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Abstract

Active packaging used to eliminate food born spoilage has been a promising
investigation in the field of food packaging. D-limonene, a main component of citrus
essential oil, was reported to have antimicrobial, antioxidant and anticarcinogenic
Activity. However, the use of limonene is constrained due to their highly volatile nature
and would be rapidly oxidized when exposed to air. Hence, B-cyclodextrin with ability of
entrapping hydrophobic compound into its inner cavity was used to improve aqueous
solubility and stability of essential oil. Recently, nanotechnology that is capable of
improving mechanical strength and exhibiting a larger surface to volume ratio has been
applied to upgrade efficacy of active packaging system. Among various approaches to
produce nanomaterials, electrospinning is an emerging technique with simple operating
process and high encapsulation efficiency could be used to fix substances into fiber mat
increasing its applicability. In this work, B-cyclodextrin(BCD) was used as core material
to encapsulate limonene. Additionally, 8 wt% polyvinyl alcohol(PVA) was used to form
fiber matrix. To produce fiber mat with optimum properties, operation parameter
including voltage, flow speed, collection distance was researched. Scanning electron
microscopy(SEM) was used to study morphology and diameter. Thermogravimetric

analysis(TGA) was used to detect the thermal stability. The crystalline structure of fiber
Il
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mat was recorded by X-Ray powder Diffraction(XRD). Antibacterial ability was accessed

by ISO 20743 against E. coli and S.aureus. Finally, the loading efficiency were analyzed

using gas chromatography - flame ionization detector(GC-FID). In SEM observation, the

surface of the optimized fiber was smooth and its diameter was around 180 nm indicating

a large surface area to volume ratio. From the TGA result, it shows release of free-form

limonene started at ambient temperature and reached its maximum rate at 160°C, whereas

limonene/B-CD complexes fixed within the PVA membrane show limonene mass lost at

116°C~180°C. This phenomenon indicated a significant increase of limonene stability

after being encapsulated. Through XRD result, the present of inclusion between BCD and

limonene can be confirmed. The loading efficiency of limonene was around 93%. PVA/

limonene/BCD nanaofibers exhibited 97.84% and 95.23% antibacterial ability against

S.aureus and E.coli. In conclusion, newly developed PVA/ limonene/BCD with high

loading efficiency, antibacterial activity may have great potentials for applications in food

packaging and biomedical field.

Key words : electrospinning , B-cyclodextrin , R-(+)-limonene , active packaging ,

antibacterial food packaging
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Figure 7. SEM images of the electrospun nanofibers obtained from solutions of
poly(ethylene oxide) at different viscosity '®
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B TR o A0 4 £ 4 b P 8L o

NaOH
+CH,—CH{ —— +CH—CH-};
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(FZ 0 H
CH;
polyi{vinyl acetate) polyi{vinyl alcohol)

g]/\ \A Tﬁﬁ%bg)\,ﬁﬁpzo

Figure 8. Synthesis process of polyvinyl alcohol %°.
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Figure 9. Chemical structure of cyclodextrin *’.

- Bkt 2 Y

Table 1. Characteristics of CD 4

Characteristic o-CyD  B-CyD  pCyD
No. of glucose units 6 7 8
Molecular weight (Da) 972 1135 1297
No. of water molecules in cavity 6 11 17
Water solubility at 25°C (%w/v) 14.5 1.85 23.2
Half-life in 1 M HCI at 60°C (h) 6.2 5.4 3.0
Melting onset (°C) =275 =280 =275

Diameter of central cavity (nm) 0.5-0.6 0.6-08 08-1.0
Diameter of outer periphery (nm) 14-15 15-16 1.7-1.8
Height of the torus (nm) 0.8 0.8 0.8
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R4 5 T B B SRR e - 8RR R R R 1

e F FE S A LR XA B HRE ff A riukiE P R A

=

FEEFoBEMEY o 2R TR EFEREH O VET EER N &
AREBHMIL RS FRAT A FrR P B ASEY ¥ 1 L GRAS (generally
recognized as safe ) ‘& %]k viH| m/‘]‘ dvo Aol R %KY 0 d-]R T A 3 4o SRRV
UDP- 3 pEFE adk A 45 f3 75 14 > UDP-§ PRFEpedb AR W 45 oo % 5 TeLT- AR Ak b
EHDEHEEABzZ LA n M hd P d 20 L5k B Fpd 5

BRI T TP

H,C CH;

CHs;

B R R

Figure 10. Chemical structure of limonene.
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Figure 11. Cell wall structure of Gram-positive and Gram-negative bacteria °'.

