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Abst rac t
Introduction: The local treatment in burns larger than 50% of total body surface area is still the great challenge 
for surgeons.
Aim: This paper presents a review of different solutions for deep burn wound healing in children and the early 
outcomes of treatment with combined autologous cell culture technique.
Material and methods: For this study, 20 children aged between 4 and 12 years with 55–65% of TBSA III grade burn 
injury were analyzed. A skin sample, 1 cm × 1 cm in size, for keratinocyte cultivation, was taken on the day of the 
burn. After necrotic tissue excision, the covering of the burned area with an isolated meshed skin graft was carried 
out between day 4 and 7. After 7 days of keratinocyte cultivation, the mentioned areas were covered with cells from 
the culture. We divided the burned regions, according to the way of wound closure, into 3 groups each consisting 
of 15 treated regions of the body. We used meshed split thickness skin grafts (SSG group), cultured autologous 
keratinocytes (CAC group), and both techniques applied in one stage (SSG + CAC group). 
Results: In the SSG group, the mean time for complete closure of wounds was 12.7 days. Wounds treated with CAC 
only needed a non-significantly longer time to heal – 14.2 days (p = 0.056) when compared to SSG. The shortest 
time to heal was observed in the group treated with SSG + CAC – 8.5 days, and it was significantly shorter when 
compared to the SSG and CAC groups (p < 0.001). 
Conclusions: This study suggests that cultured keratinocytes obtained after short-time multiplication, combined 
with meshed autologous split thickness skin grafts, constitute the optimal wound closure in burned children. 
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Introduction

Skin is the largest organ of the human body and plays 
multiple functions in maintaining the homeostasis of 
the human body. The most significant role is protection 
from the external environment. The loss of this barrier 
requires a closure of the wounded surface. The surgical 
problems with skin defect closure depend mainly on the 
location and total size of the skin defect [1–3]. It is well 
known that there has been no full skin substitute avail-

able to date. Skin replacement has been a challenge for 
surgeons and scientists since the introduction of skin 
grafts by Reverdin in 1871 [1, 4]. This achievement and 
the development of the meshed skin graft technique are 
still the basic principles in burn management. Split-thick-
ness skin autograft (STSG) is the gold standard in the 
treatment of large full-thickness burn wounds. The de-
velopment of permanent and temporary skin substitutes 
has been particularly beneficial for patients with severe 
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burns of a large burn surface [2, 5]. In the case of burns 
involving more than 50% of the total body surface area, 
the availability of donor skin is limited. In such cases, 
there are not enough skin resources in the patient’s own 
body that would allow for overall recovery and healing. 

The rapid expansion of tissue engineering has given 
an opportunity for the development of cell culture tech-
nology. Among these techniques, primary cell culture has 
recently become the most common in burn treatment. 
Multiplication of isolated keratinocytes was introduced 
by Rheinwald and Green in 1975 [4]. Autologous kerati-
nocyte culture was applied in the treatment of burns in 
1981 [6]. The original technique was based on the fast 
multiplying of a large number of epithelial cells. The in-
tervals for cell-multiplication were shorter than 24 h [4]. 
Keratinocytes were cultured in clonal cell densities on 
a “feeder-layer” of lethally irradiated mouse fibroblasts, 
and with the use of trypsin. Then, cells were taken to the 
secondary culture. This process has created the growth 
of isolated colonies of epithelial cells, which are expand-
ed into broad sheets of undifferentiated epithelial cells 
[6]. This basic method has been modified several times. 
Outstanding research efforts led to the formulation of 
almost perfect, commercially available, media. Many cell 
laboratories and bioreactors are used to improve the pro-
liferation of cultured keratinocytes [4, 7, 8]. This makes 
it possible to obtain a large number of cells in a short 
time. It also makes it possible to accelerate the healing 
process, minimize the number of surgical procedures and 
decrease the time of recovery of severely burn-injured pa-
tients. In 1994, an autologous cell suspension (Cell Spray) 
was introduced [9]. It enabled the application of cultured 
cells into the wound via aerosol, directly on the surface of 
the burn wound, after the removal of necrotic tissue. This 
technique was also used for the donor graft areas [9].

The first report of cell suspension was prepared by 
von Manglodt in 1895, who treated chronic wounds with 
the seeding of epithelial cells, harvested by scraping the 
patient’s forearm [4]. The common method at this time 
was the technique of the Reverdin skin graft. In a com-
parison of both of the above methods, it was found that 
the individual cells or cell clusters would better attach to 
the wound bed, than to a piece of grafted skin [4]. Such 
results were especially promising at that time. Pels-Leud-
sen introduced a new technique, with the application of 
epithelial cell serum and blood suspension, with the use 
of a syringe [4, 10]. Consecutively, the goal of researchers 
was to discover factors that could improve the multipli-
cation of cells in vitro. 

