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Abstract

The present study investigates the wound healing potential of three chitosan-based topical

preparations loaded with either tea tree essential oil, rosemary essential oil or a mixture of

both oils in vivo. Essential oils of M. alternifolia and R. officinalis were analyzed using GC/

MS. Essential oil-loaded chitosan topical preparations were formulated. Wound healing

potential was evaluated in vivo using an excision wound model in rats. GC/MS analysis of

M. alternifolia and R. officinalis essential oils revealed richness in oxygenated monoter-

penes, representing 51.06% and 69.61% of the total oil composition, respectively. Topical

application of chitosan-based formulation loaded with a mixture of tea tree and rosemary

oils resulted in a significant increase in wound contraction percentage compared to either

group treated with individual essential oils and the untreated group. Histopathological exam-

ination revealed that topical application of tea tree and rosemary oil combination demon-

strated complete re-epithelialization associated with activated hair follicles. The high

percentage of oxygenated monoterpenes in both essential oils play an important role in the

antioxidant and wound healing potential observed herein. Incorporation of tea tree and rose-

mary essential oils in chitosan-based preparations in appropriate combination could effi-

ciently promote different stages of wound healing.

Introduction

Traditional remedies, especially plant-based formulations, promote wound healing in a strik-

ing way, since they influence single or multiple stages during the wound healing cascade. This

cascade comprises several systematic physiological events aiming to repair the damaged tissue

either completely or at least partially [1]. The process could be categorized into 3 main phases;

the inflammatory phase (re-establishment of homeostasis and local inflammation), the
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proliferative phase (granulation, contraction of tissue and beginning of epithelialization) and

ultimately the remodeling phase, which decides the strength and appearance of tissue after

healing [2].

Essential oils, isolated from various plant sources, are commonly utilized in first aid treat-

ment of wounds, burns or abscesses. Recent studies shed the light on their unique antimicro-

bial, pesticidal, wound-healing promoting and antioxidant properties, owing to their

pharmacologically active compounds, e.g. borneol, camphor, terpinen-4-ol, eucalyptol and

many other compounds [3].

Tea tree oil is the essential oil derived from the Australian native plant Melaleuca alternifo-
lia (Maiden &Betche) Cheel belonging to family Myrtaceae which grows naturally in Northern

New South Wales, Australia [4]. The anti-bacterial and antiseptic properties of tea tree oil are

legendary and have been used for centuries. The local Aborigine tribes used to crush the leaves,

make poultices and bound them to the skin to heal cuts, burns, bites, and stings [5]. It was offi-

cially identified as an antiseptic in 1923 by Dr. Arthur Penfold who reported that tea tree oil

was11 times stronger in activity than phenol, the standard antiseptic at that time. This “magic

healing oil” was supplied to the Australian army during World War II as it was the best possi-

ble available treatment against infection from cuts, wounds and bites [5–9].

Rosemary essential oil is obtained from the aromatic herb Rosmarinus officinalis L. (Lamia-

ceae), a woody perennial herb, native to the Mediterranean region [10]. In folk medicine, R.

officinalis has been used to treat headaches, poor circulation, epilepsy, a mild analgesic and

anti-inflammatory [11]. Rosemary essential oil was reported to possess strong antioxidant and

antimicrobial properties as well as wound healing activity [10, 12]. Moreover, topical applica-

tion of tea tree and rosemary essential oils has been well documented with satisfactory safety

and efficacy [6–15]

Chitosan [16] confers a plethora of privileges owing to its biocompatibility, biodegradabil-

ity, film-forming, penetration-enhancement, wound healing and anti-microbial characteristics

[16], Several studies provided adequate evidence for the synergistic effects of CS with essential

oils to prevent infection and enhance wound healing [17]. The positively charged surface

groups of CS, which can interact with the bacterial negatively charged groups, account for its

antimicrobial effect [18], while essential oil bactericidal effect can be ascribed to its phenolic

and aldehydic content [19]. Polyvinyl alcohol (PVA) shows very promising film-forming and

wound healing qualities, especially when formulated with CS, in addition to its inherent emul-

sifying and viscosity modifying properties which stabilizes essential oils within CS films [20].

