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Investigating Plant-based Medicines for Wound Healing with the Use of Cell
Culture Technologies and In vitro Models: A Review
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Abstract
Introduction: Cell culture and molecular technologies are basic yet sophisticated research tool used to investigate plant-based medicine

for wound healing. Methods: Cell viability and proliferation assay is used to determine whether there are any positive effects and to discover
what is the limiting cytotoxic concentration in vitro. The scratch technique, fibroblast-populated collagen lattices and aortic rings embedded
gels are used as the in-vitro models of wound re-epithelialization, contraction and angiogenesis. The immunofluorescence, immunoblotting
and organotypic culture can be used to detect expression of specific proteins that are modulated by plant extracts during the wound healing
process. Main Findings: Given the dynamics of the wound healing process, cell culture and molecular technologies are advantageous in
providing us with detailed studies and analysis of each intricate process. Conclusion: The scientific approaches for the study of traditional
plant-based remedies for wound healing will provide us an important platform for rigorous testing and evaluation of their clinical efficacy
based on accepted rules of evidence.
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Introduction

Burn trauma, accident wounds and chronic wounds
remain major problems in many countries. In the United
States, approximately 2.5 million people with burn injury
seek medical care with 80,000 hospitalisations and 12,000
deaths annually. The National Burns Centre in Singapore
General Hospital, Singapore admits on average 300 patients
a year, and about 25% of whom have sustained major
burns. Patients with large surface area wounds continue to
provide significant challenges in both applying short-term
wound closure and preventing long-term wound contraction
and scar formation. Foot ulceration and amputations are
important causes of morbidity in diabetic patients, up to
10% have suffered foot ulceration. Diabetes accounts for
up to 50% of non-traumatic leg amputations and 1% of
diabetic patients have undergone amputation, which is
about 15 times more than the rate in the general population.1

In order to decrease the mortality rate in burn and to
improve the quality of life of patients with problematic

wounds, one of the most important goals is to enhance the
wound healing and the regeneration process. Over the last
two decades many advances have been made in the
understanding of molecular and cellular biology as well as
biochemistry, physiology and pathology of wound healing.
In recent years, application of advanced technologies (tissue
engineering of skin, recombinant growth factors, gene
therapy, etc) in wound care has been developing. Survival
rate and improvement in quality of life of many patients
with large burn injury and non-healing chronic wounds
have increased in the United States and Western Europe.
However, wide clinical use of these technologies is still
limited and not practical due to costs. Peacock2 pointed out
that there was a “glaring gap” between basic research and
clinical application in the biology of wound healing. For
burn treatment alone, US$5 billion are spent every year
worldwide.3 In the United Kingdom, the costs of managing
chronic leg ulcers alone are estimated at £236 million per
annum.4 Foot lesions are now the commonest cause of
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scientific manner using cell culture technology and in vitro
wound healing models.

Methodology

Preparation of Plant Extract Material for In vitro
Experimental Study

This step is crucial and indispensable in cell culture
study. Traditional remedies for wound healing are
manufactured under various formulations. They are extracts
from a single part of a single plant (leaves, root, stem or
bark) or mixtures of different plant extracts. These extracts
are manufactured into the following forms: aqueous, alcohol
extracts, powder, suspensions or ointments. For ease in in
vitro cell culture study, plant-based drugs should be soluble
in culture medium or water and sterilised (filtration). Some
drugs under ointment formulation could be solubilised in
detergent at high temperature. Essentially, the detergent
should be included as control in experiments as some
active components of the plant-based drugs may be
deteriorated.

Endotoxin Assay

Endotoxin contamination can occur during the preparation
and formulation of plant extracts. Endotoxin is claimed to
have effects on in vitro cell culture. During experiments it
is necessary to run endotoxin test to ensure that the observed
positive effects on cell culture are due to the extract itself
and not to endotoxin contamination.

Assays for Cell Viability and Proliferation

When several concentrations of a potential stimulatory
or inhibitory agent are being investigated, cell counting in
a haemocytometer is very time consuming. Therefore,
various indirect methods of determining cell growth and
viability, such as uptake of tritiated thymidine, determination
of DNA or protein content or various colorimetric assays
are commonly used.17,18 We generally use the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
metabolic assay or MTT assay to determine cell growth
and to assess cell damage as described by Hansen et al.19

Using this method, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide is reduced by microsomal
enzymes of living cells that require reduced pyridine
nucleotides. Succinate can also act as an electron donor in
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide reduction through mitochondrial succinate
dehydrogenase.20 With this mechanism, the highly coloured
end products called blue formazans are formed and eluted
from the cells and quantified in a spectrophotometer. A
large number of samples can be rapidly and simply analysed.
When using the MTT assay, caution needs to be exercised
because several catechols and the flavonoid quercetin were
found to reduce the MTT in serum supplemented medium

hospital admissions amongst diabetic patients in the West
and represent a major component of the diabetic health care
expenditure, estimated at over US$500 million and  £15
million per year in the USA and the UK, respectively.1

Wound care can be traced back to early civilisations. In
China, India, Vietnam and Europe there is written history
of wound management dating back many centuries.5-9

Most of these treatments were based on the use of herbal
remedies. Today, traditional health systems are considered
to be “one of the surest means to achieve total health care
coverage of the world population, using acceptable, safe
and economically feasible methods”— World Health
Organization, 1978 and “80% of the world’s population
depend on traditional medicine for its primary health care.”
— World Health Organization, 1993.

