CINNAMON OIL NANOEMULSIONS FOR INHIBITION
OF CONTAMINATED PATHOGENS ON ASIAN SEABASS
FILLET

Miss Piyanan Chuesiang

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Food Technology
Department of Food Technology
Faculty of Science
Chulalongkorn University
Academic Year 2018
Copyright of Chulalongkorn University



Awv o 3w y o & a 4
Lﬂiuf)iJaGb"HUWNHGUL%ﬂLﬁﬂﬂﬂﬂﬁﬂaUﬂ%ﬂ

v F
Ao Tsanduilouvulaingwaua

v A o

w.a. ez un oo

a a e’dy I 1 dl? = @ a a o a
Mentnusiiiludunilsvomsanaurangas Uiy imemnansqufiuga
v UNA 11 1agn19014115 MAI¥UNA 11 1agN19014115
AMZAINIMART PWNAINTAINMINAD

Unsenu 2561

'
aﬂlﬁﬂ‘ﬁﬂlﬂﬁﬁ;WTs‘Nﬂiﬂiuﬂilﬂmﬁﬂ



Thesis Title CINNAMON OIL NANOEMULSIONS FOR
INHIBITION OF CONTAMINATED PATHOGENS
ON ASIAN SEABASS FILLET

By Miss Piyanan Chuesiang

Field of Study Food Technology

Thesis Advisor Associate Professor UBONRATANA
SIRIPATRAWAN

Thesis Co Advisor Assistant Professor Romanee Sanguandeekul

Professor Lynne McLandsborough

Accepted by the Faculty of Science, Chulalongkorn University in Partial
Fulfillment of the Requirement for the Doctor of Philosophy

Dean of the Faculty of Science

(Professor Polkit Sangvanich)

DISSERTATION COMMITTEE
Chairman

(Associate Professor SUMATE TANTRATIAN)
Thesis Advisor

(Associate Professor UBONRATANA
SIRIPATRAWAN)
Thesis Co-Advisor

(Assistant Professor Romanee Sanguandeekul)
Thesis Co-Advisor

(Professor Lynne McLandsborough)
Examiner

(Associate Professor Cheunjit Prakitchaiwattana)
Examiner

(THANACHAN MAHAWANICH)
External Examiner

(Associate Professor Pasawadee Pradipasena)



YozaTunl Fordos : uﬂuSﬁaEﬁuﬁwﬁuauwmﬁaET‘Uﬂ‘y"aqauvﬁ‘f‘ffiaT'iﬂﬁﬂmﬁauuuﬂmﬂzwmd. (
CINNAMON OIL NANOEMULSIONS FOR INHIBITION OF
CONTAMINATED PATHOGENS ON ASIAN SEABASS FILLET) .l

o . o o an o A‘ ' . ) =
ﬂ?ﬂ‘l&ﬂ‘ﬂﬁﬂ . I A5.9UATAU TAINNTNTIN, E].“I/]“lﬁﬂ}ﬂi?ll . AFL A9.5U aIUAND,- -

3 = ada 2. a YA a1 AR o oo A wn ' 3
u'llluﬂ“Ul‘]fﬂ!ﬂuiﬂiﬂ'lll"ﬁiiu‘]ﬂﬂWNﬂizﬁﬂﬁﬂ'lWiuﬂ?iﬂ'luﬂﬁuVIiﬂ llﬂfﬂial"]fu'llluf)“l]k‘]m‘lufﬂﬂ?iﬂqﬂQgﬂﬂ1ﬂﬂluﬂﬂﬂ?ﬂﬁuﬂﬂﬂ'ﬂullll"]fﬂﬂu'l

o 3 a 4

¥ o ao f=2 a0 ¢ A o A o yac = 9 v 0 v '
vouiuinours 1Tl inglszaedimewsomnludiaduniminiueuse Tagldiimsnldouadisgungll Gudusinmslinnufenunvesway
. 7 ? o o ad o aga 4 z - . S 4 aga Y
szuadainiy wlmi vazansaaussdam sunszisdsgaugiifihildifanmsnlGeunla mmhninsasgungiivesszuuatedsiaiuite llinansaini
I3 3 o o ' 3 o ' a H H <
wnaeymaTu msanyravesesnlsznouveamlminiu Aesandruveniniueusedemsdumsina Ostwald ripening wie lasndelsdan
. p . o . Y. v,
nae Aeatiamualifland auiAmugaunsd sufadosnmveanTuddasu wudh mslsinfueuweluSina 30-40 nlefimudveurlminiudinali
av o d 7 . ; 7 . e Ay, ae o
e Tudiladuiiveainfunnadn (Jszina 100 mluwas) duesdilszney luvazfimslhiniueueifzuadu lidinadenised suun Tusifadu
y . o o g . Yoo ; . 2 :
wennniifamuinnTudaduiasouTasmslfiniuenive 40 wefimudvesaminiuiimanudududmagalunsdudimansaves E. coli, S.

. . - L4 4 . me o 4 - y .
Typhimurium, S. aureus waz V. parahaemolyticus siigadiefieusum udiaduiisionldnnannzdu Fuilusamonneainiueuse
4 g ¢ Ao & 4 A o Y = PN Y o o (ama o Ao g o o =
vinaeymam Tuiituesalszneulnnludiasunemugandiiuimaedimasveuinive e Tumsingasenvuuais sudiniifsmamsdaysu
“ . ce o L. me o Y,
wnnad laviflusedlsznevtiesninnludiaduinaionldnnanizou dniuiudenldinludiaduimionlasmilfiniuenye 40 nlesisudvoala
Yo o4 . Y 5 PR N S P - A as o e
dniuiieAnyravesnnududuvesasaaussisindeauiamuniiand auiamsumsniyvesgaunid uazabesnmvesnTudiasu nanmsnaass
. - - . Y e o o o4 se
wud maiuanudufuvesansaausadainnn 10 @y 20 wlefimudiifvinaveaneainiuanatedniied iy (p<0.05) waziilidnuazilsing
ce o 1 o s CS AR ~ ce o - o .
youn Tudiiadunlasumlasindvnguiudvnle ud hidwwadegungiiman/dounla mdssmmveanludiaduigamngil 4 uaz 25 samusadoa j15
3 o ' 5 o 2 a a ' < 2 a ' A o o ¥
Yosnoaui Tmdamandududgalumsdusaimniauenaunid odulsiamaiivanuduturesnsanussdsindenadoniingasinmssudans
a a aa "o ¥ a A a yy ' v aw o d o 1) 2 a 4 v 9 s s A
Winwewaunid nazedudimnigvewwaiifernariialdnunhmslfinTudfasuiiviousinms l¥asaaus sdsidfanuduin 10 nlefiwud wie
g2 - Yy = i A 4 ) b = A a4 e o e A as Laga
msliiuivenrelnd armuduvesasaaussisiadwwanomsasunlasanyaznedugiuinevesyaunid Mmaomivwadvesgaunsd uazilding
. . . p Z f s N y 4 o ae X .
m3i Inavesesdilszneusagmolumad MnnsAnmslszgndlfinTudiaduve ninfueusuiieniuguaunmmagaunidveauilotaingnaluszring

8 o 4 a = = o ' Ao o LY ' o Al A 2 1A 2 @ &
MINUINYIMNYUNYU 4 + 2 perIraIEod 1Wuna 8 U wmmﬂuaumummmuuamwmaammaugaumﬂiﬂﬂim i]ﬂ‘lﬂf]f]ﬂﬁWQﬂﬁ!ﬂ‘lliﬂlﬂ!uﬁﬂiﬂ

: P S

v = o X o v PR ) y o & 2o o 3 o =y 9 v a =
ﬂswa‘lﬂmnm 4 ’Ju‘UuﬂUﬂ'ﬂlll‘Ull“‘Ju“‘]ﬂﬂu'liuf]llﬂ”]’u'ﬂlﬂﬂﬂﬁl”]f ﬂQuuu'IIHE]?J'E\‘]’N”U'E]Qu'lllu'E]“UL‘]ﬂHJﬁﬂﬂﬂ?w‘luﬂ?ii"ﬁlﬂuﬁ?iﬂ?uﬂauﬂiﬂLW'E]UﬂQWE‘lﬂWﬂﬂIJ

@ &
iﬂHWluﬂﬂﬁWﬂ?}WQVlﬁ

V1IN maTuTladnieening ANUDFOTTN vvvvereeeeeeeeirrerieeeeeeeerrreneeeeeeeens
nsdnm 2561 iAo 8. NUSAYIMEN ....eeeee ..

A A = '
AYUDYD ﬂ.ﬂlﬁﬂHW‘iaﬂ Ceteeeeeaitatteittaienttnneans

A A A '
AYUDYD E).‘Vliﬁﬂ}ni’nl



# # 5572878423 : MAJOR FOOD TECHNOLOGY

KEYWORD: NANOEMULSION, PHASE INVERSION TEMPERATURE, CINNAMON OIL,
ANTIMICROBIAL ACTIVITY, ASIAN SEABASS FILLET
Piyanan Chuesiang : CINNAMON OIL NANOEMULSIONS FOR INHIBITION OF
CONTAMINATED PATHOGENS ON ASIAN SEABASS FILLET. Advisor: Assoc. Prof. Dr.
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Cinnamon oil is an effective natural antimicrobial agent, but the utilization is limited by its low
water-solubility. In this study, cinnamon oil nanoemulsions were prepared using a phase inversion temperature
(PIT) method, which simply involves heating a mixture of surfactant, oil, and water about the PIT and then
quench cooling with stirring. The impact of oil phase composition (cinnamon to ripening inhibitor ratio) and
surfactant concentration on the formation, stability, antimicrobial activity and chemical stability of the
nanoemulsions were determined. Optimal mean droplet diameters with narrow size distribution were obtained
at intermediate cinnamon oil levels (30-40 wt%) in the oil phase. Conversely, relatively larger droplets were
generated at lower (0 to 20 wt%) and higher (60 to 100 wt%) cinnamon oil levels. In the present study, the
system containing 40 wt% cinnamon oil and 60 wt% medium chain triglyceride (MCT) oil in the oil phase was
selected for further studies since it gave the highest stability of antimicrobial cinnamon oil nanoemulsion with
the smallest droplet size and lowest PIT. The impact of oil phase composition on the minimum inhibitory
concentration (MIC) of cinnamon oil nanoemulsions against Escherichia coli, Salmonella Typhimurium,
Staphylococcus aureus and Vibrio parahaemolyticus was largely due to cinnamaldehyde, which is highly
susceptible to chemical degradation. For this reason, a decrease in cinnamaldehyde content and an increase in a
major reaction product (benzaldehyde) were observed in the cinnamon oil nanoemulsions during storage. The
antimicrobial activity of cinnamon oil nanoemulsions increased (lower MICs) as the droplet size decreased,
even though the cinnamaldehyde content was lower. Cinnamaldehyde degraded during emulsification and
throughout storage. The impact of surfactant concentration (10-20 wt%) on PIT, droplet size, stability, particle
morphology, the MIC, dynamic time kill, and changes in bacteria morphology were determined. Increasing
non-ionic surfactant (Tween®80) concentration from 10 to 20 wt% significantly decreased droplet size of the
nanoemulsions but had no effect on the PIT, stability (at 4 and 25 °C), particle morphology and MIC values of
the nanoemulsions. However, dynamic time Kill plots revealed that nanoemulsions with higher surfactant
concentrations (15 and 20 wt%) led to faster killing or better prolonged inhibition of bacteria compared to those
with lower concentration (10 wt%) or with bulk cinnamon oil. Morphological changes of the bacteria were
more promoted for nanoemulsions containing higher surfactant concentrations as shown by field emission
scanning electron microscopy (FE-SEM). The antimicrobial activity of the cinnamon oil nanoemulsions was
attributed to their ability to disrupt bacterial cell wall structures and promote expulsion of internal cellular
material. For further study, cinnamon oil nanoemulsion fabricated with 15 wt% surfactant was selected to study
its antimicrobial activity on the shelf-life of Asian seabass flesh during chilled storage (4 °C). Decreasing total
viable count (TVC) was observed in the samples treated with cinnamon oil nanoemulsion. Thus, the shelf-life
of the cinnamon oil nanoemulsion treated samples can be extended up to 4 days, longer than untreated (control)
sample. These results indicated that cinnamon oil nanoemulsion have high potential to be used as
antimicrobial agent for preservation of fish fleshes.

Field of Study: Food Technology Student’s Signature ..........cccceeveeeereenes
Academic Year: 2018 Advisor's Signature ...
Co-advisor's Signature
Co-advisor's Signature ..........ccccccevvennee




ACKNOWLEDGEMENTS

First of all, I would like to express my sincere appreciation to my research
advisor, Associate Professor Dr. Ubonrat Siripatrawan, and my co-advisor, Assistant
Professor Dr. Romanee Saguandeekul, for their valuable guidance, advice and
encouragement that really helped me to complete the degree from the department of
Food technology, Chulalongkorn university, and giving me the valuable chance to study
under the Royal Golden Jubilee Ph.D. program.

I would also like to express my sincere gratitude to my co-advisor, Professor
Dr. Lynne McLandsborough for allowing me to do the research at Food Science
department, University of Massachusetts Ambherst, giving me excellent guidance,
valuable suggestions and encouragement and taking care of me during my stay in the
United State of America.

I would also like to express my sincere gratitude to Professor Dr. David Julian
McClements for giving me excellent guidance, valuable suggestions and encouragement
during my stay in the United State of America.

I would like to acknowledge the financial support from the Thailand Research
Fund through the Royal Golden Jubilee Ph.D. program (grant no. PHD/0163/2557), the
90th Anniversary of the Chulalongkorn University Fund (Ratchadaphiseksomphot
Endowment Fund) and the Research Assistantship Funding from Faculty of Science,
Chulalongkorn University.

| could not complete my research without helps and supports from many
people. I would like to thank the staff members and friends either in Chulalongkorn
University or University of Massachusetts Amherst for their generous assistance, both in

times when things went well and when things went wrong.