The objective of this research was to elucidate the wound healing ability of CS films loaded

with essential oils, rosemary oil or tea tree oil, either separately or in combination.

Materials and methods

Chemicals and reagents

Rosemary and tea tree essential oils were purchased from Harraz - Agricultural Seeds, Spices

&Medical Plants Co., Bab El Khalk, Cairo, Egypt. Nolaver cream was obtained from Parkville

pharmaceuticals, Egypt (Batch no. 001/15). Highly viscous CS from crab shells, PVA (Mowiol

4–88) molecular weight *31,000 and glacial acetic acid were purchased from Sigma Aldrich,

St. Louis, USA. Glycerol was purchased from El-Nasr company, Cairo, Egypt. Kits of malon-

dialdehyde and reduced glutathione were purchased from Biodiagnostic, Egypt.

GC/MS analysis of essential oils

Essential oils were analyzed using a Shimadzu QP2010 gas chromatograph coupled to a quad-

rupole mass spectrometer (Shimadzu Corporation, Kyoto, Japan). Essential oil components
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were separated on Rtx-5MS column (30 m x 0.25 mm inner diameter x 0.25 μm film thick-

ness), Restek, USA. The gas chromatograph was operated under the following conditions:

Injector temperature, 250˚C; oven temperature 45˚C for 2 min, then programmed to 300˚C at

a rate of 5˚C/min, and finally kept constant at 300˚C for 5 min. Injections were made in split

mode (1:15) with injection volume 1 μl. Helium was used as a carrier gas at 1.41 mL/min. The

interface temperature was set to 280˚C. Shimadzu quadrupole mass spectrometer was operated

at 70 eV in the electron ionization mode and ion source temperature of 200˚C, scanning from

35 to 500amu.

Essential oil components were identified by comparison of their retention indices (RI) rela-

tive to standard n-alkanes (C8-C28); mass spectral data (MS) to NIST and WILEY mass spec-

tral library database; (similarity index> 90%); and literature [21–23].

Film preparation

Essential oil-loaded CS film was formulated, adopting the method developed by Wang et al.

with slight modifications [24]. Briefly, 2% (w/w) viscous CS solution was prepared in 1% (v/v)

acetic acid in deionized water (DI H2O), with the aid of overnight magnetic stirring. 2% w/v

PVA solution was prepared in DI H2O via magnetic stirring with slight heating. Insoluble par-

ticles were removed by filtration through a filter cloth. Solutions of CS and PVA were blended

together with glycerol in the ratio of 3:1:1 respectively, and agitated for 1 h until a homoge-

nous, viscous film-forming solution was obtained. Afterwards, selected essential oils were

added drop wise onto the viscous solution, with continuous stirring, in order to reach 10% v/v

oil concentration within the formulation, and stirred for 1h.Dose selection for essential oils

was performed as previously reported [24], where 10% v/v gave better wound-healing out-

comes in comparison with other lower concentrations and demonstrated favorable anti-bacte-

rial and wound-healing effects.

Then, essential oil-impregnated film-forming solutions were ultrasonically treated for 10

min to expel air bubbles. An aliquot of 15g film-forming solution was cast onto Plexiglas plates

(8.0, 8.0 cm) and allowed to dry for 48h at 25 ± 2˚C and 50 ± 2% relative humidity, and finally

the films were peeled-off from them.