Research programmes and application of wound healing
agents prepared from medicinal plants have been carried
out in many developed and developing countries in order
to seek new avenues for improving wound healing and at
the same time reducing the financial burden of health care.
For example, the Wound Healing Institute in Oxford, UK
has cooperative studies with units in China and Vietnam to
screen traditional remedies.10 The beneficial effects from
Aloe Vera were published by a research group in the
Shriner Burns Institute in Galveston, Texas, USA.11

Enhanced wound re-epithelialisation and neo-
vascularisation of the extracts from Traditional Chinese
Medicine mole crickets—commonly used to treat non-
healing wounds was investigated in the University of
Saarland, Germany and Louisville, KY, USA.12 The
enhancement of vascularisation by the European marigold
extract was studied in the ConvaTec Wound Healing
Research Institute in the UK.13 The Burns Unit in the Red
Cross Hospital, Beverwijk, the Netherlands is also interested
in Chinese herbs.3 The clinical and basic trials of moist
exposed burn ointment (MEBO), a Chinese herbal ointment
for treatment of burns and ulcers, have been carried out in
the National Burns Centre, Singapore General Hospital,
Singapore and Jerusalem, Israel.14,15

Plant-based medicines for wound healing have been
practiced for hundreds of years, but they need scientific
evaluation for the interpretation and elucidation of their
clinical efficacy. In recent years, advances in cell culture
and molecular technology have revolutionised biological
and pharmacological research in wound healing. A healing
wound is a very complex biological system and requires
both in vivo and in vitro models. The cell culture and in
vitro models are systems, which allow more detailed studies
on single elements in the repair process, and can simplify
complex process.16

In this paper, we illustrate how plant-based medicines
used to enhance wound healing can be examined in a
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leaves of Chromolaena odorata, enhanced growth of
fibroblasts and endothelial cells was found at concentrations
of 10 µg/mL and 100 µg/mL.24 The extract at concentrations
of 0.1 µg/mL to 5 µg/mL significantly stimulated human
keratinocyte growth in monolayer as they did in growth
medium. The cells tended to clump together and differentiate
when the doses of the extract were increased from 50 µg/
mL to 300 µg/mL.25 In another study on polyphenolic
compounds of Cudrania cochinchinensis using the same
method, a range of low concentrations from 0.1 µg/mL to
5 µg/mL was shown to stimulate human dermal fibroblast
growth.26

Study of Antioxidant Effects of Plant-based Drugs In vitro

The formation of new tissue and the protection of normal
tissue from destruction caused by various components of
the inflammatory process such as reactive oxygen species
occur during wound repair. In the early phase of wound
healing, the inflammatory cells and injured tissue produce
free radicals which could help host defense against bacteria
invasion. This response may be overwhelmed leading to
impairment of tissue repair. In the burn wound, free radicals
have been found to be responsible for progressive tissue
injury and further necrosis. It has been postulated that
oxidants contributed to the cellular damage in the zone of
stasis. That is a reason why this zone will be necrotic and
eventually converted into the deeper wound requiring skin
graft.27,28 In the chronic wound like venous leg ulcers, the
ischaemia and tissue hypoxia associated with the
development of venous ulceration can generate oxygen-
derived free radicals by converting the enzyme xanthine
dehydrogenase to xanthine oxidase which catalysed the
conversion of oxygen to the superoxide anion. This free
radical is very toxic to tissues and may also result in the
generation of free radicals of other types. When a tissue is
reperfused following a period of ischaemia, the new supply
of oxygen in the returning blood supply permits large
amounts of the superoxide anion to be produced.29 It is well
documented that the topical application of compounds
with free radicals scavenging properties on wounds have
obviously shown that antioxidant agents significantly
improved wound healing and protected cutaneous tissue
against oxidative damage.30-33 Many plant extracts and
medicinal herbs have shown potent antioxidant activity
and flavonoids, the main components of plant extracts act
as powerful free radical scavengers.34,35

Some basic research of the role of antioxidants from
plant extracts in wound healing has been well published.36-

39 Again, cultured fibroblasts, endothelial cells and
keratinocytes are employed in in vitro experiments to
assess the protective effects of the extracts on cells against
oxidative induced damage. Strong oxidant agents,
commercial hydrogen peroxide (H

2
O

2
) or hypoxanthine-

that resulted in fake readings on the spectrophotometer.21

We also encountered the same problem in testing antioxidant
effect of extract from Buddleja globosa on fibroblasts
using the MTT assay.22 In such cases, an alternative
colometric method, such as the neutral red uptake assay,
could be employed.

In cell proliferation studies, cell counts with trypan blue
dye and haemocytometer should be performed in parallel
with MTT assay for the most stimulatory dose of extract to
confirm the correlation between cell number and MTT
response.