Piyanan Chuesiang



TABLE OF CONTENTS

ABSTRACT (THAIY oottt es s i
ABSTRACT (ENGLISH) ..ot ee e ss s eesesees s iv
ACKNOWLEDGEMENTS ...ttt Y
TABLE OF CONTENTS ... Vi
LIST OF TABLES ...ttt bbbttt nee e X
LIST OF FIGURES ... .ottt ittt st Xi
CHAPTER 1 INTRODUCTION ...ciiiiiiiii ittt 1
1.1. Overview Of the diSSEratioN .........cccueiveiiiiieie e 1
1.2. Background and significant of the Study ..........cccceorniiiinen e 2
1.3. Objectives OF diSSErtatioN .........ccoceeieiieieiiriiie e 3
1.4. SCOPEe OFf AISSEITALION ..ottt 3
1.5. Expected beneficial OUICOMES ..........ooiiiiiiiii e 4
1.5.1. An effective method which is simple and consistent to fabricate a highly
stable cinnamon o1l NAN0EMUISION. .....cciviiiiiiiiiec e, 4
1.5.2. An effective method to extend the shelf life of Asian seabass flesh. ........ 4
CHAPTER 2 LITERATURE REVIEWS......coooiiii e 5
2.1 ESSENTIAl OFIS ..o 5
2.1.1. CINNAMON Ol .. 5
2.2. NANOBMUISTONS ..ottt bbbt 6
2.2.1. Nanoemulsion formation approaches...........c.ceeeerereneneneseseseeeeeens 7
2.2.1.1. High-energy approaches............ccocurirerenieienene s 7
2.2.1.2. LOW-Energy apProaChes. .........ccoeiirirereeeeieniesie e 8
2.2.1.2.1. Phase inversion temperature (PIT) method .................... 8
2.2.1.2.2. Emulsion inversion point (EIP) method ............cc........ 10

2.2.1.2.3. Spontaneous emulsification (SE) method..................... 10



Vil

2.2.2. Factors affecting the properties of nanoemulsions fabricated using low

ENEIQY APPIOACNES ...ttt 11

2.2.2.1. Type of ripening iINNIDItOr .........ccocoviiiiiien, 11

2.2.2.2. Oil phase COMPOSITION .......coviiviriiiiiieieeee e 12

2.2.2.3. Surfactant CONCENTIALION............ceviiiriiieiee e 12

2.2.2.4. COOlING FALE ... 13

2.2.3. Destabilization process of nanoemulSIoNS ..........ccccooeieiininenieiecieieen, 14
2.2.3.1. Flocculation and cOaleSCENCE ..........ccooveieieiiciinereeeeeeeee, 14

2.2.3.2. OStwald RIPENING ....covveeeiiiiieiiciesieeee e 14

2.3. Asian sea bass (Barramundi) ..........cccoiiiieniniiee e 15
2.3.1. QUAlItY BSSESSIMENTS....c.vitiiiieiiiiieee sttt 16
2.3.1.1. Microbiological qQUality ..........ccccoriiiiiiiiiice e, 16

2.4. Application of essential oils on the fish preservation.............cccoeviiiicnennnn, 18
CHAPTER 3 MATERIALS AND METHODS ......cccooiiiee e 19
R T0 I AV -1 (=] T USSR 19
3.2. Formulation of cinnamon 0il NAN0EMUISIONS ...........ccoovvieiiiiiieiceeeee 20
3.2.1. Determination Of PIT ... e 21
3.2.2. Particle size and particle size distribution measurements .............c......... 21
3.2.3. Determination of antimicrobial aCtiVity ...........cccceveviiiiiniiiicee 22
3.2.4. High Pressure Liquid Chromatography (HPLC) analysis .............c......... 23
3.3. Impact of surfactant concentration on the nanoemulsion properties ................ 24
3.3.1. PIT DetermMiNation .......cccueieereeiesiesieeieseesieeieseesee e sseeseee e e seneneennes 24
3.3.2. Particle size and particle size distribution characteristics .............c......... 24
3.3.3. TEM @NAIYSIS ..ot 25
3.3.4. Determination of nanoemulsion Stability ...........ccoceveviiiniiiniiinee 25
3.3.5. Determination of antimicrobial activities............ccccoveiiininiiiccne 25
3.3.5.1. Determination 0f MICS .........cccoiiiiiiiiiiicee s 26

3.3.5.2. Dynamic time Kill @SSaY ........cccocceririiiiiiiiieie e 26

3.3.5. 3. FE-SEM .o 27



viii

3.3.6. High Pressure Liquid Chromatography (HPLC) analysis .............c......... 28
3.4. Applications of cinnamon oil nanoemulsions on frozen Asian seabass fleshes
........................................................................................................................... 28
3.4.1. ProxXimate @nalySiS.......cccoeiiererieiiesieeiesiee st 29
3.4.2. SaMPIe Preparation...........cooiiieieieieiese st 29
3.4.3. Microbiological analysis ... 30
3.5. Statistical @NAlYSIS........ccociiiiiiiie e 30
CHAPTER 4 RESULTS AND DISCUSSION.......ccoiiiiiiiieiieieeieeee e 31
4.1. Formation of cinnamon oil nanoemulsions using PIT method................c.c...... 31
4.1.1. Impact of oil phase composition 0N PIT ..o 31
4.1.2. Impact of oil phase composition on droplet Size...........ccccocvvvriiiinnenn 34
4.1.3. Impact of oil phase composition on antimicrobial activity ..................... 37

4.1.4. Impact of oil phase composition on cinnamaldehyde degradation during
EMUISTTICALION ... 41

4.1.5. Impact of oil phase composition on cinnamaldehyde degradation during

STOTAGE . 44
4.2. Effect of surfactant level on nanoemulsion properties ...........cccocvvvriervnivenenn. 47
4.2.2. IMPACt ON PIT oo 47
4.2.2. IMpact 0N Aroplet SIZE .......cceeveiieieiieiee st 49
4.2.3. Particle Morphology .........coveiiiiiiiieie e 50
4.2.4. StOrage Stability ........cccooiiiiiiiiec s 52
4.2.5. Effect of surfactant concentration on antimicrobial activity ................... 56
4.2.5.1. Determination 0f MICS .......cccccveiiiiiiieeee e 56
4.2.5.2. Dynamic time Kill @SSaY ..........cccceririiiiiiniiieie e 59
A4.2.5.3. FE-SEM ...ttt 66

4.2.6. Impact of surfactant concentration on cinnamaldehyde degradation
during emulsification and SLOrage ..........cocevvrierieieienese e 68
4.3. Application of cinnamon oil nanoemulsion on Asian seabass flesh................. 70
4.3.1. ProxXimate analySiS.........cccouiiiiiiiiiieiese e 70

4.3.2. Analysis of microbiological Property.........cccoevevereneieneneneseeeeeens 71



CHAPTER 5 CONCLUSION......ooiiiiiiiieee e
REFERENCES ... .o



LIST OF TABLES

PAGE

Table 3.1 Description of treatments for Asian seabass fleshes. ............ccccevveiviennn. 29

Table 4.1 PIT and mean droplet diameter of cinnamon oil nanoemulsions fabricated
with differing oil phase COMPOSITIONS. ........ccccueiieiieeiee e 36

Table 4.2 Minimum inhibitory concentration (MIC, mg/L) of bulk cinnamon oil and

cinnamon oil nanoemulsions prepared by PIT method. .........cccccovviiiiiiniiininen 40

Table 4.3 Minimum inhibitory concentration (MIC, mg/L) of nanoemulsions
containing 40 %wt of cinnamon oil with different Tween®80 concentration, prepared
DY PIT MEINOU. ...ttt reenne e 59

Table 4.4 Chemical composition of thawed Asian seabass flesh.............c.c.ccccovenenin. 71



LIST OF FIGURES
PAGE

Figure 2.1 Schematic mechanism of PIT method. ..........cccoooeiiiiiiiiicieeee 9

Figure 3.1 GC chromatogram of bulk cinnamon oil: cinnamaldehyde (retention time
= 14.24 min; 79.23% total peak area); benzyl benzoate (retention time = 26.13
min; 11.1% total peak area); and, benzyl alcohol (retention time = 7.73 min; 9.6%
tOtal PEAK BIA). ... .ot 20

Figure 4.1 Absorbance at 600 nm of nanoemulsions using 0 - 50 wt% of cinnamon oil
1N total Lipid PRASE. . ..eoiviiiiiie e 33

Figure 4.2 Absorbance at 600 nm of nanoemulsions using 60 - 100 wt% of cinnamon
0il in total lipid Phase..........ceiiieiiiieii i 34
Figure 4.3 Size distribution curve of nanoemulsions with different cinnamon oil in

®
total lipid phase (0 - 100 wt%) prepared using 10 wt% of Tween 80 and 80 wt%
deionized water by PIT Method. ........c.covoiiiiiiiic e 37

Figure 4.4 Cinnamaldehyde concentration of cinnamon oil nanoemulsions after
emulsification by PIT method at day 0 and day 31 of storage time, the data labels
indicate the PIT temperature of €aCh SYSteM. ..........cccoevieiviii i 42

Figure 4.5 Normalized benzaldehyde concentration of cinnamon oil nanoemulsions
after emulsification by PIT method at day 0 and day 31 of storage time, the data
labels indicate the PIT temperature of each System..........cccccoeveiieiiciccecce e 46

Figure 4.6 Mechanism of conversion of cinnamaldehyde to benzaldehyde and

Figure 4.7 Absorbance at 600 nm of nanoemulsions using 10 wt% (a), 15 wt% (b)

®
and 20 wt% (c) of Tween 80 at 40 wt% of cinnamon oil in total lipid phase and their
appearance at before, during and after the PIT temperature. ...........ccccevvviiiiiiennenne 48
Figure 4.8 Appearance of nanoemulsions containing 40 wt% of cinnamon oil in total
lipid phase with concentration of Tween®80 varied from 10 wt%, 15 wt% and 20
wit%, at below PIT temperature (column A), PIT temperature (column B) and above
PIT temperature (COIUMN C). ..uiiiiiiiiiieiceee s 49

®
Figure 4.9 Impact of Tween 80 (10 wt% (A), 15 wt% (B) and 20 wt% (C))
concentration on mean droplet diameter of nanoemulsions containing 40 wt% of
cinnamon oil in total lipid phase. ...........cccooiiiiiiii 50



Xii

Figure 4.10 Oil droplet morphology of cinnamon oil nanoemulsions containing 40
wt%o of cinnamon oil in total lipid phase with 10, 15 and 20 wt%o surfactant at day 0

(A, C and E, respectively) and day 31 (B, D and F, respectively), storage at 25°C. ..52

Figure 4.11 Effect 0fTween®80 (10 wt% (A,m), 15 wt% (B, A) and 20 wt% (C, e))
concentration on mean droplet diameter of nanoemulsions containing 40 wt% and 60
wt% of cinnamon oil and MCT in total lipid phase and kept at 4°C, 25°C and 32°C
TOT 31 Y S, ttiiitiiieeitie e 55

Figure 4.12 The alteration in particle size distribution of cinnamon oil nanoemulsions
fabricated with different level of surfactant (10(¢), 15(0) and 20(A) wt%) after
emulsification (Figure 4.12A) and during storage at 4, 25 and 32 °C (Figure 4.12B -
D, FESPECHIVEIY). .ottt et ettt et e e steete s e e nre e enes 56

Figure 4.13 Survival curve of E. coli after treated with bulk cinnamon oil and

cinnamon oil nanoemulsions containing 40 wt% cinnamon Oil .............cc.cccceveeenne. 61

Figure 4.14 Survival curve of S. Typhimurium after treated with bulk cinnamon oil

and cinnamon oil nanoemulsions containing 40 wt%o cinnamon oil and 60 wt% MCT

in total lipid phase at different surfactant concentration (10, 15 and 20 wt%),
incubated at 37°C FOr 24 NOUIS. ......coiiiiiiiiiieee e 62

Figure 4.15 Survival curve of S. aureus after treated with bulk cinnamon oil and

cinnamon oil nanoemulsions containing 40 wt% cinnamon oil and 60 wt% MCT in

total lipid phase at different surfactant concentration (10, 15 and 20 wt%), incubated
R A O (0] g N o 11 £ TSRS 63

Figure 4.16 Survival curve of V. parahaemolyticus after treated with bulk cinnamon

oil and cinnamon oil nanoemulsions containing 40 wt%o cinnamon oil and 60 wt%o

MCT in total lipid phase at different surfactant concentration (10, 15 and 20 wt%),
incubated at 37°C FOr 24 NOUIS. ......ocoiiiiiieeeeee e 66

Figure 4.17 FE-SEM micrograph of E.coli, S. Typhimurium, S. aureus and V.
parahaemolyticus after treated with buffer solution (TSB/TSB+2% NaCl; A), bulk
cinnamon oil (B), cinnamon oil nanoemulsions with 10, 15 and 20 wt% Tween®80 (C,
D and E, reSPECLIVEIY)......ooieiiie s 68

Figure 4.18 Cinnamaldehyde concentration of cinnamon oil nanoemulsions after
emulsification by PIT method using different level of Tween®80, at day 0 and day 31
(0] B (o] = To TN £ 01T SRR 69



Xiil

Figure 4.19 Benzaldehyde concentration of cinnamon oil nanoemulsions after
emulsification by PIT method using different level of Tween®80, at day 0 and day 31

OF STOTAQE TIME....eiei bbbt

Figure 4.20 Changes in the total viable count (TVVC) of Asian seabass flesh treated
with/without cinnamon oil nanoemulsion during storage at 4+2 °C for 8 day............ 73



CHAPTER 1

INTRODUCTION

1.1.  Overview of the dissertation

This dissertation proposed an effective method for fabrication of antimicrobial
cinnamon oil nanoemulsions using the phase inversion temperature (PIT) method,
which is simple to carry out and do not require any specialized equipment. The
research was divided into 3 parts. In the first part of research, an impact of oil phase
composition on the optimization of cinnamon oil nanoemulsions was studied.
Important characteristics such as PIT temperature of the system, oil droplet size,
particle size distribution, physical and chemical stability and antimicrobial activity
(against foodborne pathogenic bacteria; Escherichia coli, Salmonella Typhimurium,
S. aureus and V. parahaemolyticus) of the nanoemulsions were used to select the most
appropriate system in order to study the effect of surfactant concentration on the
physicochemical properties and antimicrobial activity of the nanoemulsions in the
second part. Basic characteristics such as PIT temperature, oil droplet size, particle
size distribution, morphology, physical and chemical stability and antimicrobial
activity of the nanoemulsions were also studied. Moreover, dynamic time kill assay
and field emission scanning electron microscopy (FE-SEM) techniques were used to
provide further insights into the antimicrobial activity of the nanoemulsions. After the
optimization of cinnamon oil nanoemulsions using oil phase composition and
surfactant concentration, the most appropriate system was then selected again and
used in the third part of research as the antimicrobial agent for extending the shelf life
of Asian seabass flesh. Comparison between cinnamon oil nanoemulsions and bulk

cinnamon oil were made separately on the microbiological property of the flesh.



