.L-1). On the other hand, culture media proposed in the experimental 
design did not resulted in satisfactory cell growth. In addition, although, the initial glucose concentration was low in the 
most of cases, the lactate was strongly produced by cells reaching 1 g.L-1. 

Keywords: Skin; Keratinocytes; MTT assay; Factorial design;
Metabolism

Introduction
Human skin is an organ that allows life by regulating heat and 

water loss from the body, while preventing the ingress of noxious 
chemicals or microorganisms. Healthy human skin consists of three 
main layers: subcutaneous tissue (stratified), underlying dermis and 
cellular epidermis [1,2].

The subcutaneous fat layer is found between the overlying dermis 
and the underlying body constituents. This adipose tissue provides 
mechanical protection against physical shock, and it can also provide 
an available supply of high-energy molecules. The dermis, which 
is normally 4 mm thick, is the major component of human skin. It 
is composed of a connective tissue, predominantly collagen fibers 
produced by fibroblasts, providing support and flexibility. This layer 
also has several structures embedded within it, blood and lymphatic 
vessels, nerve endings, hair follicles, sebaceous glands and sweat 
glands. The epidermis itself is a complex multiple layered membrane, 
containing no blood vessels and, hence, nutrients and waste products 
must diffuse across the dermo-epidermal layer in order to maintain 
tissue integrity. Epidermis contains keratinocytes close to the stratum 
germinativum (basal layer), and these ensure its regeneration. It also 
contains melanocytes, cells responsible for skin pigmentation and 
melanin synthesis.

When a lesion occurs, the skin repairs itself through the 
proliferation and growth of dermal and epidermal cells [3]. In deep 
skin lesions, destruction of the dermal and epidermal elements may 
occur. This makes the regeneration process slow and subject to 
complications. In such cases, autologous skin transplantation may 
be used, but its use is limited by the extent of the donor site and 
by the patient’s clinical condition. Allotransplants from cadavers or 
volunteers are rejected after one or two weeks and provide only 
temporary coverage. Hence, studies have been conducted with the 
aim of solving the problem of the need for large amounts of skin for 
transplantation in cases of burn victims and chronic skin ulcer [4,3,5]. 

Some authors described a skin substitute used in the burn 
trauma treatment [6]. This material has been developed for the 

reconstruction of dermal structures and is designed as a bilayer. It 
consists of a modified bovine collagen matrix and a silastic membrane 
facing toward the body surface. However, biocompatible materials as 
adhesives or curatives can cause pain when administered under the 
wound; therefore, local anesthesia is required. 

The first step for production of reconstructed skin involves the 
proliferation of dermal (fibroblasts) and epidermal cells (keratinocytes 
and melanocytes). As a huge amount of fibroblasts is needed for 
engineering of skin, the need to have high cell concentration within 
a short period of time is essential [7]. After the proliferation of 
fibroblasts, the collagen tissue may be used as matrix for cultured 
growth, and it provides a dermal equivalent with characteristics very 
similar to those found in human dermis in vivo [8]. Finally, human 
keratinocytes and melanocytes are plated on this collagen matrix. 

For the treatment of large skin defects, a higher number of viable 
fibroblasts and keratinocytes are needed [7]. For human keratinocyte 
media formulations, factors such as insulin, transferrin and lipid 
emulsion (containing cholesterol, α-tocopherol acetate, fatty acids, 
Tween 80, and Pluronic F-68) should be evaluated.

Insulin is a polypeptide of 5700 molecular weight that affects 
cell metabolism, although it is thought that its main effect is on 
glucose metabolism [9]. Transferrin is an iron transport protein and 
almost every cell line shows a positive response to its presence in the 
medium [9]. Lipids and fatty acids act as precursors for prostaglandin 
synthesis and represent an alternative energy source, compounding 
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the cell membrane. Other supplements can also be used, such as 
EGF, BPE, hydrocortisone, ethanolamine, sodium selenium, sodium 
pyruvate and aurintricarboxylic acid (ATA). These supplements 
are capable of maintaining cell viability, in addition to support cell 
growth.

The present work evaluates the growth and metabolic performance 
of human keratinocytes, potentially used for skin reconstruction, in 
different media. These media were formulated using a statistical 
method, involving factorial design. This methodology can be 
employed to identify factors with significant effects on the response, 
interactions among these factors and which of these factors have the 
most important effects on the response. In addition, this method can 
be used to investigate the functional dependence of a response on 
multiple factors simultaneously, testing several levels of each factor 
[10]. Finally, the culture media evaluated through this methodology 
can represent a possibility to sustaining cell proliferation and 
differentiation aimed clinical application. 