Study of Effects of Plant-based Drugs on Cell Proliferation
Related to Cutaneous Tissue Repair

The effect of the extracts on fibroblast, endothelial cell
and keratinocyte proliferation is studied first in order to
determine the stimulatory doses and concentration limits
for cytotoxicity in vitro. Fibroblasts, endothelial cells and
keratinocytes are indispensable in cutaneous wound repair.
Fibroblasts and endothelial cells play very important roles
in the initial phase of wound healing. Fibroblasts migrate
into the wound site 24 h after injury. During this phase of
healing (4 to 21 days), fibroblasts are activated and undergo
a burst of proliferative and synthetic activity, producing
high amount of fibronectin, and then synthesising the other
protein components of the extracellular matrix, including
collagen, elastin and glycosaminoglycans. Fibroblasts also
contribute to the contraction of the wound.16 Endothelial
cells play a key role in angiogenesis and critical mediators
of the repair reaction. Their proliferation and organisation
into vascular network at the wound site, as well as their
biosynthetic capacity, are essential for the successful
completion of tissue repair.16,23 Keratinocytes are very
important in re-epithelialisation and wound closure.
Keratinocytes are also known to produce a huge amount of
cytokines and growth factors as well as adhesion molecules
that regulate fibroblast proliferation, angiogenesis and
formation of basement membrane zone.16

Fibroblasts, endothelial cells or keratinocytes are seeded
in 96-multiwell plates at density of 1 x 103 cells/well for
fibroblasts and endothelial cells or 2 x 103 cells/well for
keratinocytes in growth media and incubated at 37°C in a
5% CO

2
/95% air atmosphere for 24 h or 48 h. In this

condition, cells recover from trypsinisation subculture or
thawing. After 24 h or 48 h, cells are switched to basal
media for another 48 h. Then various concentrations of the
plant extract diluted in basal media are added to cells. Two
sets of cells fed with basal or growth media without
addition of the extract are considered as negative or positive
control, respectively. Cell growth was estimated by MTT
assay at different time intervals.

In our previous study on the aqueous extract from the
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xanthine oxidase, are prepared to add to cells. Cells are
seeded in 96-well plates at high densities of 6,000 cells/
well or 10,000 cells/well in growth media, respectively and
incubated at 37°C in a 5% CO

2
/95% air atmosphere. Cells

are grown to near confluence. To investigate the protective
or scavenging activities of plant extracts, cells are washed
with buffer solution and different concentrations of the
extracts and hydrogen peroxide (H

2
O

2
) or hypoxanthine-

xanthine oxidase in serum-free media are simultaneously
added to cells. The controls are normal cell culture without
addition of extracts or oxidant agents and cells exposed to
oxidative damage without presence of extracts. Cells are
then incubated for another three hours, washed twice with
buffer solution, and fresh serum-free media are replaced to
the wells. The MTT assay is used for the assessment of both
cell damage and the effects of the extracts on the extent of
oxidative damage.

We also used this technique to study antioxidant effects
of wound healing extracts from Chromolaena odorata.
The results showed that the toxicity of hydrogen peroxide
or hypoxanthine xanthine oxidase to fibroblasts was a
dose-dependent relationship. The total ethanol extract at
400 µg/mL and 800 µg/mL always showed maximum and
consistent effect on oxidants in low or high doses. To
keratinocytes, the dose-dependent relationship of oxidant
toxicity was only seen in hydrogen peroxide but the
protective degree of the extract at certain concentrations
obviously depended on the oxidant doses. The total ethanol
extract at 400 µg/mL or 800 µg/mL showed fully or half
effect on low or high concentration of oxidants (Fig. 1).40

In the study to deal with polyphenolic substances from
Cudrania cochinchinensis, the strong antioxidant activities
of the extract on fibroblasts and endothelial cells were
claimed at concentrations of 5 µg/mL or 50 µg/mL.26,41

Study of Effects of Plant-Based Medicines on In vitro
Model of Wound Contraction

Wound contraction is a basic biological repair process
necessary for the closure of open wounds. However, in
wound like burn injuries, wound contraction may be
excessive and lead to scar contracture producing both
functional and cosmetic deformities. Both of these
contractures can lead to not only physical impairment in
healing but also psychological problems. Some of these
can be horrendous.42 It is very important in the treatment of
burn wounds and skin injuries to minimise scar contracture
and deformities. To this end, the approach has been to use
topical pharmacological agents as well as pressure garments.
However, the latter method is very difficult for patients to
comply with particularly in countries that have hot, tropical
climates. An in vitro model for wound contraction study
uses fibroblast-populated collagen lattices (FPCL) in which
the effects of the plant extract can be investigated. Collagen

gels are prepared from type I collagen extracted from rat
tail tendon in 0.1% acetic acid. Working solutions are made
by diluting the collagen to 1-2 mg/mL from the concentrated
stock solution. Normal dermal fibroblasts, hypertrophic or
keloid-derived fibroblasts are cultured from normal skin or
scars using explant method. Cells are maintained in optimal
culture condition. Low passages of fibroblasts should be
employed for the experiments. Cells are trypsinised,
resuspended in growth medium and counted using a
hemocytometer. The volume of suspension is adjusted to
give a cell density of 3.4 x 105 cells/mL and placed on ice
at 0°C while the collagen polymerising solution is made.
The cell suspension is uniformly distributed in the collagen
polymerising solution, giving a density of 6.7 x 104 cells/
mL. 2 mL of the collagen/cell suspension is dispensed into
32 mm diameter non-tissue culture treated dishes and the
lattices are incubated for 20 min at 37°C in a 5% CO