FLOM ARG R S G A 7 AR B R A T
AR PEREDET A o - T A ﬁ*r%'f’i‘pﬁi A S e R Ea

el o RIFVETE S 2 H G it o £ 2 4 Aspergillus niger, Colletotrichum
falcatum, Bacillus subtilis % Staphylococcus aureus 75134), g2 #ﬁ‘pﬁ't}é‘_ » H #ﬁ‘pﬁ"b‘_&r
22 Az e B S () -RIFY RRFARS N R () R A

FORFIVRAFESBLECHIFAFEEMT AR B -
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2 R (4) -RIFFHRp R Fedr F4 !

Table 2. Antibacterial activity of R- (+) -limonene !

Diameter of the zone of

Minimum inhibitory bacterial growth inhibition (mm)

Bacterial strain dilution (MID) caused by 5 ul/disc
Escherichia coli 1/800 12

Enterococcus faecalis 17300 10

Salmonella typhi 1/800 12
Staphylococcus aureus 17300 13
Mycobacterium smegmatis 17300 12

Streptococcus mutans 17300 23

Bacillus subtilis 1/400 13

Enterobacter aerogenes 17400 ND*?

4 ND, not determined.

22 2R (1) -RIFFHE F=drEs !

Table 3. Antifungal activity of R- (+) —limonene !

Corresponding diameter

Minimum inhibitory of the zone of fungal growth
Fungal strain dilution (MID) inhibition (mm) at 5 pl/disc
Microsporum gypseum 1/3200 30
Aspergillus niger 1/400 33
Aspergillus flavus 1/200 25
Trichophyton rubrum 1/400 15
Sporothrix schenckii 1/800 23
Candida albicans Al 1/400 17
Candida albicans 1/800 26
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3172 % B

iPi%*E%%%ﬁ%%ﬁﬁ%£&&%ﬁ%ﬁ%ﬁb%ﬁﬁﬁﬁﬁﬁ’
AR B-TRR RO N ISR BRIEE ¢ MR R e ~ A IR R
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32 RHEH

AL EACR L T e BREFEA FT eSS R xR AR
C AR BTk AR R AR A XA FINF AT A RIERZ RS G
AT oSS 250 ¥R FHN T EAELS 0 S SR AT
FORA oA BT A 2o G154 Fromming and Szejtli*® (1993) 75 -7
A 25°C T 2Bk 10 £ %4 Lietal.®? (2007) 2l # E 0 W E T RE

R B AR T DY bl B-RR A SR 5 10t 2 L B kR

i

\\\Xr

Po - BRIl k- HALH S ZEIETR B RMERE 1 (TGRS
Bt P N E RS skl D A R R LA § T RR i B
&%ﬁ%m?ﬁ%"iﬂF'E%@¢m®&w%mﬁﬁ E3 AR AR
e W 2 oF & E(PVASNF) ~ R e 4 i /18 #5742 58 & s(PVA/limonene-NF ) »

o W FRIR BB R A £ o 9 (PVAJlimonene/BCD-NF) » i i3 & 4 47 »

X s Rk Mt 47 RS 24T E A B A T T EE R RO R

g ot gt Ecoli 2 Saureus 2 Friftt o AR S AT ERT (@) T fEAT
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Figure 12. Experimental scheme.
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FrEg o HkEE

4.1 #3

(1) m ™ & % p Sigma-Aldrich (St. Louis, USA )
Polyvinyl alcohol ( PVA, Mw~125,00 g/mol, 98% hydrolyzed )
(2) 7T & % p Bioshop (Burlington, Canada )

Agar

(3) T & % p ECHO (Miaoli, Taiwan )

B-cyclodextrin

97% ethanol

Methanol

(4) m ™ & % p Alfa Chemistry (New York, USA)

(R) - (+) -Limonene % & 97%

(5) ™™ & %P p Becton, Dickinson and Company ( Sparks, USA )

Luria-Bertani broth
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42 R E

10.

11.

12.

13.

14.

1.

16.