In vivo wound healing experiment

Animals. Thirty-six healthy adult male Sprague Dawley rats weighing 160-180g were pur-

chased from the Nile Company, El Amyria, Cairo, Egypt. Plastic cages were used for animal

housing at a constant temperature (21 ± 2˚C), with alternating 12h light/dark cycle. Animal

chow and water were provided ad libitum. All animals were acclimatized to laboratory condi-

tions for one week before the experiment. Efforts were made to ensure minimum animal suf-

fering and to use the smallest possible number of animals. All animal treatments strictly

adhered to institutional and ethical guidelines of the care and use of laboratory animals and

complied with the National Institutes of Health guide for the care and use of Laboratory ani-

mals (NIH Publications No. 8023, revised 1978). The experimental protocol was approved by

Ain Shams University, Faculty of Pharmacy Review Committee for the use of animal subjects;

permit number: 45

Wound creation, animal grouping and drug administration. The anterior dorsal side of

each rat was shaved using sterile surgical blade and a two cm2 full thickness excision wound

was created by removing a patch of skin under ketamine hemisulfate (100 mg/kg, i.p.) anesthe-

sia [25]. A total of 36 animals (160–180 g) were randomly divided into six groups as follows:

Group I:negative control (wound)
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Group II: positive control (Nolaver, marketed product, well-known for its wound healing

properties)

Group III: plain (chitosan)

Group IV: tea tree oil in chitosan

Group V: rosemary oil in chitosan

Group VI: tea tree and rosemary essential oils mixture (1:1) in chitosan

Nolaver (0.5 g), plain ointment (chitosan) and each test ointment were topically applied on

the wounded site of the respective groups once a day throughout the experiment. At the end of

the experimental period (14 days), rats were euthanized by decapitation following anesthesia

via ketamine hemisulfate (100mg/kg, i.p.) and the wound granulation tissues formed were

removed and used for further analysis.

Wound contraction measurements. The percentage of wound contraction was deter-

mined as previously described [26]. During wound area measurement, animals were placed on

bench top with the wound facing upwards. A firm but flexible transparent polythene rectangu-

lar (3 × 3 cm2) sheet was held just over the wound and its margins were marked with a fine tip

permanent marker on sheet and the rat was returned back to its cage. The area (mm2) within

the boundaries of each tracing was determined planimetrically where a standard quality card

paper was used to convert the area of the wound on the transparent sheet into the weight of

the card paper with the same area. The weight of the card paper/unit area was already known,

therefore, the weight of each card paper for a particular wound was easily estimated. Wound

area was measured on day 0 and on days 7 and 14 post-wounding. The percentage of wound

contraction was used to express the results of wound measurements and was calculated by

Wilson’s formula as follows[27]:

%wound contraction ¼
Day 0 wound area � wound area on a particular day

Day 0 wound area
� 100

Histopathology. Control and treated animals were sacrificed at the end of experimental

period and tissues from the wound site of each animal were removed. Then, 10% formalin was

used for sample fixation, followed by dehydration using alcohol, clearance in xylene and

embedding in paraffinwax. Serial sections of 3 μm were cut and hematoxylin and eosin was

used for staining. Sections were examined using alight microscope(Olympus BX-50 Olympus

Corporation, Tokyo, Japan).

Biochemical analysis

Measurement of lipid peroxidation. Determination of malondialdehyde (MDA) level, as

a measure of lipid peroxidation, in the granulation tissue was carried out according to the kit’s

instructions (Biodiagnostic, Egypt). The method is based upon the reaction between thiobarbi-

turic acid and MDA in acidic medium at temperature of 95˚C for 30 min to form thiobarbitu-

ric acid reactive product; the absorbance of the resultant pink product was measured at 534

nm [28, 29].

Estimation of reduced glutathione. Reduced glutathione was estimated according to the

kit’s instructions (Biodiagnostic, Egypt). The method is based upon the reduction of 5,5‘dithio-

bis (2—nitrobenzoicacid) with GSH to produce a yellow compound. The reduced chromogen

is directly proportional to GSH concentration and its absorbance can be measured at 405 nm

[30].
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Statistical analysis

All data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by

Tukey’s test as a post hoc test. All statistical analyses were performed using the GraphPad

Prism software (version 5.01, Inc., 2007, San Diego California USA). Probability values of less

than 0.05 were considered statistically significant.