1.2. Background and significant of the study

Cinnamon oil is documented as an antimicrobial agent against many types of
foodborne pathogenic bacteria in foods and food products for centuries due to the
ability of its constituents (Hilbig, Ma, Davidson, Weiss, & Zhong, 2016; Ribeiro-
Santos et al., 2017; Zhang, Liu, Wang, Jiang, & Quek, 2016) which penetrate through
the microbial membrane, cause the leakage of ions and cytoplasmic content, thus
leading to the cellular breakdown (Gill & Holley, 2004; Siripatrawan, 2016; Zhang et
al., 2016). However, incorporation of cinnamon oil into food and beverage products
directly is still limited due to the interferences on food organoleptic properties caused
by its hydrophobicity, high reactivity, and strong odor. The use of plant essential oil
(such as cinnamon oil) combined with nanoemulsion delivery system is recently
proposed as a new and effective method to control overall qualities of food and
beverage (Komaiko & McClements, 2016; Ozogul et al., 2017). The nanoemulsions
provide a number of advantages over the conventional emulsions due to the small
droplet size (20-200 nm), resulting in the increasing of i) stability against gravitational
and droplet aggregation, (ii) optical clarity; and (iii) bioactivities such as antimicrobial
activity of the system (Komaiko & McClements, 2016; Ryu, McClements, Corradini,
& McLandsborough, 2018). Although nanoemulsions could be formed by many
methods, phase inversion temperature (PIT) method is a cost efficient method which
provide kinetically-stable nanoemulsions in terms of small droplets size and narrow
size distribution (Chuesiang, Siripatrawan, Sanguandeekul, McLandsborough, &
Julian McClements, 2018; Komaiko & McClements, 2016). Thus, cinnamon oil
nanoemulsions in the present study was fabricated using PIT method with the

variation of oil phase composition and surfactant concentration. Until now, formation



of cinnamon oil nanoemulsions and its efficacy have never been studied for
maintaining quality of fish fillets. The research is hypothesized that physicochemical
and biological properties of cinnamon oil can be improved by its encapsulation with
the nanoemulsion system. Hence, this research aims to extend the shelf life of Asian
seabass flesh by using cinnamon oil nanoemulsions as an antimicrobial agent.
Optimum cinnamon oil nanoemulsion is formulated using PIT method.
Microbiological property of fish flesh after treatment is investigated and compared

with that of untreated one.

1.3.  Objectives of dissertation

1.3.1. To determine the optimal condition for fabrication of cinnamon oil
nanoemulsions using the PIT method.

1.3.2. To investigate the impact of oil phase composition and surfactant
concentration on physicochemical properties of cinnamon oil nanoemulsions.

1.3.3. To compare the antimicrobial activity of cinnamon oil nanoemulsions against
foodborne pathogenic bacteria; E. coli, S. Typhimurium, S. aureus and V.
parahaemolyticus to bulk cinnamon oil.

1.3.4. To extend the shelf-life of Asian seabass flesh by using cinnamon oil
nanoemulsions as an antimicrobial agent and compare to those of bulk

cinnamon oil.

1.4.  Scope of dissertation
The impact of oil phase composition and surfactant concentration on the
physicochemical properties including PIT temperature, oil droplet size, particle size

distribution, physical stability, chemical stability, antimicrobial activity and



mechanism of antimicrobial activity of cinnamon oil nanoemulsions were studied in
this research. The application of antimicrobial cinnamon oil nanoemulsions for

extending the shelf life of Asian seabass flesh was also investigated.

1.5.  Expected beneficial outcomes
1.5.1. An effective method which is simple and consistent to fabricate a highly stable
cinnamon oil nanoemulsion.

1.5.2. An effective method to extend the shelf life of Asian seabass flesh.



CHAPTER 2

LITERATURE REVIEWS

2.1.  Essential oils

Essential oils are secondary metabolites, produced by different part of plants,
and exhibit a range of beneficial biological activities such as antimicrobial,
antioxidant, antitumor, and anti-inflammatory activities due to their constituents,
volatile and non-volatile compounds (Nabavi et al., 2015; Ribeiro-Santos et al., 2017).
Biological properties of essential oils are mainly attributed to the major active
compounds which can be categorized by their chemical structure; terpenes,
terpenoids, aromatic and other compounds (Hassoun & Emir Coban, 2017). Terpenes
are hydrocarbon with isoprene units. Terpenoids e.g. thymol, carvacrol and linalool
are terpenes constructed with oxygen molecules. The others are known as alcohols,
aldehydes, ketones, esters or ethers. Many essential oils such as thyme oil, cinnamon
oil and oregano oil are reported as a strong antimicrobial and antioxidant agent
against pathogenic bacteria and fungi either in vitro or in vivo (Dorman & Deans,
2000; Gutierrez, Barry-Ryan, & Bourke, 2009; Sienkiewicz, Lysakowska, Denys, &
Kowalczyk, 2012). In the present study, antimicrobial property of cinnamon oil is

focused.

2.1.1. Cinnamon oil

Cinnamon oil is extracted from cinnamon (Cinnamomum verum) plant.
It has been used as a flavoring agent, natural antioxidant, and antimicrobial
agent in foods. The antimicrobial activity of cinnamon oil depends on the

concentration of active ingredients it contains, depending on which part of the



plant it comes from (Nabavi et al., 2015). Cinnamaldehyde is the major
constituent of cinnamon bark oil but various minor constituents including
benzyl benzoate, linalool, eugenyl acetate and eugenol are also present
(Friedman, Kozukue, & Harden, 2000; Nabavi et al., 2015). The antimicrobial
activity of cinnamaldehyde has been demonstrated against a wide range of
foodborne pathogens such as Escherichia coli, Salmonella sp., Staphylococcus
aureus and Listeria monocytogenes (Hilbig et al., 2016; Ribeiro-Santos et al.,
2017; Zhang et al.,, 2016). Mechanisms of action are attributed to the
interaction with the cell membrane, thus leading to the increasing in the
permeability and inhibition of energy metabolism of the cells. The interruption
of proton motive forces is also reported and resulted in the leakage of small
inner cell materials (Gill & Holley, 2004; Siripatrawan, 2016; Zhang et al.,
2016). Cinnamaldehyde also caused the alteration of bacterial morphology due
to its ability to change the composition of fatty acid in bacterial cell membrane
(Friedman, 2017). The fact that cinnamon oil exhibits strong antimicrobial
activity has led to a considerable interest in its potential as a natural
preservative. However, the direct incorporation of cinnamon oil into food and
beverage products is still limited due to its hydrophobicity, high reactivity, and
strong odor. Minimizing its negative impact on the organoleptic properties of
foods, while still retaining its strong antimicrobial activity is a major challenge

for the food industry (Donsi & Ferrari, 2016; Ryu et al., 2018).

2.2. Nanoemulsions
Oil-in-water nanoemulsions are one of the most promising types of colloidal

delivery system suitable for encapsulating essential oils (Donsi & Ferrari, 2016; Fathi,



Mozafari, & Mohebbi, 2012; McClements, 2011). These systems consist of small
emulsifier-coated oil droplets dispersed within an aqueous medium. The droplets in
nanoemulsions typically have mean diameters below 200 nm, which is in contrast to
conventional emulsions that have mean droplet diameters above this value
(McClements & Rao, 2011). The small size of the droplets in nanoemulsions has a
number of potential advantages for developing delivery systems: (i) good stability to
gravitational stability and droplet aggregation; (ii) high optical clarity; and (iii)

increased bioactivity (McClements & Rao, 2011).

2.2.1. Nanoemulsion formation approaches

In general, nanoemulsions can be fabricated using either high-energy
or low-energy approaches (McClements, 2011). Each of these methods has its
own advantages and disadvantages for specific applications and must be
optimized to produce nanoemulsions with the appropriate stability,
physicochemical, and functional properties (Karthik, Ezhilarasi, &

Anandharamakrishnan, 2017).

2.2.1.1. High-energy approaches

High-energy approaches utilize specialized mechanical devices,
referred to as homogenizers, which generate intense disruptive forces
that breakup and intermingle the oil and water phases (Gupta, Eral,
Hatton, & Doyle, 2016). The most commonly employed mechanical
homogenizers used for this purpose are high pressure valve
homogenizers (Yuan, Gao, Zhao, & Mao, 2008), sonicators (Amani,

York, Chrystyn, Clark, & Do, 2008; Leong, Wooster, Kentish, &



Ashokkumar, 2009) and microfluidizers (Lee & Norton, 2013; Qian &

McClements, 2011).

2.2.1.2. Low-energy approaches

Low-energy approaches rely on the spontaneous formation of
small oil droplets when the composition or environmental conditions
of certain surfactant-oil-water mixtures are altered in a specific way
(Komaiko & McClements, 2016; Solans & Solé, 2012). The main
advantages of low energy methods for food applications are that they
are simple to carry out and they do not require any specialized
equipment. Currently, different low energy methods including the
phase inversion temperature (PIT), emulsion inversion point (EIP) and
spontaneous emulsification (SE) methods (Komaiko & McClements,
2016; Solans & Solé, 2012) have been used to fabricate the

nanoemulsions.

2.2.1.2.1. Phase inversion temperature (P1T) method
The PIT method is based on alterations in the hydration
properties of nonionic surfactant head groups when the

temperature changes (Figure 2.1).



cinnamon oil Tween®80 cinnamon oil T ®80 T & i oil

water water water water water

Coase o/w emulsion Bicontinuous phase w/o emulsion Bicontinuous phase o/w nanoemulsion
(under PIT) microemulsion (above PIT) microemulsion (under PIT)
(at PIT) (at PIT)

Figure 2.1 Schematic mechanism of PIT method.

The head-group is highly hydrated at relatively low
temperatures but becomes progressively dehydrated as the
temperature is increased (Anton & Vandamme, 2009;
Chuesiang et al., 2018; Roger, Cabane, & Olsson, 2010; Roger,
Cabane, & Olsson, 2011). This change in hydration alters the
water-solubility of the surfactant, as well as the optimum
curvature of the surfactant monolayer. At low temperatures, the
surfactants are more hydrophilic and favor the formation of oil-
in-water systems, but at high temperatures they are more
lipophilic and favor the formation of water-in-oil systems. At
intermediate temperatures (around the PIT), the system tends to
exist as a bicontinuous microemulsion that is optically
transparent (Chuesiang et al., 2018; Rao & McClements, 2010).
If this microemulsion is rapidly cooled from temperatures
around the PIT with stirring, it is possible to form
nanoemulsions containing very fine oil droplets (Chuesiang et

al., 2018; Roger et al., 2010).
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2.2.1.2.2. Emulsion inversion point (EIP) method

The EIP method formulates nanoemulsions by causing a
phase inversion when an aqueous phase is titrated into a stirring
oil-surfactant mixture phase. The formation of a bicontinuous
microemulsion relates to the alteration of hydration and
dehydration properties of surfactant head group and surfactant
curvature which depending on the volume ratio between oil and
water. The mechanism of EIP method has been proposed by the
production of swollen reverse micelles inside the oil droplets

during the titration of an aqueous phase (Roger et al., 2010).

2.2.1.2.3. Spontaneous emulsification (SE) method

In order to formulate the nanoemulsions using the SE
method, titration of an organic phase (a mixture of essential oil
and hydrophilic surfactant) into an aqueous phase (water of
buffer solution) is usually carried out after surfactant-oil-water
ratio, temperature, stirring speed and addition rate are
optimized (Komaiko & McClements, 2016). A mechanism for
SE to form nanoemulsions is proposed to be similar to that of
PIT method which involves in the formation of a bicontinuous
microemulsion at the boundary where the organic and aqueous
phases come into contact. The generation of small oil droplets
is then occurred when the bicontinuous microemulsion phase
breaks up (Lépez-Montilla, Herrera-Morales, Pandey, & Shah,

2002). Although nanoemulsions can be form utilizing SE
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method without an energy input, some additional mixing might
be needed to complete the degradation of a bicontinuous

microemulsion (Komaiko & McClements, 2016).

2.2.2. Factors affecting the properties of nanoemulsions fabricated using low
energy approaches

There are a number of important factors related to the properties such
as droplet size, particle size distribution and stability of the nanoemulsion
produced by low-energy approaches. In this study, factors which are
influenced on the properties of nanoemulsions fabricated using the PIT

method are focused.

2.2.2.1. Type of ripening inhibitor

Ripening inhibitor or carrier oil is well known as a lipophilic
substance with a very low water-solubility (Chuesiang et al., 2018).
Addition of ripening inhibitor into the oil phase before homogenization
IS evident to increase the stability of nanoemulsions by inhibiting the
process called “Ostwald ripening” (Chang, McLandsborough, &
McClements, 2013). Although, ripening inhibitors, long chain
triglyceride (LCT) oil and medium chain triglyceride (MCT) oil, are
commonly used in the fabrication of nanoemulsions by low-energy
method, smallest droplets in a nano-range can be formed when using
the MCT oil. In contrast, LCT oil has been reported to increase the
initial mean droplets size and thermal stability of the vitamin E acetate

loaded nanoemulsion form by low-energy method, spontaneous
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emulsification (Saberi, Fang, & McClements, 2013). Moreover,
Chang, McLandsborough, & McClements (2013) also noted that stable
carvacrol nanoemulsions could not be formed when LCT oil was used

as a ripening inhibitor.

2.2.2.2. Oil phase composition

Oil phase composition means the ratio of oil (such as essential
oils, flavor oils, or other oils used for encapsulation of their active
ingredients into a nanoemulsion form) and ripening inhibitor in a total
oil phase that influences on interfacial tension, phase behavior,
viscosity, polarity and water-solubility of the oil phase. Thus, results in
the formation and stability of nanoemulsions after emulsification and
during storage (Davidov-Pardo & McClements, 2015; Komaiko &
McClements, 2016). In PIT fabricated nanoemulsions, only certain
composition of oil phase and MCT oil that facilitate the fabrication and
stability of nanoemulsions by leading the formation of a bicontinuous

microemulsion during heating (Chuesiang et al., 2018).