2
/95%

air atmosphere. Then 1 mL of medium either with or
without additions of various concentrations of the extracts
is added to the FPCLs. The gels are released from the sides
and bottom of the dish with a spatula and this is considered
as zero time. The lattice diameters are assessed at various
time points for several days by placing the dish on transparent
graph paper and measuring 2 diameters at right angles to
one another. The area is calculated from the mean of the
diameters and expressed as a percentage of initial lattice
area (Fig. 2). For visualisation of living fibroblasts in
lattice, MTT assay is used. At the end of the experiment, the
medium is removed from the dishes and 2 mL Hanks’
balanced salt solution without phenol red is replaced to
each dish. Then 200 µl of the tetrazolium salt MTT is added
to permit the visualisation of living cells in the lattices. The
mitochondria of living cells reduced the MTT to a blue
formazan product. After 2 h, the lattices are observed under
a light microscope. Photomicrographs are taken.43

The significant inhibition of collagen gel contraction by
the Eupolin extract at 50 µg/mL to 200 µg/mL is
demonstrated in various concentrations of collagen. When
the extract at 50 µg/mL to 150 µg/mL was washed out of
the lattices and replaced by fresh medium without Eupolin,
the contraction of collagen by cells was resumed. The
visualisation of cells in the lattices by incubation in the 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide MTT for 2 hours showed live cells at 50 µg/mL to
150 µg/mL of the extracts. In contrast, all cells were killed
at higher extract doses of 300 µg/mL or 400 µg/mL.43

Study of Effects of Plant-Based Medicines on In vitro
Model of Wound Re-epithelialisation

Until the wound is re-surfaced by the epithelium, and the
protective stratum corneum is re-established, the patient
remains at risk of infection, and continues to suffer losses
of water, heat and nutrient from the wound surface.
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Fig. 1. Protective effects of the total ethanol extract from Chromolaena odorata on fibroblasts and keratinocytes against hydrogen peroxide induced damage.
Human dermal fibroblasts (a) and epidermal keratinocytes (b) in confluent monolayer monitored under the light microscope in optimal cell culture condition (x100). Cells were stained
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to visualise living cells. This photograph shows healthy living cells took up MTT and formed blue formazan
in cytoplasm.

Protective effect of the extract on hydrogen peroxide-induced damage to fibroblasts (e) and keratinocytes (f) in confluent monolayer monitored under the light microscope. Cells were
simultaneously exposed to hydrogen peroxide at concentration of 2 x 10-4 mol/L and the extract at 800 µg/mL in serum-free medium (x100). Cells were stained with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) to visualise living cells. This photograph shows surviving cells under extract protection against oxidative damage took up MTT and formed
blue formazan.

Understanding the way in which re-epithelialisation occurs
is therefore, one of the most important aspects of wound
healing. Re-epithelialisation involves both locomotion and

proliferation of keratinocytes remaining in or around the
wound site. The most important sources of keratinocytes
are the remaining hair follicles, sebaceous and sweat

Cytotoxicity of hydrogen peroxide at concentration of  2 x 10-4 mol/L to fibroblasts (c) and to keratinocytes (d) in confluent monolayer monitored under the light microscope in serum-
free medium without the addition of  extract (x100). Cells were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to visualise living cells. This photograph
shows cells were killed off by the oxidant and washed off from the tissue culture plastic.

Fig. 1a. Fig. 1b.

Fig. 1c. Fig. 1d.

Fig. 1e. Fig. 1f.
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glands or from the wound edge.44,45

There are several methods to assay the migration and re-
epithelialisation of human keratinocytes such as modified
Albrecht-Buehler method,46 organotypic culture model47

or agarose gel keratinocyte outgrowth system.48 In our
laboratory, scratch technique is generally used as a model
of wound re-epithelialisation. Human epidermal keratino-
cytes, either the second passage or third passage, are
seeded at high density from 5 x 105 to 8 x 105 cells/dish in
low calcium serum-free growth medium in 32 mm tissue
culture dishes. Cells are fed every 2 days until they reach
100% confluence. Prior to wounding, high calcium and
serum medium is replaced for 4 hours. In this condition, the
formation of desmosomes between neighbouring cells and
strength of cell to cell attachment are established49 and
reproducible, distinct and straight scratches are made.
Each cell layer is scratched using a sharpened plastic
micropipette tip. A glass slide is placed across the top of the
dish to facilitate steadying of the tip whilst scratching and
to enable a straight scratch to be made. The tip is drawn
firmly across the diameter of the dish. Several sharpened
micropipette tips have to be prepared over the course of the
experiment as the plastic tip becomes deformed after
several scratches. Cells are washed with PBS in order to
remove loosened debris. A range of concentrations of the
plant extracts diluted in basal medium is added to a set of
2 or 3 dishes for each dose. One set is fed with basal
medium only as control (Fig. 3).