Evaluation of drug interaction by CDI

The coefficient of drug interaction (CDI) was used to analyze the effect of drug combination

on the wound contraction percent, MDA and GSH levels. For reduced (i.e. diminished func-

tion) effect, the used equation was CDI = AB/(A × B); and for increased effect (i.e. enhanced

function), the used equation was CDI = (A × B)/AB, where AB is the ratio of the combination

group to its control group; A or B is the ratio of the single essential oil to its control group. In

the current study, combination index scale was defined as follows: CDI< 0.9: synergistic,

CDI = 0.9–1.1: additive, CDI > 1.1 antagonistic.

Results

GC/MS analysis of essential oils

GC/MS analysis of the essential oil of Melaleuca alternifolia. Tea tree oil exhibited a

pale yellow color with characteristic spicy odor. Meanwhile, rosemary essential oil exhibited a

light yellow color with a distinctive aromatic odor. Sixteen components were identified for M.

alternifolia essential oil representing 100% of the total oil composition (Table 1, Fig 1). Oxy-

genated monoterpenes constituted almost half of the oil composition while the monoterpene

hydrocarbons constituted 46.66%. The major components were terpinen-4-ol (45.23%), γ-ter-

pinene (23.07%), α-terpinene (10.84%), terpinolene (3.50%), α-terpineol (2.95%), 1,8-cineole

(2.88%) and α-pinene (2.55%).

GC/MS analysis of the essential oil of Rosmarinus officinalis. Twelve components were

identified for R. officinalis essential oil representing 98.16% of the total oil (Table 1, Fig 2). The

major components were1,8-cineole (53.67%), α-pinene (13.94%), camphor (10.43%) and cam-

phene (3.78%). Oxygenated monoterpenes constituted 69.61% on the other hand monoter-

pene hydrocarbons constituted 25.81%.

Effect of topical application of different treatments on wound contraction

Wound contraction was calculated as percent reduction in wound area [31] on the 7th and 14th

days of the experiment. As illustrated in Fig 3, topical application of tea tree, rosemary and tea

tree and rosemary mixture resulted in a significant increase in the wound contraction percent

by 2.43, 2.41 and 2.82 fold, respectively, compared to the negative control group, on day 7 of

the experiment. Moreover, the wound contraction percent was significantly higher in these

groups compared to the positive control group. Furthermore, topical application of tea tree,

rosemary and tea tree and rosemary mixture resulted in a significant increase in the wound

contraction percent by 1.87, 1.63 and 2.13 fold, respectively, compared to the negative control

group, on day 14 of the experiment. Noteworthy, topical application of the tea tree and rose-

mary mixture resulted in a significant increase in the wound contraction percent compared to

either groups separately treated with individual essential oil and the result of the mixture was

comparable to that of the positive control group.

Wound healing using essential oils formulation
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Table 1. Chemical composition of the essential oils of M. alternifolia and R. officinalis.