2.2.2.3. Surfactant concentration

Surfactant concentration is one of the most important factors
affected the formation and stability of nanoemulsions fabricated by
PIT method. This method is simply involving in the alteration of
hydrophilic and hydrophobic properties of the surfactant head-group
when the temperature change. Thus, the amount of surfactant should be

enough to facilitate the formation of a bicontinuous microemulsion at a
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certain temperature (= PIT temperature). The more surfactant
concentration is believed to increase the surfactant molecules diffusing
from an organic phase to an aqueous phase during the breakdown of a
bicontinuous microemulsion occurred in cooling process. However,
this is also a factor that must be optimized to control the formation of
nanoemulsion since excessive surfactant concentration could increase
the size of oil droplets due to the formation of other phases such as
cubic phase, liquid crystalline phase or gel-like clump instead of a

bicontinuous microemulsion.

2.2.2.4. Cooling rate

In the PIT method which the nanoemulsions formed by
temperature alteration, the cooling process becomes important to
induce the movement of surfactant molecules from an organic phase to
an aqueous phase in order to fabricate the o/w nanoemulsions.
Although, the formation of a bicontinuous microemulsion is critical in
formulating of small oil droplets, the surfactant curvature at PIT
temperature favors neither the oil phase nor agueous phase resulting in
a very low interfacial tension of the systems. These conditions increase
the chance of flocculation and coalescence to be occurred in a slow
cooling process. Thus, stable nanoemulsions with a narrow particle
size distribution could not be formed. Rapid cooling process is
suggested to utilize to decrease the temperature of the systems to

around PIT-30°C to maintain the oil and water interface and to
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fabricate the small oil droplets with stirring (Chuesiang et al., 2018;

Komaiko & McClements, 2016).

2.2.3. Destabilization process of nanoemulsions

2.2.3.1. Flocculation and coalescence

Flocculation and coalescence are droplet aggregation process
occur when the attractive forces between droplets are stronger than the
repulsive forces. Flocculation is defined as a phenomenon which two
or more droplets floc together to form a larger size of cluster without
the fusion of the droplets. Whereas, coalescence which usually occurs
beyond flocculation, is called when the droplets fuse together to
become a one larger droplet size. Flocculation and coalescence can be
prevented by i) steric repulsion which has been increased in the
nanoemulsions due to the high ratio of steric layer compared to the size
of droplets and ii) electrostatic repulsion occurs when the ionic
surfactants are used to generate charges on the surface of the dispersed

droplets.

2.2.3.2. Ostwald Ripening

Nanoemulsions are highly prone to destabilization through a
physicochemical phenomenon called Ostwald ripening (OR), which is
promoted by the diffusion of oil molecules with high solubility from
small droplets to the larger ones via a surrounding medium (Taylor,
1998). OR is mainly caused by the differences in Laplace pressure

between the smaller and larger oil droplets contained in the
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nanoemulsions. As the smaller ones become more soluble in an
aqueous phase, their chemical potential change and thus, they are
susceptible to OR, which finally leads to a growth of droplet size over
time. Addition of ripening inhibitor into the oil phase before
homogenization is one way to prevent OR by changing the oil phase
composition and decreasing the water solubility of the oil molecules
(McClements & Rao, 2011). Since, ripening inhibitor could not diffuse
out from the droplets fast, it can be assumed that the oil molecules with
high solubility will be kept in the droplets contained in nanoemulsion
incorporating with ripening inhibitor (Ryu et al., 2018; Taylor, 1988).
However, adding of a ripening inhibitor may have an adverse effect on
the properties and functionalities of the nanoemulsions (Chuesiang et
al., 2018). For example, increasing in concentration of ripening
inhibitor diminished the antimicrobial activity of thyme oil
nanoemulsion due to a reduction of hydrophobic active ingredients

transferred to hydrophobic bacterial membrane (Ryu at al., 2018).

2.3. Asian sea bass (Barramundi)

Asian seabass or barramundi (Lates calcarifer) is rapidly spread throughout
Australia and the Southeast Asia due to its fast growth rate and high market demands.
Within Thailand, the production of seabass was increased continuously from 16200
tons in 2011 to 17500 tons in 2015 which is mainly for domestic consumption or
export to neighboring country such as Singapore, Hongkong and Malaysia
(Tookwinas, Srichantulk, & Choongan, 1994). The quality of Asian seabass fillet or

flesh has been reported as a valuable source of protein, essential fatty acid and
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micronutrients (Manthey-Karl, Lehmann, Ostermeyer, & Schroder, 2016). However,
its quality deteriorates rapidly after death due to the enzymatic and microbiological
activities. Chilling or freezing are ways to extend the shelf life of Asian seabass fillets
or fleshes by lowering, killing or injuring bacterial cells, thus decreasing the rate of
spoilage. Preliminary processes including handling, scaling, washing, deheading,
gutting, cutting away of the fin, and filleting (or slicing the fillets into smaller pieces),
of the death whole fishes prior to chilling or freezing should be done immediately to

control the quality and safety of the final products.

2.3.1. Quality assessments

Fish spoilage is a process implicated with microbiological, chemical
and physical alteration of the fish during storage (Jones & Carton, 2015).
Although, chilling or freezing are effective in extending the shelf life of the
fish, microbial repairing or growth can be occurred due to either internal or
external factors (Cheng, Sun, Han, & Zeng, 2013). Here in, microbiological

property of the fish is discussed.

2.3.1.1. Microbiological quality

Microbiological quality of fresh fish is significantly attributed
to the number of initial microflora, which can be varied depend on the
environmental factors such as season, temperature, handling and
processing of the fish after death. The bacterial strains that involve in
the deterioration of fish are divided into 2 groups, spoilage organisms
and foodborne pathogens. Spoilage organisms including Pseudomonas

sp., Photobacterium sp., Aeromonas sp., and Shewanella sp., are
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responsible for the quality changes during storage. They produce
undesirable compounds which are related to unacceptable flavors,
odors and texture of the fillet or flesh. Foodborne pathogens e.g. E.
coli, Salmonella sp., Staphylococcus aureus or Vibrio sp. are food
contaminated bacteria that cause a foodborne illness to human, thus
they are responsible for safety of the foods. Foodborne pathogens
could encounter to the fish naturally from water in the pond or cage or
could come from cross contamination which occurred due to poor
sanitary during handling or preparation steps. Although many bacteria
grow less at the temperature below 10°C, their activities are relatively
important in the temperature range from 0-25°C with a temperature
fluctuation during chilling or freezing. Therefore, mandatory standards
for enumeration of mesophilic bacteria or total viable count (TVC) are
established. Fish fillets or fleshes with the initial number of TVC
values range from 3.35-4.58 log CFU/g are defined to have a good
quality (ICMSF, 1998), whereas, the TVC of 6 log CFU/g indicates the
nearly spoilage of products and lastly, acceptability limit is set at 7 log
CFU/g for human consumption of fresh water and marine species
(ICMSF, 1986, 1998). In Thailand, the TVC of frozen fish fillets must
not exceed 5.7 log CFU/g (=5 x 10° CFU/g). The Most Probable
Number (MPN) of E. coli and S. aureus shall not exceed 10/g and
100/g of product, respectively. S. Typhimurium and V. cholerae must

not be found in 25 g of product (National Bureau of Agricultural
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Commodity, Food Standards Ministry of Agriculture, & Cooperatives,

2015).

2.4. Application of essential oils on the fish preservation

Various essential oils can be applied in many foods due to their biological
activities and their preservative effect. Applying essential oils directly to the
fish/fillet/flesh is the most commonly used method (Hassoun & Emir Coban, 2017).
However, this method has its own disadvantage on the organoleptic quality of the
products. Concentration of essential oils used to apply to the products is usually
higher compared to that from the in vitro test. Therefore, the used of encapsulation
and delivery technique such as a nanoemulsion technique has become a popular
option due to its ability to minimize the effect of essential oils on sensory attributes of
the products (Hassoun & Emir Coban, 2017; Ozogul et al., 2017). It is believed that
encapsulation of essential oils into nanoemulsions helps increase i) stability of the oils
and their active ingredients by protecting them from undesirable reactions including
chemical or environmental reaction and ii) their biological activities such as
antimicrobial property by enhancing a passive cellular uptake (Sugumar, Ghosh,

Mukherjee, & Chandrasekaran, 2016).



CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

Cinnamon oil was purchased from CT Chemicals Ltd. (Bangkok, Thailand).
Cinnamon oil used in this study was analyzed using gas chromatography/mass
spectroscopy (GC/MS; 7890B GC, Triple Quadrupole GC/MS (GC-QQQ), Agilent,
Belgium) for its major active compounds. Cinnamaldehyde (retention time = 14.24
min; 79.2% total peak area), benzyl benzoate (retention time = 26.13 min; 11.1% total
peak area) and benzyl alcohol (retention time = 7.73 min; 9.6% total peak area) were
observed as major components of the cinnamon oil (Figure 3.1). MCT oil
(miglyol_812), used as ripening inhibitor, was purchased from Warner Graham
Company (Sasol Germany GmbH). A food-grade non-ionic surfactant (Tween®80)
was purchased from the Sigma-Aldrich Co. (St. Louis, MO). Deionized water was
used in the preparation of all solutions and emulsions. For analysis of cinnamaldehyde
and benzaldehyde content in nanoemulsions by high performance liquid
chromatography (HPLC), analytical standards, cinnamaldehyde (Sigma—Aldrich
06536) and benzaldehyde (Sigma—Aldrich 09143) were purchased. E. coli (ATCC
25922), S. Typhimurium (ATCC 29630), S.aureus (ATCC 6538) and V.
Parahaemolyticus (ATCC 17802) were obtained from the American type culture
collection. Vacuumed-sealed frozen Asian seabass fleshes were purchased from 88

Foods Co., Ltd. (Bangkok, Thailand).
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Figure 3.1 GC chromatogram of bulk cinnamon oil: cinnamaldehyde (retention time
= 14.24 min; 79.23% total peak area); benzyl benzoate (retention time = 26.13 min;
11.1% total peak area); and, benzyl alcohol (retention time =7.73 min; 9.6% total

peak area).

3.2. Formulation of cinnamon oil nanoemulsions

Cinnamon oil nanoemulsions were prepared based on the method described by
Chuesiang et al., (2018b). The ratio of cinnamon oil-to-MCT was varied (0 :10, 1:9,
2:8,3:7, 4:6, 5:5, 6:4, 7:3, 8:3, 9:1 and 10:0 wt%), while keeping the total level of the
oil phase (10 wt%), surfactant (10 wt% Tween® 80)and water phase (80 wt%
deionized water) constant. Initially, cinnamon oil and MCT were mixed together for 3
min, and then Tween® 80 and deionized water were added. All components were
mixed together for 30 min to create a coarse emulsion, each system was then heated to
15°C above the phase PIT. In this study, the PIT was defined as the temperature
where the system had a low turbidity due to microemulsion formation. After that, a
two-step cooling process was carried out. Firstly, the temperature was decreased to
the PIT and held for 10 mins to allow a stable microemulsion to form. Secondly, a

rapid cooling step was carried out by adding 250 g of cold deionized water (4°C) to



21

the system with continuous stirring for 3 min. The PIT was measured using the
method described by Chuesiang et al. (2018b). The mean droplet diameter, particle
size distribution and stability of all samples were measured using the methods

described by Chang, McLandsborough & McClements (2013).

3.2.1. Determination of PIT

Turbidity measurements were used to determine the PIT in the present
study. Firstly, coarse emulsions were prepared using the method described
earlier. These systems were then placed in a quartz cuvette and subjected to a
controlled heating/ cooling cycle using an UV/visible spectrophotometer
(Ultraspec 3000 pro; Biochrom Ltd., Cambridge, UK) with a temperature
control module (programmable heated cell holder, 80-2106-14; Biochrom
Ltd., Cambridge, UK). The samples were heated from 25 to 90 °C at 5°C /
min, held at 90 °C for 10 min, and then cooled from 90 to 25°C at 5°C /min.
Turbidity (at 600 nm) versus temperature curves were acquired using

deionized water as a reference (blank).

3.2.2. Particle size and particle size distribution measurements

The mean droplet diameter and particle size distribution of cinnamon
oil nanoemulsions were measured using a dynamic light scattering instrument
(Zetasizer NanoZS, Malvern Instruments Ltd, Malvern, UK) after being stored
at 25°C for 0 or 31 days. Particle size information was obtained from
measurements of the intensity-time fluctuations of a laser beam scattered from
the samples at an angle of 173°. The samples were diluted with deionized

water (1:40 v/v) prior to analysis to avoid multiple scattering effects.
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3.2.3. Determination of antimicrobial activity

The antimicrobial activity of the cinnamon oil nanoemulsions was
determined against Gram positive (S. aureus) and Gram negative (E. coli, S.
Typhimurium and V. Parahaemolyticus) bacteria by determining the MICs
value, following the method of Weerakkody, Caffin, Turner, and Dykes
(2010) with slight modifications. This was achieved using the macro-broth
method, which involved preparing a series of two-fold dilutions of cinnamon
oil nanoemulsions, ranging from 11,429 mg/L to 179 mg/L in 1 mL of tryptic
soy broth (TSB) or TSB +2 wt% NaCl (for V. parahaemolyticus). Before use,
the bacteria cells were streaked from -80 °C glycerol stock onto each
bacterium selective media: mannitol salt agar, MacConkey agar, xylose lysine
deoxycholate agar and thiosulfate citrate bile salts sucrose agar for S. aureus,
E. coli, S. Typhimurium and V. parahaemolyticus, respectively. A fresh single
colony of each bacterial strain after incubating at 37 °C for 24 h was
transferred into TSB or TSB+2wt% NaCl (for V. parahaemolyticus). Then the
cultured cells were incubated overnight (18 h at 37 °C, stationary phase cells)
and inoculated again in TSB or TSB+2wt% NaCl (for V. parahaemolyticus) at
an initial turbidity of 0.2 at 600 nm to obtain the initial number of bacteria at
approximately 8 log CFU/mL. Then 1 mL of each aliquot culture was added to
the prepared nanoemulsions and mixed together using a vortex before the
samples were incubated at 37°C for 24 h. MICs were determined as the lowest
concentration of cinnamon oil nanoemulsions that inhibited the visible growth
(turbidity) of each bacterium. In this study, MICs of the cinnamon oil

nanoemulsions were compared to those of bulk cinnamon oil, prepared in the
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same manner except that the concentration of bulk cinnamon oil ranged from
500,000 mg/L to 122 mg/L. The initial number of each bacterium were

counted using plate counts method. Each test was performed in triplicate.