Materials and Methods

Media, supplements and other reagents

Keratinocyte SFM, KCM (Invitrogen Co., USA) and MCDB 153 
(Sigma Co., USA) were used. Supplements as insulin, transferrin, ATA, 
sodium pyruvate, sodium selenium and hydrocortisone from Sigma, 
BPE, EGF and FBS from Invitrogen were also used. The components as 
MTT, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 
from Sigma, 0.9% NaCl physiological solution (Halexlstar Ind.) and 
both conjunction penic illin-streptomycin-glutamine (10 000 units of 
penicillin; 10,000 µg of streptomycin, and 29.2 mg of L-glutamine.
mL-1 in 0.85% saline) and antibiotic-antimycotic solution (10 000 units 
of penicillin, 10 000µg of streptomycin, and 25µg of amphotericin B 
in 0.85% saline) were purchased from Invitrogen. In addition, 0.25% 
trypsin-EDTA solution and SDS both from Invitrogen and HCl (Merse 
Darmstadt, Germany) were used.

Isolation of cells from skin tissue samples

 Skin samples were obtained from four consenting patients 
submitted to dermolipectomy surgery at the State University of 
Campinas Teaching Hospital. This procedure was in accordance 
with the Ethics Committee of State University of Campinas Medical 
School, Brazil. The material was placed in sterile tempered glass jars 
(Duran, Germany), conserved in 0.9% NaCl physiological solution 
containing antibiotic-antimycotic solution (0.01%) and refrigerated 
at 4°C, without exceeding a limit of 12 hours until its manipulation.

The skin fragments were separated from the adipose tissue, 
placed on a Petri dish (Corning Inc., USA) and sectioned into small 
pieces of 5 to 10 mm, using surgical instruments under a laminar 
flow. Afterwards, these fragments were treated with 0.25% trypsin-
EDTA solution and incubated at 37 °C, with 5% CO2 tension for four 
hours. Subsequently, the trypsin solution was neutralized by MCDB 
153 medium containing 20% FBS, and the material was filtered using a 
40µm nylon filter (Falcon®). This procedure resulted in a separation 
of epidermis (containing keratinocytes and melanocytes) from dermis 
(containing fibroblasts and collagen fibers), providing skin cells. 

Skin cell culture

Keratinocytes were maintained in Keratinocyte SFM (KCM) at 
37ºC and 5% CO2, using 25 cm2 flasks (TPP AG, Switzerland). The 
medium was replaced every 48 hours to avoid lack of nutrients and 
accumulation of toxic metabolites.

Evaluation of medium supplements on cell growth, viability, 
and metabolism

Basically, this study consisted of the evaluation of media for 
human keratinocytes using statistical method and also a preliminary 
investigation of cell metabolism. The analysis of the effects of insulin 
(1 to 10 mg.mL-1) and transferrin (1 to 5 mg.mL-1) concentrations, 
as well as lipid emulsion percentage (1 to 3%) on the viability was 
performed through a 23 factorial experimental design, in a total of 
12 experiments, as indicated in Table 1. Supplements as sodium 
selenium (50 nmol.L-1), glutamine (1 g.L-1), ethanolamine (50µmol.L-1), 
hydrocortisone (0.63µg.mL-1), BPE (80µg.mL-1) and EGF (0.008µg.
mL-1) were also added to MCDB 153 basal medium. The range of 
concentrations selected for these supplements is in agreement with 
regular skin cell culture practice. Experiments were carried out in 
96-well plates and the initial cell concentration was 1 x105 viable
cells.mL-1. Control assays were performed in KCM. The response
was viability evaluated by MTT methodology. The statistical effects
were calculated using the software Statistica 5.0 (StatSoft Co.). The
significance level of P< 0.05 was assumed for viability.

Subsequently, human keratinocytes were adapted on the 
formulations 3 (F3), 4 (F4) and 7 (F7) from factorial design cited 
before, using 6-well plates, since the best results to viability were 
obtained under these conditions. In the cell adaptation process, the 
conditioned medium was removed each 48-hour period and the fresh 
medium was added. This procedure was performed during seven 
days and then an enzymatic treatment (0.25% trypsin-EDTA) was 
performed for maximum cell growth determination.

In order to increase maximum cell concentrations and to avoid 
cell morphological changes, the selected formulation (F3) was 
modified. The insulin concentration was reduced from 1 mg. mL-1 to 
7.5µg.mL-1 [4,7], while lipid emulsion (3%), hydrocortisone (0.63µg.
mL-1) and BPE (80µg.mL-1) concentrations were fixed. However, other 
supplements were deleted. MTT was reduced by cells cultured under 
this condition and in the control assay (KCM).