Peak # Rt Component Molecular formula RIexpa RIlitb Content (%) Identificatione

MAc ROd

1 7.43 α-Thujene C10H16 918 918 0.77 - MS, RI

2 7.63 α-Pinene C10H16 925 925 2.55 13.94 MS, RI

3 8.07 Camphene C10H16 941 940 - 3.78 MS, RI

4 8.93 β-pinene C10H16 972 972 0.71 1.28 MS, RI

5 9.39 β-Myrcene C10H16 989 989 0.63 1.12 MS, RI

6 9.79 α-Phellandrene C10H16 1003 1003 0.31 - MS, RI

7 10.17 α-Terpinene C10H16 1015 1015 10.84 - MS, RI

8 10.43 p-Cymene C10H14 1023 1023 2.51 2.68 MS, RI

9 10.55 D-Limonene C10H16 1027 1027 - 3.01 MS, RI

10 10.56 Sylvestrene C10H16 1028 1028 1.77 - MS, RI

11 10.64 1,8-Cineole C10H18O 1030 1030 2.88 53.67 MS, RI

12 11.51 γ-Terpinene C10H16 1058 1058 23.07 - MS, RI

13 12.44 Terpinolene C10H16 1088 1088 3.50 - MS, RI

14 12.81 Linalool C10H18O 1100 1100 - 0.86 MS, RI

15 14.24 Camphor C10H16O 1146 1146 - 10.43 MS, RI

16 14.92 Borneol C10H18O 1167 1167 - 2.58 MS, RI

17 15.26 Terpinen-4-ol C10H18O 1179 1179 45.23 - MS, RI

18 15.66 α-Terpineol C10H18O 1192 1192 2.95 2.07 MS, RI

19 22.27 Caryophyllene C15H24 1424 1504 - 2.74 MS, RI

20 22.80 Alloaromadendrene C15H24 1445 1445 0.86 - MS, RI

21 24.27 Ledene (Viridiflorene) C15H24 1503 1502 0.51 - MS, RI

22 24.96 δ-Cadinene C15H24 1530 1530 0.91 - MS, RI

Monoterpene hydrocarbons 46.66 25.81

Oxygenated monoterpenes 51.06 69.61

Sesquiterpene hydrocarbons 2.28 2.74

Total identified components 100 98.16

aRIexp, Retention index determined experimentally on Rtx-5MS column
bRIlit, published retention indices
cMA, Melaleuca alternifolia essential oil
dRO,Rosmarinus officinalis essential oil
eIdentification, was based on comparison of the compounds’ mass spectral data (MS) and retention indices (RI) with those of NIST Mass Spectral Library (2011), Wiley

Registry of Mass Spectral Data 8thedition and literature.

https://doi.org/10.1371/journal.pone.0219561.t001

Fig 1. GC/MS chromatogram of the essential oil of Melaleuca alternifolia (Tea tree).

https://doi.org/10.1371/journal.pone.0219561.g001

Wound healing using essential oils formulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0219561 September 16, 2019 6 / 17

https://doi.org/10.1371/journal.pone.0219561.t001
https://doi.org/10.1371/journal.pone.0219561.g001
https://doi.org/10.1371/journal.pone.0219561


Histopathology

Microscopic examination of different skin wound samples on day 7. As illustrated in

Fig 4 and scored in Table 2, microscopic examination revealed that the negative control sam-

ples (Group I) showed retarded wound healing with severe necrosis of the dermal and

Fig 2. GC/MS chromatogram of the essential oil of Rosmarinus officinalis.

https://doi.org/10.1371/journal.pone.0219561.g002

Fig 3. (A) Representative photographs showing wound closure in rats with topical application of different treatments on day 7 and day 14. (B)

Effects of different treatments on percent wound closure on different days in rats (wound contraction, %). Values are given as mean ± SEM

(n = 6). �, #, x indicates p<0.05, compared to Group I, IV and V, respectively. Results were analyzed using one-way ANOVA followed by Tukey’s

test.

https://doi.org/10.1371/journal.pone.0219561.g003
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Fig 4. Histopathological view of wound healing and epidermal/dermal re-modeling in the groups administered

different treatments on day 7 at magnification 4x, 10x and 40x.

https://doi.org/10.1371/journal.pone.0219561.g004

Table 2. Wound healing processes and healing phases of the animals administered different treatments on day 7.