3.2.4. High Pressure Liquid Chromatography (HPLC) analysis
Cinnamaldehyde and benzaldehyde concentrations were measured in
cinnamon oil nanoemulsions formulated wusing different oil phase
compositions (0:10-10:0 wt% cinnamon oil : MCT in total lipid phase)
immediately after emulsification, and after storage for 31 days using a HPLC-
UV system (Gursale, Dighe, & Parekh, 2010; Kashani, Moghaddam, &
Mehramizi, 2012). The HPLC (Model Prominence-i LC-2030 3D Shimadzu
Corporation, Japan) was equipped with a photodiode array (PDA) detector and
an auto-sampler injection valve. Wavelengths from 190 to 500 nm were
selected for data acquisition. A reverse phase Cig column (Hypersil ODS-
2,200 mm lengthx 4.6 mm internal diameter, Thermofisher scientific,
Waltham, MA, U.S.A.) was used as an analytical column. The mixture of
deionized water and acetonitrile at 50:50 %v/v was utilized as a mobile phase
isothermally (25°C) at the flow rate of 1.2 ml/min. In this study, each sample
was diluted in deionized water at 1:100 v/v, then 15 pl of the diluted and
filtered samples were injected into the system. Cinnamaldehyde and
benzaldehyde were detected at 284 nm and 242 nm, respectively as tested
using analytical standards. Calculation of % normalized of benzaldehyde

content were shown below. All experiments were carried out in duplicate.

: BA t
% normalized of benzaldehyde content = (ﬂ )% 100

CA present
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Where, BA present and CA present are the benzaldehyde concentration and

cinnamaldehyde concentration from HPLC, respectively.

3.3. Impact of surfactant concentration on the nanoemulsion properties

The effect of surfactant level on the properties of selected cinnamon oil
nanoemulsion was determined. These systems contained 10 wt% total oil phase, but
different levels of surfactant (10, 15 and 20 wt% T Tween®80), with the remainder being
aqueous phase (deionized water). The PIT, mean droplet diameter, particle size
distribution, particle morphology, physical stability, antimicrobial activities and

chemical stability of the samples were then measured using the following methods.

3.3.1. PIT Determination
The effect of surfactant level on the PIT of cinnamon oil
nanoemulsions fabricated with different level of surfactant was examined

using the methods described in Section 3.2.1.

3.3.2. Particle size and particle size distribution characteristics

The change in particle size of the nanoemulsions was measured
throughout storage at 4, 25 and 32 °C for 31 days. The mean droplet diameter
and particle size distribution of the samples were determined using a dynamic
light scattering instrument (Zetasizer NanoZS, Malvern Instruments Ltd,
Malvern, UK) at 25°C as described in Section 3.2.2. However, the samples
were diluted differently with deionized water: 1: 40 v/v (10 wt% Tween®80
sample); 1:20 v/v (15 wt% Tween®80 sample); and, no dilution (20 wt%
Tween®80 sample). Different dilution levels were required because the

samples had different turbidities (light scattering efficiencies).
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3.3.3. TEM analysis

The morphology of the droplets in the cinnamon oil nanoemulsions
was determined using transmission electron microscopy (JEOL 2000FX
Electron Microscope, LaB6 Source, JEOL institute, USA). Cinnamon oil
nanoemulsions (10 ul) were dropped on an ultra-thin TEM grid (FCF400 Cu
UB 400 mesh, Electron Microscopy Science) for 10 sec and were then stained
using uranyl acetate negative stain solution for 20 sec (Chuesiang et al., 2018).
After that, the TEM grids were washed 3 times by touching them onto the
surface of a drop of deionized water. Finally, the TEM grids were dried
overnight at 25°C. The morphology of the oil droplets was then observed at
12,000x magnification at an operating acceleration voltage of 200 kV

(Chuesiang et al., 2018).

3.3.4. Determination of nanoemulsion stability
The stability of the cinnamon oil nanoemulsions was studied by
measuring the change in the mean droplet diameter and polydispersity index

throughout 31 days storage at 4, 25, and 32 °C (Chuesiang et al., 2018).

3.3.5. Determination of antimicrobial activities

The four tested bacteria, including one Gram positive (S. aureus) and
three Gram negative (E. coli, S. Typhimurium and V. parahaemolyticus)
strains, were kept at -80°C in a mixture of tryptic soy broth (TSB) or TSB+2
wt% NaCl (for V. parahaemolyticus) containing 25 %v/v of glycerol. Before
use, each strain was prepared as described in section 3.2.3. The antimicrobial

activity of cinnamon oil nanoemulsions was determined by investigating their
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MICs and dynamic time kill plot. In addition, bacteria morphological change
after exposure to the cinnamon oil nanoemulsions was conducted using field

emission scanning electron microscopy (FE-SEM).

3.3.5.1. Determination of MICs

The MICs of cinnamon oil nanoemulsions against the four
foodborne pathogens were determined by adding 1 mL of each
bacterium (8 log CFU/mL) into 1 mL of TSB or TSB + 2wt% NaCl
containing various concentrations of cinnamon oil nanoemulsions
(ranging from 11429 to 179 mg/L). Inoculated tubes were mixed with a
vortex prior to incubation at 37°C for 24 h. Each experiment was

carried out in triplicate.

3.3.5.2. Dynamic time kill assay

Dynamic time Kkill assay of cinnamon oil nanoemulsions
prepared with differing concentrations of Tween®80 (10, 15 and 20
wt%) against the four foodborne pathogens were investigated at their
MICs  following the ~ method  of Chuesiang,  Siripatrawan,
Sanguandeekul, McClements, and McLandsborough (2019) with slight
modifications. Briefly, 1 mL of overnight growth of each bacterium
(approximately 8 log CFU/ mL) was inoculated into a test tube
containing 1 mL of TSB (for E. coli, S. Typhimurium and S. aureus)
and TSB + 2 wit% NaCl for V. parahaemolyticus with MIC
concentration of cinnamon oil nanoemulsions. The tubes were

incubated at 37°C for 0, 1, 2, 3, 4, 8, 12 and 24 h. The dilution series



27

were prepared and the surviving cells in all samples were enumerated
after exposure to the treatments at each time point by using a spread
plate technique. The dynamic time kill was determined by plotting
between log No — log Nt against Time (h), given that No is the initial
number of each bacteria and Nt is the survival cell number of bacteria
after treatment at each contact time. The experiments of those bacteria
treated with bulk cinnamon oil, sterile deionized water, or 20 wt%
Tween®80 solution were prepared in the same manner. Each

experiment was carried out in triplicate.

3.3.5.3. FE-SEM

Bacterial morphology was studied using FE-SEM (JSM-7610F,
Tokyo, Japan) following the method described by Chuesiang et al.
(2019). Gram negative, E. coli, S. Typhimurium and V.
parahaemolyticus (approximately 8 log CFU/mL) were treated with
cinnamon oil nanoemulsions at their MICs obtained from section
3.3.5.1. and incubated at 37°C for 3 h. Gram positive S. aureus was
treated and incubated at 37°C for 8 h. The cell suspensions were then
centrifuged at 1500 g for 10 min and fixed with 2.5% glutaraldehyde in
phosphate buffer solution at 4°C for 2 h. After that, the suspension was
dropped on a glass cover slip coated with poly-L-lysine for 10 min
prior to wash twice using 0.1 M phosphate buffer solution pH 7 for 5
min each. All bacteria were washed again with distilled water for 5
min and dehydrated using a sequential grade ethanol at various

concentration (30, 50, 70, 95 and 100%) for 5 min each. Bacteria were
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then dried in a critical point dryer (Leica, EM-CPD 300, Austria) for 1
h and sputtering coated with gold under vacuum in a sputter coater
(Balzers model SCD 040, Germany) for 2 min, followed by

microscopic examination using a FE- SEM.

3.3.6. High Pressure Liquid Chromatography (HPLC) analysis
Cinnamaldehyde and benzaldehyde concentrations were measured in
cinnamon oil nanoemulsions formulated using different surfactant
concentration (10-20 wt% Tween® 80) at immediately after emulsification,
and after storage for 31 days using a HPLC-UV system (Gursale et al., 2010;
Kashani et al., 2012). The HPLC (Model Prominence-i LC-2030 3D Shimadzu
Corporation, Japan) used in this study was in the same condition as described

in section 3.2.4.

3.4. Applications of cinnamon oil nanoemulsions on frozen Asian seabass fleshes
Vacuum-sealed frozen Asian seabass fleshes (approximately 25 g per piece)
were temperature-controlled (-25 °C) transported to the laboratory and were
immediately thawed at 4 + 2 °C overnight (20 h) before used. They were then tested
for microbiological property. Samples were separated into 5 groups and treated with

different treatments as described in Table 3.1.
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Table 3.1 Description of treatments for Asian seabass fleshes.

Treatment Description
CTRL Control: fish fleshes without treatment
CON1 Samples soaked in 1429 mg/L of cinnamon oil

nanoemulsion (fabricated 15wt% Tween® 80)
CON2 Samples soaked in 11429 mg/L of cinnamon oil

nanoemulsion (fabricated 15wt% Tween® 80)
BCO1 Samples soaked in 488 mg/L of bulk cinnamon oil

BCO2 Samples soaked in 11429 mg/L of bulk cinnamon oil

- Concentrations of cinnamon oil nanoemulsions and bulk cinnamon oil used in this

study were obtained from their MIC.

3.4.1. Proximate analysis

The proximate composition of Asian seabass fleshes was analyzed
following the AOAC method (2016). The method number 950.46(b), 981.10,
948.15 and 938.08 were used for analyzing of moisture, protein, fat and ash
content, respectively. Carbohydrate content was calculated by subtracting

other contents from 100.

3.4.2. Sample preparation

For preparing the samples, 10 pieces of flesh were separately soaked in
300 mL of treatments including CON1, CON2, BCO1 and BCO2 for 30 min
at 25°C. After that, 2 pieces of fish flesh (approximately 50 g per 2 pieces)
were packed individually in a polyethylene (PE) bags and heated seal using an

impulse sealer (PHS 450 10D). All samples were stored at 4 £ 2 °C.
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3.4.3. Microbiological analysis

For microbiological analysis, enumeration of total viable count (TVC)
in thawed and unpacked fleshes were determined. During storage, fish fleshes
from each treatment were aseptically unpacked and transferred to a stomacher
bag containing 450 mL of 0.1% sterile peptone water. A mixture was
homogenized in a stomacher set to 230 rpm for 2 min. Then, 10-fold dilution
series were created and plated on to total plate count agar and incubated at
30°C for 48 h. Enumeration of TVC was measured in every 2 days for 8 days

of storage period. The experiment was carried out in triplicate.

3.5. Statistical analysis

Statistical analysis was performed using software (IBM SPSS Statistic Version
22) with one-way analysis of variance being carried out and differences between
means being compared using Duncan’s new multiple range test at a significant level

lower than 0.05 (p < 0.05).



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Formation of cinnamon oil nanoemulsions using PIT method

Nanoemulsions containing 10 wt% oil phase (cinnamon oil and MCT), 10
wt% surfactant (Tween® 80) and 80 wt% aqueous phase (deionized water) were
initially prepared using the PIT method. The oil phase composition was varied by
altering the mass ratio of cinnamon oil to MCT. The PIT, mean droplet diameter,
particle size distribution, physical stability, antimicrobial activity and chemical

stability of the nanoemulsions were then measured.

4.1.1. Impact of oil phase composition on PIT

The turbidity-temperature profiles of the surfactant-oil-water mixtures
were measured when they were heated and then cooled in a UV-visible
spectrophotometer (Figure 4.1-4.2). Initially, the experimental data obtained
during the heating process is discussed. For some samples, an appreciable
decrease in turbidity was observed over a certain temperature range, whereas
for other samples the turbidity remained high across the entire temperature
range. These results suggest that only certain levels of cinnamon oil (10 - 50
wt%) in the oil phase provided conditions where a transparent bicontinuous
microemulsion could be generated at intermediate temperatures (Figure 4.1).
If the cinnamon oil level was too high or too low, then it was not possible to
obtain transparent systems at any temperature (Figure 4.2). The phase
inversion temperature was defined as the temperature where the turbidity first

decreased steeply during heating. The PIT decreased from 90°C to 67°C as the
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cinnamon oil level in the lipid phase increased from 10 - 40 wt%, but then
increased when it was increased further. The turbidity-temperature profiles of
the samples were also measured when they were cooled. A pronounced
decrease in turbidity during cooling was observed in the same samples where a
pronounced decrease in turbidity occurred during heating. However, the
temperature range where clear systems were obtained was broader during
cooling than during heating. This effect may have been because the kinetics of
microemulsion formation/disruption and nanoemulsion formation/disruption
were different. Alternatively, it may have occurred because the inherent lag-
time where the temperature of the sample has to catch up to the set
temperature was different during heating and cooling. Previous studies have
shown that the formation of a bicontinuous microemulsion during cooling is
usually a prerequisite for the subsequent formation of a nanoemulsion (Anton,
Gayet, Benoit, & Saulnier, 2007; Anton & Vandamme, 2009; Roger et al.,
2010). At the PIT, the surfactant monolayer has an optimum curvature close to
unity, the interfacial tension is relatively low, and the surfactant has a similar
affinity for both the oil and water phases. As a result, a bicontinuous
microemulsion is formed that contains small colloidal structures that do not
scatter light strongly. When the temperature is reduced below the PIT, the
optimum curvature of the surfactant monolayer favors the formation of oil
droplets, the interfacial tension increases, and the surfactant has a much
stronger affinity for the aqueous phase. As a result, small oil droplets
dispersed in water are spontaneously formed when the system is cooled below

the PIT (Chuesiang et al., 2018). Consequently, only those oil phase
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compositions leading to the formation of transparent bicontinuous
microemulsions at intermediate temperatures would be expected to form
nanoemulsions (Chuesiang et al., 2018b). However, the cooling rate is also
important for generating small stable oil droplets using the PIT process
(McClements & Rao, 2011). If the system is cooled too slowly, then the oil
droplets formed tend to rapidly coalesce with each other in the temperature
range just below the PIT due to their relatively low interfacial tensions
(Kabalnov & Wennerstrom, 1996). Typically, it is necessary to rapidly cool
the system to a temperature that is about 30 °C below the PIT (For example in
the present study, the temperature was decreased from 67 °C to 29 °C after
adding 250 g of cooled deionized water into the system containing 40 wt% and

60 wt% of cinnamon oil and MCT, respectively) to obtain nanoemulsions that

are stable to coalescence (McClements & Rao, 2011).
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cinnamon oil in total lipid phase.
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Figure 4.2 Absorbance at 600 nm of nanoemulsions using 60 - 100 wt% of

cinnamon oil in total lipid phase.