Another approach to the treatment of burns was to 
combine the allogeneic keratinocyte culture and acellular 
fully sterilized xenodermis prepared from a pig’s dermis 
[11]. In the case of severe burns in pediatric patients, in or-
der to improve wound healing time and to reduce the lia-
bility of post-burn contractures, Fujimori covered the burn 
area in a two-stage operation. The first stage involved the 

use of autologous keratinocytes and was followed by the 
second stage performed 5 to 12 days later. In the second 
stage, the whole area was also covered with an extra thin 
autologous split-thickness skin graft [12]. 

The next aim was to improve reepithelialization after 
the application of keratinocytes to the wound bed. One 
of the factors which improved reepithelialization was the 
use of the fibrin [7]. Studies have shown that the relative 
percentage of following cells including holoclones, mero-
clones, and paraclones of keratinocytes is maintained, 
when they are cultivated on fibrin [4]. It was also proved 
that fibrin does not have a negative influence to the 
stem cell. El Ghalbzouri’s experiments had proved that 
the cultivation of human keratinocytes on the collagen 
matrix without the presence of fibroblasts allow for the 
formation of only three to four cell layers. Cultures with 
the presence of fibroblasts produce far better results. Not 
only the number of fibroblasts, but also their functional 
state, including levels of integrin-a 2 and 3 and integrin-b1 
are a key factor in epidermal morphogenesis [8, 13]. Ac-
cording to the literature on the subject, from the financial 
point of view, the use of keratinocyte-fibrin-suspension 
(KFS) allowed for a significant reduction in the cell cultur-
ing costs. What is more, it helps to eliminate the problem 
with cultured cells handling and transportation [4].

Further attempts to modify the techniques of burn 
wound treatment were the combination of skin grafts 
and cell suspension. The trials of Australian authors (i.e. 
Fiona Wood) on various methods of the harvesting and 
applying of the cell suspension, resulted in a unique 
achievement – the ReCell® technique that offers a pos-
sible solution to help expedient wound closure [9]. The 
ReCell® kit (Avita Medical, United Kingdom) is a medical 
device that assists plastic, cosmetic, dermatology and 
burn surgeons in repairing a wide range of skin defects. 
It is an innovative medical tool that is used for harvesting 
autologous skin cells. ReCell® enables the exploitation of 
a thin split-thickness biopsy, which is taken at the time 
of the procedure. The skin specimens that are processed 
into an immediate cell population are delivered directly 
onto the wound surface using a spray syringe. ReCell® 
enables the application of keratinocytes, melanocytes, 
fibroblasts and Langerhans cells harvested from the epi-
dermal-dermal junction. It allows the promotion of fur-
ther effective wound healing. The important benefit of 
ReCell® is its potential for use by a single clinician, with-
out the employment of specialized laboratory staff [9].

Another method was the application of autologous 
cultured keratinocytes in suspension additionally to the 
skin allografts (allogeneic split thickness skin grafts). 
In this technique, the allograft is first used as an ini-
tial wound bed preparation. Subsequently, the wound 
is closed with the cultured, autologous cells, together 
with the use of a meshed split-thickness allograft as an 
overlay. After 12–14 days, the immunogenic reaction of 
rejection is observed. Clinical observations show that 
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permanent wound closure was achieved during the time 
when the epithelial parts of the allografts have been re-
jected [14, 15]. 

For this reason, the authors have compared the 
course of treatment using three different methods. 
In the first group, wounds were covered with meshed 
split-thickness skin graft. In the second group, the au-
thors used autologous cell cultures. In the third group, 
wounds were covered with a combination of both tech-
niques. 

Aim

Having done the above review of the current tech-
niques taking place within clinical practice, and despite 
the limited self-experience in the application of various 
advanced biotechnological methods, the authors as-
sessed the early outcomes of cases treated with two dif-
ferent application types of autologous cell culture when 
compared with conventional split-thickness skin grafting.

Material and methods 

We analyzed 20 children with full-thickness skin burn 
(III grade), aged between 4 and 12 years. The analyzed 
group consisted of 8 girls and 12 boys. The burn size em-
braced 55–65% of the total body surface area (TBSA).

All the children had been deeply burned by flames. 
Seven patients had burns of the thorax, abdomen and 
upper limbs. Four patients had burns of the trunk and 
both shoulders. Another 2 patients had upper limbs, 
thorax, neck and face affected. Other two cases had 
full-thickness skin burns of the lower limbs, buttocks and 
lumbar region. One patient had a burn of the upper left 
limb with the left shoulder, neck, face, the left side of the 
thorax, abdomen and the perineum. Two children had 
burns involving the neck, upper limbs, thorax, abdomen, 
and the frontal part of both thighs. One of the girls had 
additionally a burned face. The last patient had third de-
gree flame burns of the upper and lower limbs, the neck, 
shoulders and partially the thorax.