Groups Wound healing processes Healing phases

S U RE FP CD IC I P R

I +++ +++ - ++ ++ +++ +++ +++ -

II ++ + + +/++ ++ ++ ++ ++/+++ ++

III +++ ++/+++ -/+ ++ ++ ++/+++ ++ +++ -

IV ++ + -/+ + + ++ + ++ +

V ++ ++ -/+ ++ ++ ++ +/++ ++ +

VI ++ + + + ++ ++ ++ +++ ++

HE (Hematoxylin &Eosin) stained sections were scored as mild (+), moderate (++) and severe (+++) for epidermal and/or dermal re-modeling. S: Scab, U: Ulcus, RE:

Re-epithelization, FP:Fibroblast proliferation, CD: Collagen depositions, IC: Inflammatory cells infiltration, I: Inflammation phase, P: Proliferation phase, R: Re-

modeling phase.

https://doi.org/10.1371/journal.pone.0219561.t002
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epidermal region, diffuse inflammatory cells infiltrations obscured the dermo-epidermal junc-

tion(arrow). The positive control (Group II) demonstrated complete re-epithelialization

(arrow) with underlying large area of dermal layer occupied by highly cellular granulation tis-

sue (star) with focal inflammatory cell infiltrations at dermo-epidermal junction (arrow

heads), newly formed blood vessels with few activated hair follicles. Plain samples (Group III)

showed incomplete re-epithelialization with ulceration and scab formation (arrow) with many

tissue debris infiltrated with inflammatory cells. Wide area of granulation tissue formation was

observed in the dermis (star), rich in blood vessels (red star), fibroblasts and inflammatory

cells infiltrations (arrow head).

Tea tree oil-treated group (Group IV) and rosemary oil-treated group (Group V) demon-

strated retarded wound healing process showing incomplete re-epithelialization with ulcer for-

mation and adjacent acanthosis (arrow). Scab formation was observed over highly cellular

dermal granulation tissue (star) with diffuse inflammatory cells inflations and rich in blood

capillaries (red stars). Interestingly, tea tree and rosemary oils based chitosan topical prepara-

tion-treated group (Group VI) was closely related to the positive control group. Samples dem-

onstrated complete re-epithelialization (arrow) with underlying large area of dermal layer

occupied by highly cellular granulation tissue (star) together with many inflammatory cells

infiltrations and newly formed blood vessels with few activated hair follicles.

Microscopic examination of different skin wound samples on day 14. As illustrated in

Fig 5 and scored in Table 3, on day 14, microscopic examination of the negative control (Group

I) and plain groups samples (Group III) showed retarded wound healing, ulceration and scab

formation with tissue debris and inflammatory cells infiltrates (arrow). Wide diffuse highly cellu-

lar granulation tissue (star)was observed in the dermal layer rich in inflammatory cells and many

activated fibroblasts with newly formed blood vessels. Positive control samples (Group II) dem-

onstrated accelerated wound healing process with complete re-epithelialization (black arrows)

and mild vacuolar changes in basal keratenocytes of epidermis. Higher amount of mature colla-

gen fibers formation accompanied with activated hair follicles (blue arrows) and lesser area of

more cellular less fibrous granulation tissue (star) with many fibroblasts were observed.

Tea tree-treated samples (Group IV) showed complete re-epithelialization of epidermal layer

(arrow). Wide area of highly cellular less fibrous granulation tissue in the dermis was detected,

rich in small blood capillaries. Focal areas of sub-epithelial hemorrhages were observed (star).

Rosemary-treated samples (Group V) showed incomplete re-epithelialization of epidermal

layer. Ulceration, scab formation, with tissue depress and inflammatory cells infiltrates (arrow).

Smaller diffuse area showing highly cellular granulation tissue (star) in dermal layer, rich in

inflammatory cells with focal areas of hemorrhages (red star).Higher numbers of active hair fol-

licles were observed in wounded area sides. Tea tree and rosemary oils based chitosan topical

preparation-treated group (Group VI) showed more advanced wound healing process resem-

bling the positive control samples. Complete re-epithelialization of the epidermal layer (arrows)

was perceived with few degenerative changes in some keratenocytes. Dermal layer showed

smaller area of granulation tissue (black star) rich in fibroblasts and inflammatory cells with

higher area of mature collagen fibers formation accompanied with many activated hair follicles

and minimal inflammatory cells infiltrates on both sides of the wound area (red star).