4.1.2. Impact of oil phase composition on droplet size

The effect of oil phase composition on the droplet size of the
nanoemulsions formed after rapid cooling is shown in Table 4.1. Relatively
small mean droplet diameters were obtained at intermediate cinnamon oil
levels in the oil phase, e.g., 30 wt% (107.3 nm) and 40 wt% (100.8 nm).
Conversely, relatively large droplets were generated at low (0 to 20 wt%) and
high (60 to 100%) cinnamon oil levels, which can be attributed to the fact that
these oil phase compositions did not lead to the formation of a bicontinuous
microemulsion during heating, and so small oil droplets were not generated
during the subsequent cooling process. Moreover, systems containing high
levels of cinnamon oil are highly prone to instability through Ostwald ripening
and coalescence, which would lead to rapid droplet growth after nanoemulsion

formation. A number of these systems underwent visible phase separation after
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prolonged storage, and therefore reliable particle size measurements could not
be obtained. Our results are in agreement with previous studies that also
reported that the smallest droplets are formed at intermediate oil phase
compositions in systems containing essential oils and ripening inhibitors
(Chuesiang et al., 2018; Komaiko & McClements, 2016). It should be noted
that the nanoemulsions formed at intermediate cinnamon oil levels (e.g., 40
wt%) had monomodal particle size distributions with a relatively small
polydispersity index (0.173+0.005).Conversely, most of the other systems had
broad multimodal particle size distributions (Figure 4.3).Thus, these
experiments indicated that nanoemulsions containing small uniform droplets
could be formed by rapidly cooling a system with an intermediate level (40

wit%) of cinnamon oil in the oil phase.



Table 4.1 PIT and mean droplet diameter of cinnamon oil nanoemulsions

fabricated with differing oil phase compositions.

36

Oil phase composition (Wt%) PIT (°C) Mean droplet
Cinnamon MCT diameter (nim)
oil
0 100 >90 447.00% + 33.00
10 90 90 815.009 £ 56.00
20 80 85 559.00° + 55.00
30 70 80 107.30% +5.00
40 60 67 100.80% + 1.00
50 50 71 132.00%° + 11.00
60 40 >90 162.40° + 1.10
70 30 >90 174.00° + 12.00
80 20 >90 232.00° + 17.00
90 10 >90 572.00° + 39.00
100 0 >90 620.10"+ 0.80

** Numbers are mean * standard error. Different superscript letters in the

same column indicate mean values which significantly different (p <0.05).
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Figure 4.3 Size distribution curve of nanoemulsions with different cinnamon

®
oil in total lipid phase (0 - 100 wt%) prepared using 10 wt% of Tween 80 and

80 wt% deionized water by PIT method.

4.1.3. Impact of oil phase composition on antimicrobial activity

The impact of oil phase composition on the antimicrobial activity of
the cinnamon oil nanoemulsions was established by measuring their MICs
against four foodborne pathogens: E. coli, S. Typhimurium, S. aureus, and V.
parahaemolyticus. The experiments were tested immediately after
emulsification and the results for the nanoemulsions were compared to those
for bulk cinnamon oil. Both bulk cinnamon oil and cinnamon oil
nanoemulsions inhibited growth of all tested bacteria within 24 h of
incubation, but the MIC varied depending on the level of cinnamon oil in the
lipid phase and the bacterial strain. The MICs of cinnamon oil nanoemulsions
against Gram negative E. coli and S. Typhimurium were higher than those
against Gram positive S. aureus, which can be attributed to differences in their

cell wall components and structures (Salton, 1953; Zhang et al., 2016).



38

Surprisingly, Gram negative V. parahaemolyticus was susceptible to cinnamon
oil nanoemulsions and exhibited the lowest MIC value compared to other
bacteria. This could be attributed to the fact that V. parahaemolyticus is a
halophilic bacterium that requires salt and depends on the environmental
osmolarity to grow (Xu, Ren, Wang, & Peng, 2004). Addition of an
antimicrobial agent into the culture medium would not only disturb its normal
osmolarity, but would also generate hostile conditions that alter its outer
membrane protein (OMPs) pattern (Xu et al., 2004). Additionally,
cinnamaldehyde has been reported as an effective antimicrobial agent that
made Vibrio sp. more sensitive under stressed conditions by strongly
interfering with membrane permeability and the growth of cells (Brackman et
al., 2008; Burt, 2004).

The MICs of the antimicrobial nanoemulsions initially decreased with
increasing cinnamon oil level, then reached a minimum level, and then
increased again. The minimum MIC levels were around 40 wt% cinnamon oil
for E. coli, S. Typhimurium, and S. aureus, and around 50 wt% cinnamon oil
for V. parahaemolyticus (Table 4.2). It is likely that nanoemulsions with low
concentrations of cinnamon oil in the lipid phase (10-20 wt%) had higher
MICs due to partitioning of some of the cinnamon oil into the emulsion
droplet, thus preventing it from interacting with the bacterial membrane. When
the level of antimicrobial agent in the emulsion droplets was increased, one
would expect that the MICs would decrease. However, the results in this study
suggested that the MICs of the nanoemulsions tended to increase when 50-100

wt%of cinnamon oil were present in the lipid phase. These results could be
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explained by two possible reasons. First, a higher cinnamon oil concentration
in the lipid phase led to a higher PIT, which meant that the nanoemulsions had
to be heated to a higher temperature (Table 4.1). Consequently, there may
have been more thermal degradation of the cinnamon oil during nanoemulsion
formation (Turek & Stintzing, 2013). Second, the smallest mean droplet
diameter (100.8 nm) occurred when there was 40 wt% cinnamon oil in the
lipid phase, which enhanced the antimicrobial activity of the encapsulated
cinnamon oil by increasing its surface area to volume ratio and by improving
its ability to penetrate through the cell wall of the bacteria (Moghimi,
Aliahmadi, McClements, & Rafati, 2016; Salvia-Trujillo, Rojas-Gral, Soliva-

Fortuny, & Martin-Belloso, 2015; Wang et al., 2008).
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Table 4.2 Minimum inhibitory concentration (MIC, mg/L) of bulk cinnamon

oil and cinnamon oil nanoemulsions prepared by PIT method.

Type of S. V.
agent E. coli Typhimurium S, aureus parahaemolyticus
Bulk
cinnamon
oil 488 488 488 244

Nanoemulsions with different cinnamon oil in total lipid phase (wt%)

0 - - - -
10 - - - 714°
20 1429% 1429% 714° 714°
30 1071 1071 536" 268"
40 714° 714° 357° 357"
50 892" 892" 892° 223°
60 1071 1071 1071f 268
70 1250° 1250° 1250° 312%
80 1429% 1429% 714° 714°
90 1473 £328 14737+ 328 804" 603° + 220
100 1636+ 364 1636+ 364 892° 670°+ 244

* Average initial population of E. coli, S. Typhimurium, S. aureus and V.
parahaemolyticus was 8.34+0.12, 8.38+£0.15, 8.14+0.02 and 8.50+0.05 log
CFU/mL, respectively.

** Numbers are mean = standard error. Different superscript letters in the
same column indicate mean values which significantly different (p < 0.05).

In summary, the MICs of the cinnamon oil nanoemulsions observed in
our study first decreased and then increased as the cinnamon oil level in total
lipid phase increased from 10 to 100 wt%.These results are opposite to those
of Chang et al. (2013) who investigated the antimicrobial activity of carvacrol

nanoemulsions fabricated using the spontaneous emulsification method.
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Antimicrobial activity of the carvacrol nanoemulsions increased as the
carvacrol concentration in the lipid phase increased (Chang et al., 2013).
Cinnamaldehyde is the major constituent of the cinnamon oil utilized in this
study (Figure 3.1). During the PIT heating process, cinnamaldehyde could
change into benzaldehyde which has been reported to have no antimicrobial
activity against E. coli, S. aureus, E. faecalis and P. aeruginosa (Chang, Chen,

& Chang, 2001).

4.1.4. Impact of oil phase composition on cinnamaldehyde degradation during
emulsification

The impact of nanoemulsion fabrication on the chemical degradation
of the cinnamon oil was determined by measuring the decrease in
cinnamaldehyde and increase in benzaldehyde using HPLC analysis.There
was a decrease in the cinnamaldehyde concentration in all the samples after
exposure to the relatively high temperatures used in the PIT process, e.g., 70
to 90°C depending on oil phase composition (Figure 4.4). The percentage of
cinnamaldehyde remaining after heating increased when the fraction of
cinnamon oil increased up to about 50 wt%, after which it decreased. This is
probably because the emulsions containing 40-50 wt%cinnamon oil had the
lowest PIT values and so they had to be heated to lower temperatures during
emulsion fabrication (Chuesiang et al., 2018). Thus, there are likely to be
greater losses of cinnamaldehyde due to volatilization and chemical
degradation at higher temperatures, and so using as low temperature as

possible during the nanoemulsion fabrication process would be an advantage.
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Previous studies have shown that cinnamaldehyde can be chemically
degraded to other substances, such as benzaldehyde, when it is heated to
relatively high temperatures (100-120°C) in the presence of water (Chen & Ji,
2011; Chen, Ji, Zhou, Xu, & Wang, 2009). HPLC analysis of the
nanoemulsions after emulsion formation indicated that they all contained
benzaldehyde (Figure 4.5), which suggests that some chemical degradation of

the cinnamon oil had occurred. The normalized benzaldehyde levels in the
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nanoemulsions tended to decrease with increasing cinnamaldehyde in the oil
phase. This suggests that high levels of cinnamon oil inside the lipid droplets
may inhibit the degradation of cinnamaldehyde, perhaps through antioxidant
effect of compounds consisting in cinnamon oil. Theoretically, degradation of
cinnamaldehyde to benzaldehyde is an oxidation reaction which is a
temperature dependent, suggesting that more amount of benzaldehyde will be
produced when cinnamaldehyde undergoes a reaction at higher temperature
(Chen & Ji, 2011; Friedman et al., 2000). However, cinnamaldehyde which is
containing in cinnamon oil has been reported to be stable to heat induced
transformation to benzaldehyde due to the antioxidant effect of other
containing compounds like eugenol, which would scavenge the oxygen and
would prevent the degradation of cinnamaldehyde (Friedman et al., 2000). As
reported by Friedman et al., (2000), although the reaction temperature was
around 200 °C, the production of benzaldehyde was observed less when
eugenol is presented. In addition, the selectivity of benzaldehyde production
can be decreased as the reaction temperature increased (Chen & Ji, 2011). It is
also possible that cinnamaldehyde could degrade into glyoxal; unstable
reactive intermediate substance; during oxidation reaction (Figure 4.6).
Interestingly, there was a steep decrease in the level of benzaldehyde formed
after emulsification when the lipid phase composition inside the droplets
changed from 30 to 40 wt%cinnamon oil. This may have been because this
system was heated at a lower temperature during nanoemulsion fabrication,

and so there was less chemical degradation of the cinnamaldehyde.
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4.1.5. Impact of oil phase composition on cinnamaldehyde degradation during
storage

The impact of oil phase composition on the chemical degradation of
the encapsulated cinnamon oil was then measured after storage for 31 days
(Figures 4.4 and 4.5). There was an appreciable decrease in the
cinnamaldehyde level, and an increase in the benzaldehyde level after storage,
which suggests that further chemical degradation of the cinnamaldehyde had
occurred. In general, there was a trend towards less benzaldehyde being
formed with increasing cinnamaldehyde level inside the droplets, with the
exception of the sample containing 40 wt% cinnamon oil. This again suggests
that the higher the initial level of cinnamon oil inside the lipid droplets, the
lower the fraction that chemically degraded during storage. Previous studies
have shown that cinnamaldehyde may be transformed to benzaldehyde and
glyoxal in the presence of oxygen due to carbon-carbon bond cleavage
(Friedman et al., 2000). Thus, the conversion of cinnamaldehyde to
benzaldehyde during storage is probably due to this oxidation reaction (Turek
& Stintzing, 2013). Moreover, benzaldehyde may also be formed by oxidation
of benzyl alcohol, which is a minor constituent of the cinnamon oil used in this
study (Sudareva & Chubarova, 2006).

It should be noted that the nanoemulsions fabricated from 50 to 100
wt% cinnamon oil in the lipid phase had the higher cinnamaldehyde
concentrations but lower antimicrobial activity (higher MICs) than those
containing 30 to 40 wt% of cinnamon oil in the lipid phase after

emulsification. This effect may be due to the impact of droplet size on the
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antimicrobial efficacy of the nanoemulsions. The cinnamon oil nanoemulsions
fabricated from 30-40 wt% cinnamon had the lowest mean droplet diameter
(100 nm) and PDI. Previous studies have shown that smaller droplets penetrate
through the cell walls of bacteria more easily, which may increase their ability
to inactivate bacteria (Donsi & Ferrari, 2016). These results are in agreement
with the study of Xue, Michael Davidson, and Zhong (2015) who found that
the encapsulation of thyme oil in nanoscale droplets (82 nm) promoted its
antimicrobial activity against E.coli, S. enteritidis and L. Monocytogenes.

In this study, the system containing 40 wt% cinnamon oil and 60 wt%
MCT in the oil phase was selected for further studies since it gave the high
stability of antimicrobial cinnamon oil nanoemulsion with the smallest droplet

size and lowest PIT (around 70°C).
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Figure 4.6 Mechanism of conversion of cinnamaldehyde to benzaldehyde and

glyoxal.

4.2. Effect of surfactant level on nanoemulsion properties

In this series of experiments, the impact of surfactant level on the formation
and stability of the nanoemulsions was determined. Ideally, one would like to make
stable nanoemulsions at the lowest surfactant level possible, due to cost, taste, and
toxicity concerns. In these experiments, the oil phase composition was fixed at 40
wt% cinnamon oil and 60 wt% MCT, while the total oil phase level was fixed at

10 wt%.