Analytical Methods 
Cell number and viability were determined using trypan blue 

exclusion (1:2 v/v mixture of cell sample and 0.4% trypan blue) using 
a hemocytometer (improved Neubauer, Brand). Glucose and lactate 
concentrations were analyzed using the YSI 2700 analyzer (Yellow 
Spring Instruments, USA).

The viability was estimated by MTT assay [11]. Briefly, the cells 
maintained in KCM were inoculated in 96-well plates at 1 x 105 cells.
mL-1. After 24 hours, the supernatant was removed and the cells were 
washed with PBS (0.05 mol.L-1 and pH of 7-7.2). Afterwards, the tested 

Independent variables Dependent variable

Formulation Insulin
(mg.mL-1)

Lipid Emulsion
(%)

Transferrin
(mg.mL-1)

Viability
(%)

1 1 1 1 57
2 10 1 1 64
3 1 3 1 92
4 10 3 1 90
5 1 1 5 69
6 10 1 5 60
7 1 3 5 91
8 10 3 5 78
9 5 2 3 82
10 5 2 3 78
11 5 2 3 79
Control n.a. n.a. n.a. 95
Formulations 9 to 11 correspond to central points, n.a.: not added. Control: 
Keratinocyte SFM (KCM)

Table 1: 23 factorial design for insulin, transferrin and lipid emulsion supplements.
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media (100µL) were added. After 48 hours, 10µL MTT solution (5 
mg.mL-1 in PBS) was added to each well and the plates, covered with 
aluminum foil, were incubated at 37°C for four hours. SDS (5% m/v) 
prepared in HCl (0.01 N) was also added at 50µL per well followed 
by overnight, at room temperature, to completely dissolve formazan 
crystals. Absorbance was measured at 570 nm, using a microplate 
reader (Multiskan MS, Thermo Labsystem, USA). The influence of 
tested media on the MTT reduction in the absence of cells was also 
determined. 

Yield coefficient of cell (Yx/glc) and lactate (Ylac/glc) from glucose 
were determined using the following equations:

∆
=
− ∆/ ( )x glc

X
Y

G (1)

∆
=
− ∆/ ( )lac glc

L
Y

G
(2)

Where X is the cell concentration, G and L are glucose and lactate 
concentrations, respectively. For the yield coefficient calculation, two 
time points were considered: one was immediately after inoculation, 
and the final point was at the inset of exponential phase, typically 
after 72 hours. Yield is the ratio of amount produced per amount 
consumed for any product/reactant pair.

Results and Discussion
Effects of insulin, lipid emulsion and transferrin on the human 
keratinocyte viability in serum-free medium

High concentrations of skin cells are required for tissue repair 
technology, such as reconstructed skin. For this purpose, nutritive 
cell media, as well as adequate physiological conditions may be 
provided. However, the development of cell culture medium is a 
complex process, involving the adjustment of numerous interactive 
components to their optimal concentrations with a goal of strong 
consistent support of cell growth. Figure 1 presents morphological 
characteristics of skin cells.

Statistical methods for developing the best medium formulation 
for maximizing cell production are a well-established practice 

[12,13,14]. In our analysis, a main effect of outcome is a consistent 
difference between levels of variables of the factors insulin, lipid 
emulsion and transferrin on the viability.

In the first step taken towards developing a serum-free medium 
for human keratinocytes, the 23 factorial design with three central 
points was employed. The effects of insulin (1 to 10 mg.mL-1), lipid 
emulsion (1 to 3%) and transferrin (1 to 5 mg.mL-1) on the viability 
were evaluated. The results were indicated in Table 1, while the 
calculated statistical effects are shown in Figure 2. In addition, Table 
2 presents the analysis of variance (ANOVA).

As shown in Table 2 and Figure 2, statistically significant effect 
on viability was observed for lipid emulsion (according to linear 
regression and analysis of variance, the calculated F value was 43.6, 
i.e. more than 8.5 times higher than the listed value, equal to 5.12)
and synergetic interaction from insulin and transferrin.

In the present work, lipid emulsion (chemically defined 
lipid concentration) containing cholesterol and some fatty acids 
(arachidonic, linoleic, linolenic, myristic, oleic, palmitic and stearic 
acids) scattered into Pluronic F68® and Tween 20 was used. In general, 
lipids as cholesterol and fatty acids are essential for mammalian cell 
growth [9,11]. In addition, in a free-state or bound to carries like 
albumin or lipoprotein, lipids act as precursors for prostaglandin 
synthesis, representing an alternative energy source and are major 
components of the cell membrane [9]. In addition, other researchers 
[15] observed that human keratinocytes cultured in serum-free
medium become fatty acid deficient.