A fibreoptic camera linked to a VDU monitor and a video
recorder is attached to the inverted microscope (Leitz
Diavert) using a C-mount with a 0.63 lens so that the size
of the image on the monitor corresponds to that in the field
of the microscope (Fig. 4). For each scratch 4 or 6
consecutive fields are selected using the following criteria:
relatively little cell debris within the scratch; even scratch,
with straight edges; both edges visible under a single field
using the 10X objective; field not too close to either end of
the scratch, where distortions uncharacteristic of the main
part of the scratch could be seen to occur during the healing
process. In order to ensure that the same fields are observed
during consecutive measurements, the following techniques
are used: The dish is oriented by lining up dots drawn on the
bottom of the dish with those drawn on the bottom of a 6-
well plate lid (used as a support tray) so that the scratch
appeared vertical in the field of the microscope. The dish
is fixed on the plate lid using Super Glue. The plate is
located on the microscope stage using the horizontal and
vertical vernier scale attachments. The coordinates on the
vernier scales are noted for each field. It is calculated that
on the horizontal vernier scale 1 mm (±0.1 mm) is the
equivalent length of one field. Hence, to advance the plate
by one field it is moved 1 mm on the vernier scale. The
condition of each field is recorded on video tape at various

intervals over periods up to 72 h after the scratches have
been made. Photographs of each field are also taken at the
same time points. Changes in the denuded are monitored
using the Microscan system (Fiber Optics Research). The
Microscan is calibrated in the X and Y directions for the
10X objective using a microscope stage gratitule of 1mm
length with 0.01 mm subdivisions. A roll ball tracker is
used to outline the denuded area in the particular field and
the size of this is calculated by the Microscan software. The
precision of this measurement is estimated to be ±0.001
mm2 per field. The percentage of the initial area still
denuded is calculated for each of the 4 or 6 selected fields
and averaged for each recording time. The average of two
dishes is then taken for each concentration of the extract
and for each control.

With this model, the extract from the leaves of
Chromolaena odorata was investigated. It was shown that
concentrations of the extract of 5 µg/mL to 60 µg/mL
always led to faster migration of keratinocytes and closure
of the scratch, although there was no clear dose-dependent
relationship.25 Using similar technique, Zimmer et al50 had
demonstrated the enhancement of keratinocyte migration
by hydrophilic and lipophilic extracts from Gryllotalpa
africana, a Traditional Chinese Medicine using mole
crickets for treatment of problematic wound.

Study of Effects of Plant-Based Medicines on Adhesion
Molecule Production by Keratinocytes In vitro

Extracellular matrix (ECM) and basement membrane
zone (BMZ) components as “adhesion” molecules serve
several critical functions for effective wound repair and are
crucial to basal cell regeneration and wound re-
epithelialisation. BMZ components serve as a scaffold for
tissue organisation and as a template for tissue repair.
These components are produced and regulated by
keratinocytes, fibroblasts and cytokines.51 In a previous
study, we used an indirect immunofluorescent technique to
investigate the effects of increasing doses of the extract on
the expression of the adhesion complex proteins of the skin
by cultured human keratinocytes.

Cells are seeded onto multi-well slides and grown in
growth media for 48 h. Cells are switched to basal medium
for another 48 or 72 h. Basal medium supplemented with
increasing doses of extract are replaced. The cells are
harvested, washed in PBS, air dried and stored at -70°C
until required. The cultured keratinocytes are probed with
monoclonal antibodies to keratin, desmosome components,
intergrins, laminins, collagen type IV, collagen type VII,
and fibronectin. Normal intact skin served as the tissue
control, L-15 tissue control medium, ascites non-immune
serum, and anti-tenasin served as negative controls.

We found enhanced expression and secretion of laminin
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Fig. 2a. Contraction of fibroblast-populated collagen lattices in serum medium.

Fig. 3a.

Fig. 4. The instrument for monitoring keratinocyte migration in an in vitro wound model
—A fibreoptic camera linked to a VDU monitor and a video recorder is attached to the
inverted microscope (Leitz Diavert).

Fig. 3c.

expression of the α6 intergrin, and only minimal effect on
the expression of keratin 1, 10 and desmoglein.52

The positive findings from immunofluorescence data
can be reconfirmed by Western blots or measured gene
expression using Northern blots.

In vitro Model of Angiogenesis

Angiogenesis, the formation of new vessels during

5, collagen IV, fibronectin, demoplaikin, keratin 16, and
laminin by the aqueous extract of Chromolaena odorata.
This expression was dose-dependent. The expression of β1
and β4 integrins was also up-regulated by the extract
concentrations at 0.1 µg/mL and 1 µg/mL and that seemed
to be decreased with increasing doses. Keratin (general)
was expressed at all doses. The extract had no effect on the

Fig. 3. Photomicrographs of an in vitro wound assay made by scratching on confluent
monolayer of human epidermal keratinocytes and cell migration into the “wound” over
the period of time. Arrows show the denuded areas: (a) at 0 hour, (b) at 32 hours and
(c) at 64 hours.

Fig. 3b.