4.2.1. Impact on PIT

The influence of surfactant concentration on the turbidity-temperature
profiles of the nanoemulsions during heating and cooling is shown in Figure
4.7. The main impact of increasing the surfactant level was to broaden the

range of temperatures where they appeared transparent. This suggests that
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higher surfactant levels facilitated the formation of the bicontinuous
microemulsions formed at intermediate temperatures. The impact of higher
surfactant levels on the appearance of the systems below, around, and above
the PIT is also shown in Figure 4.8. These images clearly show that the
microemulsions formed at the PIT are more transparent at higher surfactant
concentrations. This effect can be attributed to the fact that they contained

smaller oil droplets that scattered light less strongly.
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Figure 4.7 Absorbance at 600 nm of nanoemulsions using 10 wt% (a), 15 wt%

®
(b) and 20 wt% (c) of Tween 80 at 40 wt% of cinnamon oil in total lipid phase
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Figure 4.8 Appearance of nanoemulsions containing 40 wt% of cinnamon oil

20 wt

in total lipid phase with concentration of Tween®80 varied from 10 wt%, 15
wit% and 20 wt%, at below PIT temperature (column A), PIT temperature

(column B) and above PIT temperature (column C).

4.2.2. Impact on droplet size

The influence of surfactant level on the droplet size of the
nanoemulsions formed by the PIT method was also determined. The mean
droplet diameter of the nanoemulsions decreased (p < 0.05) significantly with
increasing surfactant level: 100.7, 50.7 and 23.5 nmat 10, 15 and 20 wt%
Tween® 80, respectively (Figure 4.9). This effect may have occurred because
smaller hydrophobic domains were formed in the bicontinuous microemulsion

around the PIT at higher surfactant levels. Our results are in agreement with
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previous studies that have also reported that smaller droplets are formed in
essential oil nanoemulsions at higher surfactant levels (Gulotta, Saberi, Nicoli,

& McClements, 2014; Saberi et al., 2013).
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Figure 4.9 Impact of Tween 80 (10 wt% (A), 15 wt% (B) and 20 wt% (C))
concentration on mean droplet diameter of nanoemulsions containing 40 wt%

of cinnamon oil in total lipid phase.

4.2.3. Particle morphology

TEM was used to provide some information about the impact of
surfactant concentration on the morphology of the particles in the
nanoemulsions (Figure 4.10). The surfactant concentration used to prepare the

nanoemulsions clearly influenced the size and morphology of the colloidal
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particles present. At all surfactant concentration, spherical oil droplets were
uniformly observed throughout the continuous phase, which suggests that a
stable nanoemulsions were formed (Figure 4.10A, 4.10C and 4.10E).
However, the alteration in size of nanoemulsions prepared using 15 wt% and
20 wt% of surfactant were found after 31 days of storage at 25°C (Figure
4.10B, 4.10D and 4.10F). At all surfactant concentrations, non-aggregated
spherical droplets were observed throughout the continuous phase, which
suggests that stable nanoemulsions were formed. The droplet sizes measured
by TEM were similar to those measured by dynamic light scattering at the
lowest surfactant level used. However, there appeared to be relatively large
particles in the nanoemulsions prepared using 15 and 20 wt% of surfactant
after 31 days of storage at 25°C. This suggested that the size determined by
TEM was greater than that determined by dynamic light scattering. This might
be due to the collapsing effect which occurs when the nanoemulsions

deposited on TEM grid coated with a carbon film (Chuesiang et al., 2018).
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Figure 4.10 Oil droplet morphology of cinnamon oil nanoemulsions
containing 40 wt% of cinnamon oil in total lipid phase with 10, 15 and 20 wt%
surfactant at day 0 (A, C and E, respectively) and day 31 (B, D and F,

respectively), storage at 25°C.

4.2.4. Storage stability

The impact of surfactant concentration (10, 15 or 20 wt%) on the

physical stability of the nanoemulsions during storage at 4, 25 and 32 °C was



53

measured (Figures 4.11). At 4 and 25 °C, there was little change in mean
droplet diameter throughout storage for the nanoemulsions containing 10 and
15 wt% surfactant, but a slight increase in droplet size for the nanoemulsions
containing 20 wt% surfactant. This suggests that a higher surfactant level may
have promoted droplet growth through coalescence or Ostwald ripening. High
surfactant levels may accelerate these instability mechanisms through a
number of physicochemical phenomena: (i) surfactant micelles may facilitate
the transport of oil molecules from one droplet to another, thereby enhancing
Ostwald ripening (Pena & Miller, 2006; Weiss, Canceliere, & McClements,
2000); (i) the presence of surfactant micelles in the aqueous phase generates
an attractive osmotic stress that may force droplets together and promote their
coalescence (McClements, 1994); (iii) high levels of surfactant may alter the
properties of the interfacial layer, thereby enhancing coalescence (Kabalnov &
Wennerstrom, 1996). Nevertheless, the appearances of all the nanoemulsions
remained fairly similar before and after storage at these lower temperatures,
which suggests that the changes in particle size were not large enough to cause
appreciable changes in their optical properties.

At 32 °C, there was an appreciable increase in the mean droplet
diameter with time during storage, and the nanoemulsions became visibly
more turbid after storage (Figure 4.11). This suggests that the nanoemulsions
were unstable to droplet growth at the highest storage temperature used. The
origin of this effect can be attributed to the fact that the rate of droplet
coalescence in a nanoemulsion increases in the temperature range just below

the PIT (Kabalnov & Wennerstrom, 1996). Accelerated droplet coalescence
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occurs in this region because the surfactant head groups become partially
dehydrated, which causes the optimum curvature of the surfactant monolayer
to tend towards unity. As a result, the interfacial tension becomes relatively
low and the monolayers become highly flexible, which promotes the merging
together of oil droplets when they collide (Chuesiang et al., 2018). Figure
4.12 showed the alteration in particle size distribution of cinnamon oil
nanoemulsions fabricated with different level of surfactant at 4, 25 and 32 °C
after emulsification (Figure 4.12A) and during storage (Figure 4.12B-D).
After emulsification, cinnamon oil nanoemulsions fabricated with 10 wt%
surfactant had a lower PDI value compared to those fabricated with higher
surfactant concentration, suggesting that its droplet size was more consistent
compare to those of other condition. All cinnamon oil nanoemulsions
exhibited a high stability over a storage period at 4 °C (Figure 4.12B).
However, the particle size distribution of cinnamon oil nanoemulsions became
narrower during storage at 32°C (Figure 4.12D), meaning obviously that

Ostwald ripening and coalescence occurred (Chuesiang et al., 2018).
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Figure 4.12 The alteration in particle size distribution of cinnamon oil
nanoemulsions fabricated with different level of surfactant (10(¢), 15(o) and
20(A) wt%) after emulsification (Figure 4.12A) and during storage at 4, 25

and 32 °C (Figure 4.12B -D, respectively).
4.2.5. Effect of surfactant concentration on antimicrobial activity

4.2.5.1. Determination of MICs

MICs of cinnamon oil nanoemulsions containing different
surfactant concentrations against four foodborne pathogens were
investigated to ascertain the correlation between surfactant
concentration, mean droplet diameter, and antimicrobial activity. The
MICs of the nanoemulsions fabricated with 10, 15, and 20 wt%
Tween®80 against V. parahaemolyticus were not significantly different

(p>0.05). Whereas, increasing surfactant concentration to 15 wt% or
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higher, increased the MIC against E. coli, S. Typhimurium and S.
aureus (Table 4.3). These results suggest that increasing the surfactant
concentration did not enhance, but instead decreased the antimicrobial
activity of the cinnamon oil nanoemulsions. In a separate experiment,
it was shown that Tween®80 itself had no antimicrobial activity against
all tested bacteria (data not shown). Consequently, increasing the
surfactant concentration may have led to more efficient encapsulation
of the essential oils inside the oil droplets, thereby reducing their
ability to interact with the bacterial cells (Ma, Davidson, & Zhong,
2016). These results agree with the studies of Inouye, Tsuruoka,
Uchida, and Yamaguchi (2001) and Ma et al. (2016) who also found
that higher amounts of Tween® 80 caused an increase in the MICs of
essential oils against bacteria and fungi. The location of the
antimicrobial components solubilized in the surfactant micelles has
also been reported to have an impact on the antimicrobial activities of
carvacrol microemulsions containing small particles (8.1 nm) (Shaaban
& Edris, 2015). The greater the distance of the antimicrobial agent
from the micelle surface, the lower its activity due to the decrease in its
availability to interact with the bacterial cells (Terjung, Loffler, Gibis,
Hinrichs, & Weiss, 2012). However, opposite effects have been
reported by other researchers, which were attributed to the ability of
the surfactant to increase the antimicrobial activity of thymol by
disrupting the bacterial cell membranes (Li, Chang, Saenger, &

Deering, 2017). Tween®80 caused around 35% of leakage of the
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cytoplasmic contents from Pseudomonas aeruginosa after 2 h contact
(J.S, Mishra, Thomas, Mukherjee, & Chandrasekaran, 2018). Previous
studies have also shown that increasing the level of Tween®80 from
10-20 wt% had a pronounced effect on the antimicrobial activity of
cinnamon oil nanoemulsion formed by spontaneous emulsification
method against E. coli (Yildirim, Oztop, & Soyer, 2017), which in this
case was attributed to the reduction in the mean droplet diameter of the
colloidal dispersion. In fact, the true MIC could be somewhere
between the lowest value that inhibits the growth of bacteria and the
next lowest test value. Therefore, it is noteworthy that the obtained
results could not express the exact antibacterial activity of cinnamon
oil nanoemulsions (Li et al., 2015). Due to the lack of consistency in
MIC data, a dynamic time Kill assay was carried out to provide further

insights into the antimicrobial activity of the nanoemulsions.
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Table 4.3 Minimum inhibitory concentration (MIC, mg/L) of
nanoemulsions containing 40 %wt of cinnamon oil with different

Tween® 80 concentration, prepared by PIT method.

Tween®80 E. coli S. S. V.
(Wt%o) Typhimurium aureus parahaemolyticus
10 714° 714° 357° 357°
15 1429° 1429° 1429° 357°
20 1429° 1429° 1429° 357°

* Average initial population of E. coli, S. Typhimurium, S. aureus and
V. parahaemolyticus was 8.34+0.12, 8.38+0.15, 8.14+0.02 and
8.50+0.05 log CFU/mL, respectively.

** Numbers are mean = standard error (n=5). Different superscript
letters in the same column indicate mean values which significantly
different (p < 0.05).

4.2.5.2. Dynamic time kill assay

Antimicrobial efficacy of cinnamon oil nanoemulsions
fabricated from 40 wt% cinnamon oil and 60 wt% MCT with differing
amounts of Tween®80 (10, 15 and 20 wt%) was investigated. Bacteria
were treated with nanoemulsions at their MICs and comparisons were
made with the ones treated with bulk cinnamon oil, sterile deionized
water, and a 20 wt% Tween®80 solution. Cinnamon oil nanoemulsions
and bulk cinnamon oil displayed bacteriostatic and bactericidal
properties against the growth of all tested bacteria since a decrease in
bacterial number was observed within 24 h of treatment. In contrast,
the tubes containing sterile deionized water or 20 wt% Tween®80

solution showed no antimicrobial activity, since the growth of bacteria
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was detected throughout the 24 h of incubation at 37°C (results not
shown). The antimicrobial activity of cinnamon oil nanoemulsions
against all tested foodborne pathogens was depended on the bacterial
strain type. E. coli was reduced to the minimum levels (indicated using
a black dashed line in the figures) after contact with cinnamon oil
nanoemulsions prepared using 15 and 20 wt% of Tween®80 for 8 h. In
contrast, the bulk cinnamon oil required an appreciably longer contact
time (12 h) to reach this low level (Figure 4.13).

S. Typhimurium was also reduced to the minimum levels
within 8 h of contact with cinnamon oil nanoemulsions prepared using
15 and 20 wt% of Tween®80, but at a slower rate when compared to
that of bulk cinnamon oil. However, the reduction number of S.
Typhimurium decreased from 6 log CFU/mL to about 5 log CFU/mL
during 12 to 24 h of treatment with bulk cinnamon oil, suggesting that
the antimicrobial activity of bulk cinnamon oil against S. Typhimurium
was reduced due to the immiscibility of oil and water (Figure 4.14).

Bulk cinnamon oil and cinnamon oil nanoemulsions fabricated
with 15 and 20 wt% Tween®80 exhibited similar inhibition rates
against S. aureus at 1 h of contact time. For these systems, the number
of viable S. aureus continued to decrease over time and they were
completely inhibited within 24 h (Figure 4.15). However, the number
of S. aureus maintained constant at 8 log CFU/mL after being treated
with cinnamon oil nanoemulsions containing 10 wt% of Tween®80 for

4-12 h. In the present study, S. aureus seems to be the most resistant



61

bacterium against cinnamon oil, and this may be due to differences in
the Gram positive cell wall structure or due to its growth in aggregates

and clumps (Dastgheyb et al., 2015).
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Figure 4.13 Survival curve of E. coli after treated with bulk cinnamon
oil and cinnamon oil nanoemulsions containing 40 wt% cinnamon oil
and 60wt% MCT in total lipid phase at different surfactant

concentration (10, 15 and 20 wt%), incubated at 37°C for 24 hours.
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Figure 4.14 Survival curve of S. Typhimurium after treated with bulk
cinnamon oil and cinnamon oil nanoemulsions containing 40 wt%
cinnamon oil and 60 wt% MCT in total lipid phase at different
surfactant concentration (10, 15 and 20 wt%), incubated at 37°C for 24

hours.
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Figure 4.15 Survival curve of S. aureus after treated with bulk
cinnamon oil and cinnamon oil nanoemulsions containing 40 wt%
cinnamon oil and 60 wt% MCT in total lipid phase at different

surfactant concentration (10, 15 and 20 wt%), incubated at 37°C for 24

hours.