Estimation of thiobarbituric acid reactive substances (TBARS) level

expressed as malondialdehyde (MDA)

MDA level was significantly reduced in the wound granulation tissue isolated from the positive

control group by 56.10% compared to the negative control group. Topical application of tea

tree and rosemary resulted in a significant reduction in MDA level by 44.44 and 38.97%,
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respectively, compared to the negative control group. Noteworthy, the MDA level in the tea

tree and rosemary mixture-treated group was comparable to that of the positive control group

(Fig 6).

Estimation of reduced glutathione in the wound tissues

The level of GSH was significantly elevated in the wound granulation tissue isolated from the

plain group by 8.05 fold compared to the negative control group. No significant change was

Fig 5. Histopathological view of wound healing and epidermal/dermal re-modeling in the groups administered different

treatments on day 14 at magnification 4x, 10x and 40x.

https://doi.org/10.1371/journal.pone.0219561.g005
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observed in the GSH level in the positive control group compared to the negative control

group. The level of GSH in the groups treated by tea tree and rosemary was significantly ele-

vated by 20.74 and 13.60 fold, respectively, compared to the negative control group. Notewor-

thy, the GSH level in the tea tree and rosemary mixture-treated group was significantly

elevated by 27.05 fold compared to the negative control group (Fig 6).

Evaluation of CDI for the combination

To investigate the type of interaction for the combination, CDI was calculated for the percent

of wound contraction as well as the effect on MDA and GSH levels. Results are listed in

Table 4 demonstrating synergistic and antagonistic effects.

Discussion

The wound healing potential of three chitosan-based formulations loaded with either tea tree

essential oil or rosemary essential oil or a mixture of both oils was investigated in the present

Table 3. Wound healing processes and healing phases of the animals administered different treatments on day 14.

Groups Wound healing processes Healing phases

S U RE FP CD IC I P R

I ++ ++ -/+ ++ ++ ++ ++ +++ -/+

II + - +++ +/++ ++ + + ++ +++

III ++ ++/+++ + ++ ++ ++ ++ ++/+++ +

IV ++ + ++ ++ + +/++ + +/++ ++

V ++ ++ -/+ ++ ++ +/++ +/++ ++ +/++

VI + -/+ +++ ++ ++ -/+ -/+ ++ +++

HE (Hematoxylin &Eosin) stained sections were scored as mild (+), moderate (++) and severe (+++) for epidermal and/or dermal re-modeling. S: Scab, U: Ulcus, RE:

Re-epithelization, FP:Fibroblast proliferation, CD: Collagen depositions, IC: Inflammatory cells infiltration, I: Inflammation phase, P: Proliferation phase, R: Re-

modeling phase.

https://doi.org/10.1371/journal.pone.0219561.t003

Fig 6. Thiobarbituric acid reactive substances (TBARS) level expressed as malondialdehyde (MDA) (A) and reduced

glutathione in the wound tissues (B). Values are given as mean ± SEM (n = 6). �,#,x indicates p<0.05, compared to

Group I, IV and V, respectively. Results were analyzed using one-way ANOVA followed by Tukey’s test.

https://doi.org/10.1371/journal.pone.0219561.g006
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study. In order to reveal the combined interaction of the ingredients in the formulation, each

material was investigated individually for its wound healing potential. Stages in wound healing

processes (inflammation, proliferation, and remodeling) were observed and recorded within

the different groups on days 7 and 14 of the experiment. Wound healing was evaluated using

the antioxidant markers viz. MDA and reduced GSH levels.

Chitosan is well-known for its favorable wound healing capacity by enhancing rapid dermal

regeneration, in addition to bacteriostatic, and accelerated wound healing properties [32].