The cholesterol content was related to the ability of 
keratinocytes to synthesize the cornified envelope, which is one of 
the most characteristic features of keratinocyte differentiation [16]. 
Concerning lipid metabolism in cultured keratinocytes, the authors 
also showed that epidermal lipogenesis, both in vivo and in vitro, 
depends on the balance between cellular requirements and access 
to the exogenous lipid supply in vivo. Hence, medium supplemented 
with lipid is essential.

Figure 1: Morphological characteristics of epithelial (b, c) and fibroblastic (d) 
cells growing out from human skin biopsies. (a) Primary culture of skin cells 
including keratinocytes ( 4  ) , melanocytes (→) and fibroblasts ( ). The cells 
were maintained in (b) KCM, (c) MCDB 153 medium with FBS (10%), insulin 
(30 µg.mL-1), hydrocortisone (0.63 µg.mL-1) e BPE (62.5 µg.mL-1) and (d) MCDB 
153 medium with 10% FBS. Optical microscopy (40X). The culture conditions 
considering two distinct instants of cultivation: (a) and (c) 72 hours after tissue 
digestion, (b) and (d) the end of exponential phase (confluence).

Source of Variance Sum of Squares Degree of 
Freedom Mean Squares F Ftab

Regression 1275.13 1 1275.13 43.6 5.12
Residual 263.42 9 29.27
Lack of Fit 163.63 6
Pure error 99.79 3
Total 1538.75 10

Table 2: ANOVA for 23 factorial design on viability.
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Figure 2: Statistical effects obtained for the 23 factorial design on the viability. 
*Indicates that the variable is statistically significant at 95% confidence.
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As shown in Figure 2, increases on the lipid emulsion percentage 
increased the keratinocyte viability. Nevertheless, isolated concentra-
tions of insulin and transferrin have not presented significant effects 
on the response. 

Since lipid emulsion presented a statistically significant effect on 
the viability, a mathematical model (Eq. 3) was generated to describe 
this response to variable behavior as a function of lipid emulsion 
percentage. The coded model was used to generate the correspondent 
response surfaces, as shown in Figure 3. These diagrams (Figure 3a 
and 3b) indicated that a lipid emulsion percentage at 3% (level +1) 
can be considering the most advantageous condition to achieve high 
viability.

= − −76.4 12.6 3.7lipidemulsion lipidemulsion transferrinV C C C  (3)

Performance of human keratinocytes on F3, F4 and F7 

As observed in Table 1, viability above 90% was obtained by 
keratinocytes maintained in F3, F4 and F7 from 23 fractional design. 
Therefore, the cells were cultured in these formulations using 6-well 
plates for metabolic analysis. The inoculum was prepared in KCM and 
after 24 hours tested media (F3, F4 and F7) were added. The results 
are shown in Table 3.

The best performance with reference to the cell growth was 
obtained by keratinocytes cultured in F3 (2.5±0.17 x105 cells.mL-1), 
when compared with the control assay in KCM (3.0±1.3 x105 cells.

mL-1). The cell growth practically was not observed in F4, whilst 
keratinocytes died in F7 after adding medium. 

The simple comparison among the tested media (F3, F4 and F7) 
suggested that transferrin concentrations (above 1mg.mL-1) were 
probably above the required. The results showed that at 5 mg.mL-1 
(F7) the transferrin concentration can cause cell death. Iron is believed 
to be essential for animal cells, and transferrin is the main carrier for 
stabilizing and presenting iron and trace elements in the cell [11]. 
However, at high concentrations, this supplement showed itself toxic 
for human keratinocytes. 

Since the higher maximum cell concentration was obtained for 
F3, it was observed increase in cell size and the presence of lumpiness 
(data not shown). Hence, the apparent viability (Table 3) was used 
to measure capacity of living, under evaluated conditions, since it 
was not observed cells stained blue after trypan blue dye exclusion 
method. Thus, changes in media formulation were performed to avoid 
morphological cell modifications, such as reduction and deletion of 
supplements. 

In fact, several experiments were necessary to define which 
supplements are important for skin cell culture (data not shown). 
When insulin concentration was reduced and some components 
(transferrin, sodium selenium and ethanolamine) were deleted from 
F3, it was observed satisfactory cell growth. MCDB 153 supplemented 
with insulin (7.5µg.mL-1), lipid emulsion (3%), hydrocortisone (0.63µg.
mL-1) and BPE (80µg.mL-1), called modified F3, was evaluated for cell 
culture. Figure 4 summarizes the results. 