All patients were treated surgically with early necrotic 
tissue excision. The necrectomy was completed within 
day 3 and day 5 following the burn accident. The skin 
graft was done between day 4 and day 8 of the post 
burn injury and the keratinocyte application between 
day 7 and day 8. One of the three techniques had been 
used for wound closure: split-thickness skin graft, autol-
ogous keratinocyte culture, and both techniques in one 
stage. The tissue defect was covered with split tissue 
skin grafts taken with Padgett electro-dermatome. Graft 
thickness varied from 0.012 to 0.014 inches. The grafts 
were meshed at a 3 : 1 expansion ratio before application, 
to minimize the surface of the donor area. In the largest 
burns, we decided to use keratinocyte culture. The spec-
imens of the skin for cell culture were taken immediately 

after admission to the hospital on the day of the burns. 
We took the skin sample of a size of approximately 1 cm 
× 1 cm, using the blade and local anesthesia. The autol-
ogous keratinocytes for definite coverage of an area of 
600 cm2 were cultured for 7 days. Then the application of 
the cultured cells with Tissucol® Kit (Baxter AG), a fibrin 
glue, was performed. 

Patients with the largest burn area had been treat-
ed using two of the three described techniques simul-
taneously. It means that one area was grafted with 
a split-thickness skin meshed graft and the second was, 
at the same time, closed by keratinocytes or a skin graft 
and keratinocytes. 

All the compared wounds started to close from the 
4th to 8th day after the burn. All the compared areas were 
similar in size, in shape and as regards location. The 
wounds were located on the trunk, the upper or lower 
extremities. The total burn areas were comparable be-
tween the three groups. The patients underwent the 
same system of control after surgery. All the particular 
comparable areas were comprehensively treated using 
only a single method.

The wounds in the analyzed groups of patients were 
divided into 3 groups, according to their clinical treat-
ment. Each group consisted of 15 burned areas. The 
size of the compared areas was approximately from  
225 cm2 to 300 cm2. The first group (SSG) embraced  
15 burn wounds treated conventionally with a split-thick-
ness skin graft, meshed at a ratio of 3 : 1, applied with 
maximal graft expansion. The second group consisted of 
15 regions covered only with cultured autologous cells 
(CAC). The third group comprised 15 burn wounds man-
aged with both methods (SSG + CAC). Meshed split-thick-
ness skin grafts (3 : 1) had been applied. The pattern of 
the meshed grafts was applied to the wound with a sim-
ilar expansion in both groups (SSG, SSG + CAC). In the 
same stage of the procedure, in the third group, the 
grafts were supported by the application of autologous 
keratinocyte culture into the network of the meshed skin. 
We have compared the time of burn wound healing in 
the above groups. All the children were in a similar gen-
eral condition during this study, without any additional 
health disturbances that could have impaired or altered 
the healing process. 

The comparable burn wounds had a similar location 
and size. No local infection in the comparable wounds 
occurred. Wounds with infection were excluded from the 
analysis as a result of the presence of a known factor 
that directly impairs healing.

Statistical analysis

The statistical analysis was performed using SPSS® 
18 software. To compare the time needed to heal, we 
used a one-way ANOVA test with LSD post-hoc multiple 
comparisons.
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Results

In this study, the time for the healing of burn wounds 
following different surgical treatment is described in Ta-
ble 1 and Figure 1. In the SSG group, the mean time for 
the complete closure of the wounds, after grafting with 
split-thickness skin graft meshed at a ratio of 3 : 1, was 
approximately 12.7 days. In group II, the period between 
cell application and the safe final removal of the dressing 
and healing time, was approximately 14.2 days. This was 
non-significantly longer in the SSG group (p = 0.056). Ear-
lier healing without dressing is possible but unsafe, when 
the matter relates to small non-cooperative children. 

In the last group (SSG + CAC), the authors used 
a “modified sandwich technique”, which means that the 
coverage of the burn wound bed with a mesh split-thick-
ness skin graft was supported by the application of au-
tologous keratinocyte culture into the pattern/network 
of the meshed skin. The average time when patients re-
quired the dressing-change (which in this group equals 
wound healing time) was approximately 8.5 days (from 
mesh-grafting and keratinocyte application to the clini-
cal closure of the covered area) (Figures 2 and 3). In this 
group, the healing time was the shortest and the mean 
time was 8.5 days. This result was significantly shorter 
when compared to SSG only (p < 0.000) and CAC only 
(p < 0.000).