#7348 (Electrospinning) (£ &, Taipei, Taiwan)

4 & F & aes (Scanning Electron Microscope, SEM )  (FEI Inspect S,

Netherlands, USA )

-k (Milli-Q ultrapure water system )  ( Millipore, Bedford, MA, USA )
425 A 2 B (Micro Ultrasonic cell disruptor) (KONTES, NJ, USA)

% &= F4% (Autoclave) (HL-341, %/E Taipei, Taiwan )

#£ F4% ¥ & (Laminar flow) (VCM240, "E+%, Taipei, Taiwan )

¥ % 45 (Environmental Chamber ) (BTH80/-20, FIRSTEK, Taipei, Taiwan )
T+ g = 4= (balances) (HR-200, A&D, Tokyo, Japan)

-20°C %78 /4 i % (-20°C refrigerator) (CH-401, i %, Taipei, Taiwan )

7k 44 (refrigerator) (RT-088S, = * & A&, Taipei, Taiwan )

Hcg g (pipette) (pipetman P, Gilson, Middleton, WI, USA)

T ¥ A 3+ (Conductivity Meter ) ( CON 6/TDS 6 Meter, Eutech Instruments Pte
Ltd, Singapore )

%6 & (viscometer ) (DVEELVTIJ0, AMETEK Brookfield, MA, USA )

X &3k % $E8+ %k (X-ray powder diffractometer, XRD ) ( D2 PHASER- X-ray
Powder Diffraction, BRUKER, Massachusetts, United States )

# & & 47 1% (Thermogravimetric Analyzer, TGA) (Q50, TA instrument, New
Castle, USA )

F AP R 47 X G4 i i P E (gas chromatography flame Ionization detector, GC-

FID ) (7890A ,Agilent, California, United States )
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43 Rk iE

431 #T R RE T

PR R FTESEATRE BRASZ B R FEE - R FRHIRIF

i R B BRI i o F A G Re FELER 0 7]

sk

P
.
&

ER IR ST O T R ko ppedme kRt
2Wt% ~ Awt% ~ 8Wt% > ST HF T IS ke N T S BAE LRI Ryp e
SRR b MR E R RPF R ERERRZERT R R AR TLIE

SR ] e @ TR A I Aot B E_ %+ Marques 47 8 4 B-T k3t 25°C
2ok P B fRR S 1.85% (WV) 0 3 %4 Lietal. *? (2007) 2 & =2 > 2 EF B
FHATF AR PR BB AR 12 f’rék%:ﬁ:ﬁ;ﬁé}iw

42, B ts 0 SEM BLPIE T B 5o

432 #FEPNJITEER T

RN R LR = S E DTS A S R O § o
FHHE a2 B R TRA G 16KV 18KV ~20kV - Flipdaiginig » 5 04
mL/h~0.8mL/h~1.2mL/h> 1 E§EgLA % 5 16cm ~18cm ~20cm » F i $odics ¢
BT s BaE s F]et 5 18kV ~0.8mL/h~18cm o ik ricdF 2 £ 5 TR

ik L TERERES BN R R T blde AR R R E S S PR B 2
2 fsFpd SEM BLR] - 2 Image ] r¥RlE A CAE T PERGRE L] 2 S RciE
B 2l o
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433 EEENBREE

Brpes & 8%PVA (wiw,ip 3t 2 g5 -k 4 PVA 2. £ ) » 1.85% SCD (wiw,
WA TR E ) 2 0.44%R B (Wiw, Ap$ 2 g3 k€ ) B A G 2 g
koo F L#-B8gPVA S » 9293 g3 kP BREE BR300 85°C Mk AL
L PE s PVA & Sk i fde BB ARY § BRbpA R > AR B AR 2 B FS P
LB FERRR DBRE B ST EEIT2CT R - K ‘l'f“sﬁ-??/[} b b
[R¥FF ¢ i epe® > % 5 4~ 1.85% BCD (Wiw,ip 3t 33k £) 2 0.44%
BAFF (Wiw, Ap>t 3 43R € ) 2 K2 asipie? 20 25°C T #8425 | s
A d PRGN R o AR AET I R GRS el 2 28

Fedo r 0.44%R FF (Wiw, Ap 303 43 -k £ )20 R ka0 25°C T #E4E 25

RS 2R ERR S R AR AR AR e R S eha X p TR
(S A

434 TR RLIERBIT

4y

G EY RO G  EEE FE APRRE N A AL

¥ ow

(1
s

ﬂ

e

i3

Ao mZITH AT P ihd B G ARRT MR et B L 6 1 5

“~

Ak o AF B @ * Brookfield DVELV Viscometer » fiz & SC4-31 & + it {7

A

&P g & 15mL S TR e

F=1)