In this experiment (Figure 4), using MTT methodology, it can 
observed that mitochondria were capable of maintaining activity in 
modified F3 medium, similarity at control in KCM. It suggested that 
this formulation could provide cell proliferation, although further 
experiments should be performed to confirm these findings.

Concerning the cell metabolism, two of the most commonly 

(a)

(b)

(a)

(b)

Figure 3: Response surfaces of viability as a function of insulin concentration 
and lipid emulsion percentage (a) transferrin concentration and lipid emulsion 
percentage (b).

Medium
Maximum Cell 
Concentration 
(105 cells.mL-1)

Viability
(%)

YX/glc
(108 cells.gglc

-1)
Yglc/lac
(gglc.glac)

F3 2.5 ± 0.17 99 ± 0.6 * 1.63 ± 0.81 1.13 ± 0.20
F4 1.2 ± 0.09 99 ± 0.08 * 0.23 ± 0.09 1.14 ± 0.06
F7 0.6 ± 0.13 99 ± 0.11 * n.d. 1.11 ± 0.13
control 3.0 ± 1.3 99 ± 0.89 2.2 ± 0.11 0.84 ± 0.08

Control: Keratinocyte SFM (KCM); the inoculum was prepared in KCM; *indicates 
the apparent viability; n.d. indicates not determined; results represent the average 
of two independent experiments with three trials each

Table 3: Comparison among growth variables of keratinocytes maintained in 
different formulations.

Figure 4: MTT reduction by tested medium after 48 hours of incubation at 37°C 
and 5 % CO2. The results represent the average of two independent experiments 
with three trials each. KCM was used as control.
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compounds in animal cell culture (glucose and lactate) were 
monitored. Glucose serves as both a main carbon source and an 
important energy source in most medium formulation. Entry of 
glucose into glycolytic pathway leads to the formation of pyruvate 
as end product. In animal cells, pyruvate can either be shuttled into 
TCA cycle or be converted into lactate [17]. However, the influence 
of lactate accumulation on these cultures has rarely been examined.

Glucose, present in basal medium (MCDB 153) at 1 g.L-1, was totally 
consumed by cells after 96 hours, while lactate was produced during 
cell culture. Results showed that the glucose-to-cell yield coefficient 
provided by F3 was 7-fold higher (Table 3) than that by F4 (0.23 x 
108 cells.gglc

-1). Although, the glucose-to-lactate yield coefficient (Ylac/

glc) was similar in both conditions, around 1.13 glac.gglc
-1. 

High values to Ylac/glc for keratinocytes maintained in tested 
formulation indicate that cells proliferated in vitro (at low passages) 
have deregulated glucose metabolism. In other words, cells produce 
preferably lactate in the glycolytic pathway. Increases in Ylac/glc and 
glucose concentration in mammalian cell cultures (hybridoma) were 
observed [18]; however, inhibition occurs at concentration which 
usually is not reached during growth.

The maximum lactate concentration was around 1 g.L-1; however, 
the lactate can cause growth inhibition in mammalian cells above of 
3.6g.L-1 [19]. Our findings are consistent with a current literature [20], 
which observed that keratinocytes cultured in EpiLife Keratinocyte 
Medium containing human keratinocyte growth supplement (HKGS), 
BPE (0.2% v/v) and soy protein hydrolysates (1 g.L-1) consumed up to 
0.7 g.L-1 of glucose and produced 0.9 g.L-1 of lactate in 96 hours.

Finally, other researchers reported that the glucose-to-cell yield 
coefficient in a culture of human epithelial cells (hTERT-HME1) was 
2.8 x 108 cells.gglc

-1, which is comparable to the value determined in 
the present study (1.6 x 108 cells.gglc

-1) [21]. However, the value of cell 
growth coefficients is known to vary depending on culture phases 
and conditions.

Conclusion
According to this study, among the formulations evaluated in 

the factorial design only F3, F4 and F5 provide satisfactory results 
with cell proliferation. Human keratinocytes cultured in modified F3 
demonstrated similar growing capacity (2.5 x105 cell.mL-1) concerning 
the Keratinocyte SFM (KCM), (3 x105 cell.mL-1). The metabolic analysis 
shows that even in low initial concentrations of glucose, high lactate 
concentration were observed. This is an essential result for the 
future of tissue-engineered skin. However, further investigations are 
necessary for a more detailed interpretation of this finding.
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