Fig. 2b. Photomicrograph of human dermal fibroblasts populated in collagen gel
(x200).
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development in response to injury, is a dynamic process.
The principle cell type involved in the process of
angiogenesis is the microvascular endothelial cell. This
phenomenon is important in granulation tissue formation
and modulated by other factors and cells involved in the
healing process.53

The in vitro model of angiogenesis was developed by
Nicosia et al54 as a quantitative assay of neovascularisation
in vitro. Angiogenesis is studied by culturing rings of aorta
in three-dimensional matrix gels in the presence of serum-
free medium. Aortic rings are embedded in gels of fibrin or
interstitial collagen. Each gel is prepared in a cylindrical
well obtained by placing an agarose ring on the bottom of
a culture dish. Newly formed microvessels in the living
cultures are counted daily. Curves of microvascular growth
are obtained by recording the increase in the number of
microvessels over time. The microvascular nature of the
outgrowths is confirmed by immunostaining of factor
VIII-related antigen and by ultra-structural analysis.

Effects of plant extracts on wound healing on in vitro
angiogenesis can be investigated using the same model.

In vitro Model of Cultured Living Skin Equivalent
(Organotypic Culture Model)

Wound repair is a complex biological process and
controlled by means of cell-cell contacts, by the production
of mediators and adhesion molecules and by their interaction
with the surrounding extracellular matrix. The development
of the cultured living skin equivalent has provided another
appropriate tool to study the pharmacological effects of
plant-based medicines on three-dimensional cell culture
and more in vivo equivalent condition.

Living skin equivalents are formed by seeding human
epidermal keratinocytes onto the upper surface of fibroblast-
populated collagen lattices and subsequently maintained at
the air-liquid interface for 10 days to allow the terminal
differentiation of epidermal layers. Cultured skins are
wounded by complete bisection and the two semi-circles
are transferred to an acellular collagen gel.55,56 The various
concentrations of plant extracts are added and maintained
for a period of time. Samples are frozen, sectioned and
subjected to immunostaining analysis for specific protein
expression during re-epithelialisation.

Conclusions

Wound healing involves several overlapping phases:
inflammation, formation of granulation tissue, re-
epithelialisation, scar formation and tissue remodelling.
Cultured cells permit the use of a number of simple models
to study certain aspects of the healing process in isolation,
without the complication of other factors. They also allow
investigation on the influence of pharmacological agents

which can modulate the process. In this article, we review
in detail some in vitro cell culture models that have been
utilised and developed in our institutions for investigation
of plant extracts for wound healing. In summary, traditional
medicine offers a wealth of knowledge that can be practiced
in the routine management of wounds and, when
investigated scientifically, can lead to information on their
mechanism that will enhance our understanding of how the
agents affect the wound healing process. Clinical efficacy
of traditional agents should be based on proper prospective,
randomised, controlled trials.

Acknowledgements

This ongoing project is funded by the National Medical
Research Council of Singapore (NMRC/0204/1997).
Previous studies carried out in Oxford were funded partly
by the Medical and Scientific Aid Programmes for Vietnam,
Laos and Cambodia (United Kingdom).

REFERENCES

1. Boulton A J M. Background, epidemiology and aetiology of diabetic
foot ulcers [abs 7]. 8th Annual Meeting of the European Tissue Repair
Society; 1998 Aug 27-30; Copenhagen, Denmark.

2. Peacock E E Jr. Wound healing. In: Peters R M, Peacock E E Jr, Benfield
J R, editors. The Scientific Management of Surgical Patients. Boston:
Little Brown, 1983.

3. Kreis R W. Contradictions in topical wound therapy (abs 1). State of the
Art Symposium of the European Burns Association: Control of the Burn
Scar; 1996 Oct 2-4; Amsterdam, The Netherlands.

4. Ryan T J. Global curriculum for wound management. Trop Doc 1997;
27(suppl 1):31-5.

5. Fu X B. Wound healing research in China. Wound Rep Reg 1995; 3:237.

6. Shen T Y. Traditional Chinese medicine in contemporary wound care.
J Wound Care 1996; 5:285.

7. Purma Sai K, Babu M. Traditional medicine and practices in burn care:
need for newer scientific perspectives. Burns 1998; 24:387-8.

8. Le T T. Vietnamese experience in the treatment of burns. Hanoi: The
Gioi Publishers, 1996.

9. Naylor I L. Ulcer care in the Middle Ages. J Wound Care 1999; 8:208-12.

10. Cherry G W. The past, present and future of wound healing. Wound Rep
Reg 1995; 3:119.

11. Heggers J P. Effect of the combination of Aloe vera, nitroglycerin and
L-name on wound healing in the rate excisional model. 2nd Joint
Meeting of the Wound Healing Society (USA) and the European Tissue
Repair Society; 1996 May 15-19; Boston, MA.

12. Zimmer M M. The effect of extracts from Gryllotalpa Gryllotalpa and
Gryllotalpa Africana (mole crickets) on wound epithelialization and
neovascularization. 2nd Joint Meeting of the Wound Healing Society
(USA) and the European Tissue Repair Society; 1996 May 15-19;
Boston, MA.

13. Patrick K F M, Kumar S, Edwardson P A D, Hutchinson J J. Induction
of vascularization by an aqueous extract of the flowers of Calendula



January 2000, Vol. 29 No. 1

35Investigation of Traditional Medicines for Wound Healing—T T Phan et al

officinalis L. the European marigold. Phytomedicine 1996; 3:11-8.