Discussion

According to the observation of the healing of the 
burned wound treated with the “modified sandwich 

technique”, we observed or may suppose acceleration 
of this process. Looking at the data, analyzing the time 
to heal, it seems that SSG as a “gold standard” may be 
significantly improved as a method by the simultaneous 
addition of keratinocyte cell culture. The ability to use the 
cell cultured in such a short time, from the skin sample 
taken to the sufficient keratinocyte multiplication, im-
proved the validity of the method.

 Such a procedure reduces the healing time sig-
nificantly. On the other hand, the use of cultured cells 
only (CAC) is associated with a non-significant delay in 
healing, which emphasizes the role of this technique in 
patients with limited donor sites, especially among chil-

Table 1. Healing time characteristics in the analysed groups

General data SSG CAC SSG + CAC

Number of wounds treated 15 15 15

Shortest time of wound healing* [days] 8 13 7

Longest time of wound healing* [days] 16 17 11

*The time was calculated from the day of the application of the selected method

Figure 1. Mean time of wound healing in the analysed 
groups. Error bars represent standard error of the mean 
(SEM). Differences between SSG and CAC were not signifi-
cant (p = 0.056), differences between SSG and SSG + CAC 
were significant (p < 0.001)
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Figure 2. The application of the meshed split thickness skin 
graft and cultured autologous keratinocytes to a III degree 
flame burn wound of the lower limb

Figure 3. The condition 8 days later – the healing process 
completed
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dren. Because burn injury in children has an influence 
on the quality of the rest of the individual’s life, it is so 
beneficial to improve the healing time and the treatment 
outcome. Additionally, we hope to achieve an improve-
ment in the final late aesthetical result by the use of the 
“modified sandwich technique”. The clue to the validity 
of this method is the significant improvement in the cell 
cultivation yielding such a large amount of cells over the 
course of a seven-day long cultivation period. 

The basic rule in the local treatment of severe burns 
is the early excision of the necrotic tissue and the cover-
age of the skin defect as soon as possible [16]. It helps to 
avoid wound contamination. The presence of bacteria in 
the wound bed causes the main problem in local treat-
ment, something independent of the way it is treated [3]. 
Severe burns result in changes in the balance between 
the endo – and exogenic microorganism [17]. 

During the first period, when the burn becomes 
merely contaminated or colonized, no signs of infection 
symptoms usually occur, although the balance between 
the microorganisms and the host is disturbed. This situ-
ation is still safe for a skin graft or cultured keratinocytes.

However, the state of colonization can change into 
critical colonization when microorganisms begin to grow 
rapidly and increase. Infection begins after the specific 
breakpoint of bacterial count per gram of tissue has been 
reached. The probability of the development of infection 
depends not only on the number of microorganisms, but 
also on the level of their activity, the age of the patient 
and coexisting diseases, the wound localization and size, 
and last but not least – on the presence of burn necrosis, 
being an ideal source of nutrients for microorganisms.

The majority of microorganisms that colonize and in-
fect a burn wound are able to produce biofilm – the struc-
ture protecting bacteria from phagocytes, macrophages, 
antibodies and antibiotics [17]. 

According to many reports from specialized literature 
on the subject, tissue engineering has enabled the devel-
opment of many advanced techniques that may acceler-
ate wound closure, reduce the amount of donor skin, and 
allow for full-thickness skin reconstruction [1]. However, 
for each of these methods there are some pros and also 
cons, for example, the technical difficulties involved, or 
the question of a prohibitive price [4]. 

An analysis of the material presented in this report 
has shown a tendency for better wound healing, when 
we combine a typical meshed split-thickness skin graft 
with cultured autologous keratinocytes [18]. This tech-
nique seems to be very interesting for two reasons. One 
is the acceleration of wound closure, which minimizes 
the hospitalisation time and the number of medical pro-
cedures. The second reason is the improvement of the 
esthetical result. Extremely valuable for future analysis 
is also the recognition of the tendency for tissue con-
tractures depending on the manner of wound closure. 
Enhanced acceleration of skin cell multiplication should 

be a scientific aim. However, the future should provide 
us with an alternative access to the materials or sources 
that could reduce the scaring process, so crucial in pe-
diatric burns. The development of complex cell culture 
techniques together with/and three dimensional dermal 
substitutes (Living Skin Equivalents) are now great chal-
lenges for the surgeon and hope for the patient, leading 
us towards a solution of the basic task – complete, total 
true skin reconstruction.

Conclusions

To sum up, satisfaction with one’s own activity, even 
in conditions of major limitations, allows for some de-
gree of recompense for the impact of chronic illness on 
the functioning of a disabled person [19, 20].
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