Moreover, chitosan enhanced re-epithalization and normal skin regeneration in open wounds

[33]. Nevertheless, several studies reported chitosan films prepared with chitosan concentra-

tion (1–3%) [24, 34, 35] to have acceptable mechanical properties, moisture content and parti-

cle size. In line with the previously reported favorable effects of chitosan, the present study

showed enhanced wound contraction in the plain group (chitosan only-treated group), in

addition to increased levels of reduced glutathione in the granulation tissue isolated from this

group.

M. alternifolia essential oil displayed wide applications in dermatology, effectively treating

multiple skin diseases and infections [36]. Itis currently being incorporated in a plethora of

skin care products owing to its antimicrobial properties, primarily due toterpinen-4-ol, its

major constituent [37]. Several reports showed that the antioxidant, anti-inflammatory, and

antimicrobial properties of tea tree oil contribute to its wound healing potential [38]. Further-

more, tea tree oil inhibited lipopolysaccharide-induced production of tumor necrosis factor-

alpha, interleukin-1β and IL-10. It has been shown that terpinen-4-ol, but not α-terpineol or

1,8-cineole,was responsible for reducing the production of inflammatory mediators [39].

As stated by the International Standard Organization (ISO 4730), M.alternifolia commer-

cial essential oil should have a minimal of 30.0% composition of terpinen-4-ol, meanwhile, the

level of 1,8-cineole should not exceed 15.0% in order to maintain antiseptic property [40].

Chemical composition of M. alternifolia essential oil used in this study, complied with ISO

4730, whereterpinen-4-ol represented 45.23% of the total oil composition, whereas 1,8-cineole

represented only 2.88%.

Rosemary essential oil is reported to possess antibacterial, antifungal, antioxidant and anti-

inflammatory properties [41] as well as wound healing potential [12]. R. officinalis essential oil

was shown to possess significant wound healing effect, when applied topically to the wound of

diabetic mice, affecting multiple stages of the healing process [12]. The present study, in har-

mony with previous studies, showed improved wound contraction and enhanced oxidative

stress status (evidenced by reduced lipid peroxidation and increased GSH levels) in the tea tree

and rosemary-treated groups. Moreover, histopathological examination showed enhanced re-

epithelialization in these groups as compared to the negative control group. Interestingly, topi-

cal application of a mixture of tea tree and rosemary oils demonstrated complete re-epitheliali-

zation with activated hair follicles, an effect which was comparable to that of the positive

control group. The high percentage of oxygenated monoterpenes in both tea tree (51.06%),

and rosemary (69.61%) essential oils, play an important role in the antioxidant, and wound

healing potential observed herein.

Table 4. Nature of interaction between tea tree and rosemary essential oils as determined by CDI.

Parameter CDI Effect of combination

Wound contraction percent on day 7 2.076 Antagonistic

Wound contraction percent on day 14 1.42 Antagonistic

MDA level 0.44 Synergistic

GSH level 10.43 Antagonistic

https://doi.org/10.1371/journal.pone.0219561.t004
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While CDI determination could be a valuable tool providing information on the nature of

interactions between drug combinations, it should be cautiously considered, especially in the

absence of dose dependent studies for the combination, where the present study investigated

the wound healing effect of tea tree and rosemary essential oils at a single concentration (10%).

Moreover, the effect could be capacity limited, where simply a synergistic effect could not be

achieved, resulting in an antagonistic effect. For example, the CDI for the effect of the mixture

of tea tree and rosemary essential oils on the percent of wound contraction and GSH level was

calculated to be antagonistic, although the effect was significantly higher in the group treated

with the essential oil mixture as compared to the groups treated with either essential oil alone.

In the absence of dose/concentration dependent studies, it can be speculated that the observed

effect in the mixture could have reached maximum capacity to increase the percent wound

contraction or GSH level in the granulation tissue of wounded animals.

Conclusion

From this study, it can be concluded that the incorporation of tea tree and rosemary essential

oils in chitosan-based preparations in appropriate combination could efficiently promote dif-

ferent stages of wound healing. In addition, it decreased oxidative stress in the wound area.
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