14. Kogan L, Lebenthal A, Breiteman S, Eldad A. A Chinese sesame-oil
based ointment for burns compared to Bacitracin ointment—An animal
trial. Oral presentation at the 10th Congress of the International Society
for Burn Injuries; 1998 Nov 1-5; Jerusalem, Israel.

15. Ang S W E, Gan S G C, Machin D, Chan Y H, Song C, Lee S T.
Preliminary results of a randomised controlled clinical trial comparing
moist exposed burn ointment and conventional treatment in the
management of partial thickness burns. Oral presentation at the Congress
of the International Society for Burn Injuries; 1998 Nov 1-5; Jerusalem,
Israel.

16. Cherry G W. Wound healing. In: Morris P J, Malt R A, editors. Oxford
Textbook of Surgery. New York, Oxford, Tokyo: Oxford Univ Press,
1994.

17. Reichert U. Skin toxicity and cellular metabolism: in vitro models. Br
J Dermatol 1986; 115:108S-116S.

18. Vian L, Vincent J, Maurin J, Fabre I, Giroux J, Cano J P. Comparison
of three in vitro cytotoxicity assays for estimating surfactant ocular
irritation. Toxic In Vitro 1995; 9:190-5.

19. Hansen M B, Nielsen S E, Berg K. Re-examination and further
development of a precise and rapid dye method for measuring cell
growth/cell kill. J Immunol Methods 1989; 119:203-8.

20. Berridge M V, Tan A S, McCoy K D, Wang R. The biochemical and
cellular basis of cell proliferation assays that use tetrazolium salts.
Boehringer Mannheim Biomedica 1996; 4:15-20.

21. Habtemariam S. Catechols and quercetin reduce MTT through iron
ions: A possible artefact in cell viability assays. Phytotherapy Res 1995;
9:603-5.

22. Mensah A Y, Houghton P J, Hughes M A, Cherry G W. In vitro
investigation of the wound healing properties of Buddleja globosa. J
Pharm Pharmacol 1998; 50(Suppl):83.

23. Amenta PS, Martinez-Hernandez A, Trelstad R. Repair and regeneration.
In: Damjanov I, Linder J, editors, Anderson’s Pathology. Vol 1. New
York and Philadelphia: Mosby-Year Book, 1996.

24. Phan T T, Hughes M A, Cherry G W. Enhanced proliferation of
fibroblasts and endothelial cells treated with an extract of the leaves of
Chromolaena odorata (Eupolin), a herbal remedy for treating wounds.
Plast Recontr Surg 1998; 101:756-65.

25. Cherry G W, Phan T T, Hughes M A. Effects of an aqueous extract of
the leaves of Chromolaena odorata (Eupolin) on some in vitro models
of wound healing. Proceedings of the Plastic Surgery Research Council,
42nd Annual Meeting; 1997 Feb 22-24; Galveston, TX.

26. Tran V H, Hughes M A, Cherry G W. In vitro studies on the antioxidant
and growth stimulatory activities of a polyphenolic extract from Cudrania
conchinchinensis used in the treatment of wounds in Vietnam. Wound
Rep Reg 1997; 5:159-67.

27. Kaufman T, Neuman R A, Weinberg A. Is post-burn dermal ischemia
enhanced by oxygen free radicals? Burns 1989; 15:291-4.

28. Cetinkale O, Demir M, Sayman H B, Ayan F, Onsel C. Effects of
allopurinol, ibuprofen and cyclosporin A on local microcirculatory
disturbances due to burn injuries. Burns 1997; 23:43-9.

29. Smith P D C. Oxygen free radicals and reperfusion injury. Wounds
1996; 8:9-15.

30. Foschi D, Trabucchi E, Musazzi M, Castoldi L, Dimattia D, Radaelli E,
et al. The effects of oxygen free radicals on wound healing. Int J Tissue
React 1988; 10:373-9.

31. Salim S A. The role of oxygen-derived free radicals in the management
of venous (Varicose) ulceration: A new approach. World J Surg
1991; 15:264-9.

32. Lopez-Torres M, Thiele J J, Shindo Y, Han D, Packer L. Topical
application of α-tocophenol modulates the antioxidant network and
diminishes ultraviolet-induced oxidative damage in murine skin. Br J

Dermatol 1998; 138:207-15.

33. Martin A. The use of antioxidants in healing. Dermatol Surg 1996;
22:156-60.

34. Bors W, Heller W, Michel C, Saran M. Radical scavenging by flavonoid
antioxidants. In: Methods in Enzymology, Oxygen Radicals in Biological
Systems. New York: Academic Press, 1990:343-55.

35. Robak J, Gryglewski R J. Flavonoids are scavengers of superoxide
anions. Biochem Pharmacol 1988; 37:837-41.

36. Tran V H. Anti-oxidant and free radical scavenging effects of some
polyphenolic extracts from medicinal plants on wound healing (abs 7).
PAN/Asian European Tissue Repair Society Post-satellite Meeting;
1997 Nov 2-3; Hanoi, Vietnam.