V. Parahaemolyticus was the most sensitive bacteria to all
treatments as it was rapidly inhibited at the fastest rate within 4 hand 1
h after being treated with cinnamon oil nanoemulsions and bulk

cinnamon oil, respectively (Figure 4.16). Due to the immiscibility of
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the bulk cinnamon oil and TSB, the inhibition rate of the bulk
cinnamon oil against the tested bacteria had a higher standard deviation
than for the nanoemulsions. The high variability in the inhibition rate
of bulk cinnamon oil against the tested bacteria may therefore have
been because the bulk cinnamon oil was not uniformly dispersed
throughout the system. Based on the obtained results, cinnamon oil
nanoemulsions fabricated with higher surfactant concentrations (15
and 20 wt%) not only exhibited faster killing rates (in the case of E.
coli and S. aureus) but also showed longer term inhibition (in the case
of S. Typhimurium) compared to bulk cinnamon oil. A possible
explanation is because surfactant concentration helps encapsulate
cinnamon oil in a form of small droplets or micelles and increases its
water dispersibility. Thus, the small essential oil droplets are able to
easily pass through the outer membrane of the bacterial cells. Previous
studies have shown that the long term antimicrobial activity of
cinnamon oil nanoemulsions occurred due to the slow release effect of
the encapsulation system (Chuesiang et al., 2019; Donsi & Ferrari,
2016; Fu, Sarkar, Bhunia, & Yao, 2016; Li et al., 2015). Additionally,
the bacterial strain is an important factor affecting susceptibility
against cinnamon oil nanoemulsions, showing that all tested foodborne
pathogens exhibited different survival curves. It should be noted that
cinnamon oil nanoemulsions fabricated with higher surfactant
concentrations (15 and 20 wt%) had a higher MIC against all tested

bacteria when compared to those of cinnamon oil nanoemulsions
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fabricated with 10 wt% surfactant and bulk cinnamon oil. Therefore,
this might be one reason that affected antimicrobial activity of
cinnamon oil nanoemulsions and bulk cinnamon oil. In addition,
pathogenic bacteria including E. coli, S. Typhimurium and V.
parahaemolyticus are known to involve in a viable. However, it should
be noted that under natural stresses or bactericidal treatments a
nonculturable state (VBNC) of bacteria may be in effect (Gunasekera,
Sorensen, Attfield, Sorensen, & Veal, 2002; Oliver, 2005). As shown
in Figure 4.13-4.16, instead of plotting average values with standard
deviation (SD) of which the graph overlapped, all replicate data are
presented in order to simultaneously facilitate data visualization and

show the deviation of all replications.
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Figure 4.16 Survival curve of V. parahaemolyticus after treated with

bulk cinnamon oil and cinnamon oil nanoemulsions containing 40

wt% cinnamon oil and 60 wt% MCT in total lipid phase at different

surfactant concentration (10, 15 and 20 wt%), incubated at 37°C for

24 hours.

4.2.5.3. FE-SEM

FE-SEM analysis was employed to visualize the effect of
cinnamon oil nanoemulsions containing different surfactant levels on
bacterial morphology. Based on the results from the dynamic time Kkill

assay, about 1-6 log CFU/mL of bacterial growth were inhibited at 3 h
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(for E. coli, S. Typhimurium and V. parahaemolyticus) and 8 h (for S.
aureus) of treatment. Therefore, the alteration of bacterial morphology
was carried out at 3 h of contact time for E. coli, S. Typhimurium and
V. parahaemolyticus, and at 8 h of contact time for S. aureus
(incubated at 37 °C). As shown in Figure 4.17, cell damage was
observed in all tested bacteria after being treated with cinnamon oil
nanoemulsions and bulk cinnamon oil. In contrast, the bacteria had
smooth, flagellate and intact cell walls indicative of cell growth after
being treated with buffer solution (TSB or TSB+2 wt% NaCl). In the
present study, cells treated with cinnamon oil nanoemulsions at higher
level of Tween®80 had more severe morphological destruction. An
impaired membrane structure and leakage of inner cell materials
(shown using a red arrow in the microscopy images) were observed in
bacteria treated with cinnamon oil nanoemulsions fabricated using 15
and 20 wt% Tween®80, whereas those treated with cinnamon oil
nanoemulsions fabricated using 10 wt% Tween®80 and bulk cinnamon
oil (for E. coli and S. Typhimurium) appeared to have only slightly
deformed cell morphologies. Once again, the FE-SEM micrographs
confirmed the variation in the killing efficiency of bulk cinnamon oil
against the tested bacteria. These results can again be explained by the
fact that the small essential oil droplets in the nanoemulsions increased
the ability of the antimicrobial agents to interact with the bacterial cells

(Chuesiang et al., 2019; Lu et al., 2018).
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E. coli S. Typhimurium S. aureus V. parahaemolyticus

Figure 4.17 FE-SEM micrograph of E.coli, S. Typhimurium, S. aureus
and V. parahaemolyticus after treated with buffer solution
(TSB/TSB+2% NaCl; A), bulk cinnamon oil (B), cinnamon oil
nanoemulsions with 10, 15 and 20 wt% Tween®80 (C, D and E,

respectively).

4.2.6. Impact of surfactant concentration on cinnamaldehyde degradation
during emulsification and storage

The effect of surfactant concentration on the degradation of
cinnamaldehyde during emulsification and after storage for 31 days was also
conducted in the present study. As shown in Figure 4.18, nanoemulsions
fabricated with 10-20 wt% surfactant showed insignificantly different (p>0.05)

in cinnamaldehyde concentration after emulsification (day 0) and after storage
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(day 31), suggesting that surfactant concentration had no influence on the
degradation of cinnamaldehyde contained in the nanoemulsions. The results
might be attributed to the fact that increasing the surfactant level did not alter
the PIT temperature of the system, thus similar cinnamaldehyde concentration
was exhibited in nanoemulsions which were fabricated through the same PIT

temperature.
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Figure 4.18 Cinnamaldehyde concentration of cinnamon oil nanoemulsions
after emulsification by PIT method using different level of Tween®80, at day 0

and day 31 of storage time.

In contrast to cinnamaldehyde content, increasing in benzaldehyde
content was observed in nanoemulsions fabricated with 15 and 20 wt%
surfactant after emulsification. Possible explanation is about the broaden range

of PIT temperature affected by surfactant concentration. However, increasing
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in benzaldehyde content was found in nanoemulsion fabricated using 10 wt%
surfactant during storage, suggesting that nanoemulsion with bigger droplet
size was less chemically stable when compared to those with smaller droplet

size.

o
~
J

mDay 0 ODays 31

o o o o o
N w SN ol D
1 1 1 1 1

D

o
[E=Y
1

Normalized Benzaldehyde Concentration (%o)

o
|

10 15 20
Surfactant Concentration(wt%o)
Figure 4.19 Benzaldehyde concentration of cinnamon oil nanoemulsions after
emulsification by PIT method using different level of Tween®80, at day 0 and

day 31 of storage time.
4.3. Application of cinnamon oil nanoemulsion on Asian seabass flesh

4.3.1. Proximate analysis
Thawed Asian seabass flesh had high moisture content (77.48%) and a
higher protein content (20.14%) than total fat (2.45%) and ash (0.78%) content

(Table 4.4). The results are in line with previously reported on chemical
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composition of Asian seabass flesh, 75.70-80.20 % moisture, 18.20-20.80 %
protein, 0.80-3.20 % lipid and 0.90-1.10 % ash (Manthey-Karl, Lehmann,
Ostermeyer, & Schrdder, 2016). Depending on their origins, species, age, harvest
time and preparation technique, chemical composition of the fleshes could be
varied (Cai et al., 2015; Chuesiang & Sanguandeekul, 2015; Manthey-Karl et al.,
2016).

Table 4.4 Chemical composition of thawed Asian seabass flesh.

Chemical composition %
Moisture 7748 +£1.22
Protein 20.14 £ 0.64
Total fat 2.45+0.18
Ash 0.78£0.01
Carbohydrate 0.00 £ 0.00

4.3.2. Analysis of microbiological property

Total volatile content (TVC) of Asian seabass flesh with and without
cinnamon oil nanoemulsion dipping were determined during storage for 0, 2, 4, 6
and 8 days. The results were expressed as log CFU/g and are displayed in Figure
4.20. The initial number of TVC in the control group was 5.6 log CFU/g and
those of the fleshes treated with CON1, CON2, BCO1 and BCO2 were 5.38,
4.98, 5.56 and 4.77 log CFU/g, respectively. According to the recommendation of
the International Commission on Microbiological Specifications for Foods
(ICMSF, 1986), the TVC of fish flesh should not exceeded 7 log CFU/g, meaning

that it is dangerous for consumption due to the produced toxic substances which
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can cause severe health problems (Hassoun & Emir Coban, 2017). After 4 days
storage, TVC of the flesh from control group was 7.26 log CFU/g which
exceeded the upper limit for fresh fish as recommended by ICMSF (1986).
Whereas, TVC of the flesh treated with CON1 or BCO1 and CON2 or BCO2
exceeded 7 log CFU/g on day 6 and day 8 of storage period, respectively. Thus,
cinnamon oil nanoemulsion and bulk cinnamon oil inhibited the growth of
bacteria and extended the shelf life of Asian seabass flesh for 2-4 days depending
on the concentration of the cinnamon oil nanoemulsions or bulk cinnamon oil.
Similar results were also reported in the study of Huang, Liu, Jia, and Luo (2017),
rainbow trout fillets treated with cinnamon bark oil nanoemulsion fabricated
using spontaneous emulsification method had 2 days longer in the shelf life when
compared to those of untreated sample due to the antimicrobial activity of
cinnamon bark oil.

It should be noted that TVC of the fleshes were immediately decreased by
0.5-1 log CFU/g after 30 min of soaking period, depending on the treatment
concentration (Figure 4.20). Higher concentration of cinnamon oil nanoemulsion
and bulk cinnamon oil (CON2 and BCO2), inhibited the growth of bacteria more
quickly than lower concentration (CON1 and BCO1). To be effective forin
vivo bacterial growth inhibition, the concentration of plant essential oils must
reach their threshold. In a food system, however, the interactions between plant
essential oils and food components (e.g. protein or fat) may lower the available
essential oils’ active components to interact with bacterial cells (Hassoun & Emir
Coban, 2017; Hyldgaard, Mygind, & Meyer, 2012). Therefore, the reduction of

the antimicrobial efficacy of plant essential oils was observed (Hassoun & Emir
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Coban, 2017; Hyldgaard et al., 2012). The ability of nanoemulsions may
decreased due to the osmotic attraction between the droplet which occurred when
the concentration of polymers such as proteins are excess in the system (Landry,
Micheli, McClements, & McLandsborough, 2015). However, fleshes treated with
cinnamon oil nanoemulsion showed the lower TVC than those treated with bulk
cinnamon oil at each time point, suggesting that fast and persistent antimicrobial
activity can be achieved by the small droplets contained in a nanoemulsion

delivery system (Moghimi et al., 2016; Ozogul et al., 2017).
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treated with/without cinnamon oil nanoemulsion during storage at 4+2 °C for 8

day.



CHAPTER 5
CONCLUSION

Phase inversion temperature method has proved to be suitable for formulating
stable cinnamon oil nanoemulsions. In this study, cinnamon oil and carrier oil
concentrations in total lipid phase was found to have impacts on PIT temperature,
initial mean droplets size, size distribution curve, antimicrobial activity and stability
of cinnamon oil nanoemulsions. Monodispersed nanoemulsion with the lowest PIT
temperature, the smallest mean droplet diameter and the highest stability, were
created when total lipid phase composition contained 40 wt% cinnamon oil and 60
wt% MCT.

The impact of oil phase composition on the antimicrobial activity and
chemical stability of cinnamon oil nanoemulsions was investigated. The MIC of the
nanoemulsions was tested against E. coli, S. Typhimurium, S. aureus and V.
parahaemolyticus. The antimicrobial activity of the nanoemulsions increased with
increasing cinnamon oil in the lipid phase until it reached a maximum value, which
depended on bacterial strains. The optimum lipid phase composition of cinnamon oil:
MCT was 40:60 wt% for E. coli, S. Typhimurium, and S. aureus, and 50:50 wt% for
V. parahaemolyticus. However, when the cinnamon oil level exceeded their optimum
levels, the antimicrobial activity decreased. These results may be attributed to two
factors. First, the cinnamaldehyde was partially lost during the fabrication and storage
of the nanoemulsions. The degree of chemical degradation during nanoemulsion
fabrication increased as the holding temperature increased. However, its degradation
decreased as the initial level of cinnamaldehyde inside the droplets increased, which

suggests that high levels of this essential oil were able to inhibit its degradation.
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Second, smaller cinnamon oil droplets are more efficiently transported through the
bacterial cell walls and inhibit the growth of the cell by increasing the cell membrane
permeability.

Once the optimum oil phase was found, the effect of surfactant concentration
was then studied. Increasing surfactant concentration decreased the initial mean
droplet diameter of cinnamon oil nanoemulsions steeply and improved their
appearance from milky to transparent. However, increasing the surfactant
concentration from 10 to 20 wt% did not alter the particle morphology of the
cinnamon oil nanoemulsions. Cinnamon oil nanoemulsions were stable during storage
at low temperature (4°C) and ambient temperature (25°C) for at least 31 days.
However, the rate of droplet growth during storage increased when it was stored at
higher temperature (32°C) due to Ostwald ripening.

Increasing the surfactant concentration in the nanoemulsions did not reduce
their MIC values against all tested bacteria. However, it did lead to a faster killing rate
and underwent prolonged inhibition against bacterial cells. The microbial strain had a
major impact on the efficacy of the antimicrobial nanoemulsions, with S. aureus being
the most resistance and V. parahaemolyticus being the least. Morphology studies
showed that increasing the surfactant concentration reduced the size of the cinnamon
oil droplets, which led to greater penetration of the cinnamaldehyde into the outer
membrane of the bacterial cells resulting in more cell disruption and death. Cinnamon
oil nanoemulsions fabricated in the present study exhibited better antimicrobial
activities than those of bulk cinnamon oil in term of consistent ability, meaning that
their killing efficiency are stable and not dependent on the location or position of

bacteria in system
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Effects of cinnamon oil nanoemulsion on microbiological property of Asian
seabass fleshes were studied. Treating the samples with cinnamon oil nanoemulsion
could decrease the number of TVC in the fleshes during chilled storage, thus extend
storage life of the samples for 2-4 days as compared to those of untreated sample.
Encapsulation of cinnamon oil into a nanoemulsion delivery system could increase
the ability of cinnamon oil to contact with bacterial cell by serving its active
ingredient in a form of small droplets, thus enhance its biological activity and extend
the shelf life of the fleshes.

Overall, the results suggest that encapsulation of cinnamon oil in
nanoemulsions enhances its bactericidal activity against bacteria containing in the
flesh. The nanoemulsion has high potential for prolonging shelf life of fish flesh, and

yet it could be a potential application in the food industry.
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