37. Le V D, Tran V H, Pham M H, Mai M T. Flavonoid cream from Alocasia
macrorrhiza for wound healing [Poster 115]. 8th Annual Meeting
of the European Tissue Repair Society; 1998 Aug 27-30; Copenhagen,
Denmark.

38. Bekerecioglu M, Tercan M, Ozyazgan I. The effect of Gingko Biloba
(Egb 761) as a free radical scavenger on the survival of skin flaps in rats.
Scand J Plast Reconstr Hand Surg 1998; 32:135-9.

39. Ashoori F, Suzuki S, Zhou J H, Isshiki N, Miyachi Y. Involvement of
lipid peroxidation in necrosis of skin flaps and its suppression by ellagic
acid. J Plast Reconstr Surg 1994; 94:1027-37.

40. Phan T T, See P, Lee S T, Chan S Y. Antioxidant effects of the extracts
from the leaves of Chromolaena odorata on human dermal fibroblasts
and epidermal keratinocytes against hydrogen peroxide and
hypoxanthine-xanthine oxidase induced damage. Burns (In press)

41. Tran V H. The effects of polyphenolic extract from Cudrania
conchinchinensis on cell response to oxidative damage caused by
hydrogen peroxide and xanthine oxidase (abs 27). The 1st Joint Meeting
of the Chinese and European Tissue Repair Society; 1996 Sept 22-27;
Xian, China.

42. Rudolph R, Berg J V. Wound contraction and scar contracture. In:
Cohen I K, Diegelmann R F, Lindblad W J, editors. Wound Healing:
Biochemical and Clinical Aspects. Philadelphia: Sanders, 1992.

43. Phan T T, Hughes M A, Cherry G W. An aqueous extract of the leaves
of Chromolaena odorata (Eupolin) inhibits hydrated collagen lattice
contraction by normal human dermal fibroblasts. J Altern Complement
Med 1996; 2:335-43.

44. Woodley D. Re-epithelialization. In: Clark R A F, editor. The Molecular
and Cellular Biology of Wound Repair. 2nd ed. New York, London:
Plenum Press, 1996.

45. Kearney J. Wound healing. In: Settle J A D, editor. Principles and
Practice of Burn Management. New York, London: Churchill
Livingstone, 1996.

46. O’Keepe E J, Payne R N, Russel N, Woodley D T. Spreading and
enhanced motility of human keratinocytes on fibronectin. J Invest
Dermatol 1985; 85:125-30.

47. Garlick J A, Taichman L B. Fate of human keratinocytes during
re-epithelialization in an organotypic culture model. Lab Invest
1994; 70:916-24.

48. Grando S A, Crosby A M, Zelickson B D, Dahl M V. Agarose gel
keratinocyte outgrowth system as a model of skin re-epithelialization:
Requirement of endogenous acatylcholine for outgrowth ignition. J
Invest Dermatol 1993; 101:804-10.

49. Watt F M, Mattey D L, Garrod D R. Calcium induced reorganization of
desmosomal components in cultured human keratinocytes. J Cell Biol
1984; 99:2211-5.

50. Zimmer M M, Frank J, Barker J H, Hanselmann R, Mutschle W, Becker
H, et al. Extract of Gryllotalpa africana (mole cricket) in the treatment
of bad healing wounds: bioactivity guides screening system to evaluate
the active compounds. Oral presentation at the PAN/Asia European
Tissue Repair Society Post-Satellite Meeting; 1997 Nov 2-3; Hanoi,



36

Annals Academy of Medicine

Investigation of Traditional Medicines for Wound Healing—T T Phan et al

Vietnam.

51. Uitto J, Mauviel A, McGrath J. The dermal-epidermal basement
membrane zone in cutaneous wound healing. In: Clark R A F, editor.
The Molecular and Cellular Biology of Wound Repair. 2nd ed. New
York, London: Plenum Press, 1996.

52. Phan T T, Allen J, Hughes M A, Cherry G W, Wojnarowska F. Up-
regulation of “adhesion complex” molecules by human keratinocytes
treated with an extract of the leaves of Chromolaena odorata (Eupolin)
(abs 527). The 3rd Meeting of the European Society for Dermatological
Research, Japanese Society for Investigative Dermatology (USA); 1998
May 7-10; Cologne, Germany.

53. Madri J A, Sankar S, Romanic A M. Angiogenesis. In: Clark R A F,

editor. The Molecular and Cellular Biology of Wound Repair. 2nd ed.
New York, London: Plenum Press, 1996.

54. Nicosia R F, Ottinetti A. Growth of microvessels in serum free matrix
culture of rat aorta. Lab Invest 1990; 63:115-22.

55. O’Leary R, Arrowsmith W, Wood E J. Integrin, MMP and glucose
transporter expression during re-epithelialization of the living skin
equivalent (abs 46). The 8th Annual Meeting of the European Tissue
Repair Society; 1998 Aug 27-30; Copenhagen, Denmark.

56. Vaccariello M A, Javaherian A, Parenteau N, Garlick J A. Use of skin
equivalent technology in a wound healing model. In: Morgan J R,
Yarmush M L, editors. Tissue Engineering Methods and Protocols.
Totowa, New Jersey: Humana Press Inc, 1999.