R

435 TEARZETRBI

EI MR EEpETEARPRFIDEFT LA o AF %% CON6/TDS6
Meter £ B 7 F A » 7§ ABggiE 425504 » 15mL 2 3+ k » 2T HER
I RPREREF R0 B uBRRE s ISmLATRIE 23R 1 ¥ - 48755
POoRIETERE -
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4.3.6 # 7 ¥ 3ER

R ENEAR (25°C) BT 0 Km o e B TR R AAEIRAE P BUA 27 15
2T A ML F I AR ERE L IR EY ERET > IR
PR ARELTRLIE ] RETRER S 040KV 0 e B AR RS
(aluminum foil ) Je B # T &3 & o BETR ~nik 2 1 (TERHR T i & S8
RLA N F > W SEAT R G P AT AERL LAk b B AR o H o
FRTSEHRTLEFTHELS AT TR 18KV D £ 1 i Figdr 20
cm i 04mU/he 4 B st BRI i e rima g Ry v EF
PRI REE T REBREE SR ET S D TE S By ok

d R RG o

4.3.7 T WA A HRBR

-t SEM BLBItS > 2 Image J T8 :E ) 100 iF R ] T e T o

438 kB L

X Sk BEEt A 47 ik (X-ray diffractometer, XRD ) 4 474 5 %K:@éﬁ > XRD &

5 E X bR £ ol M INR T G 2 B R EEARIT 0 St X SPAUE TR

B dm A2 SRS S B T A e B R R B TR L g

Bfri k- A PT L EELEA ORI R X AL SWORE - LERKY CuK

a2

@ % 5 X S MEst R e B IRGRORHE ~ TR R BT N ARAR

o BEAR PR B TRk R 4 0 £ 20 ) 10-50°T 2 fraf i) o
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439 HE#E AN

v 4 E 2 47 & (Thermogravimetric analysis, TGA ) 4 47 4% & te4e £ f2 & £ 4F
LA, g RS BAR R 0 Y F & o 1 20°C/A 2 iR K A BTk
AR S R BT PR R R W ERAR R R R SRR R B R
WO R B R K

B AR

LR 5 ¥ RL 500C 53 R AT £ RAFA D) > 2471k

4.3.10 R #% K F o5

R

B~ j# %% Fuenmayora et al. (2003) 2! z & j&u¢ BEFH 2 # 10
mg %z » 10 mL © fp ¢ 00 200 /4 4BARAE 12 0 pF o E 25 R 10 A 48
LB 2 AR o b INHREE RARE Ao F R BT R A AT R R

B BB U GaE R B A T 1 8 B o F %K 17 ke # 425 DB-WAX
( Hewlett-Packard - Avondale » Pennsylvania) (30 mx0.25 mm p = > 0.25 um %
B) o ®* g § i f (LomL/min) o it E{efkipl BK Lk 230 172607 C
AR R D AR4SE R 40°C (4 3448) 040 3 180°C v i & 5 10°C/

min (180°C %4¥ 3 & 48 ) -
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4.3.11 # 3 W35 ‘;ﬁggnjgéa

43.11.1 e

ALY A %4 (BCRC10239) 2 £+ ¢ # § 75 (BCRC10451) - A
8 %75 5 B~k # )tk 100 puL 4c » LB broth 900 plL > & dif 4 £ 8 A& 37°C T8 %
48 /| pF > Bk L mL 4 » 9mL LB broth ** & 4 £ & 37°C T3 % 24 ]

oo 22 % 4°C kiR M ES BEE L FT- X o

43.11.2 FieiE

B3 AC2Z iR ImL4e » 9mL LB broth /2 & 18 > 22 r 2 & fa & RIE R

KRENERPFPALFERIVC, Ft 24 | FREFTR -

43113 P S

g 33z p ISO 20743 @ 2013 (Textiles -- Determination of antibacterial
activity of textile products ) e
(- w8 &

d s LB AR B B- BRAERDENLBEEFREZAL N R
FAGE SRR T3 37°C TR A 24 )R 0 P4 H - 7% D] 10mLLBbroth **
37°C T3 % 18-24 ] pF > p PRk R X (1-3) x10® CFU/mL -

(= ks 2
()7 WiE 2% B
#-LB broth 12 3 £ & F’ kA 20 & & 5 1/20 LB broth » £ 12 1/20 LB 3 ¥ 7
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Figure 13. SEM images of the electrospun nanofibers obtained from solutions of PVA at

different concentration.
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Table 4. Properties of the PVA Solutions at different concentration

%2 (cP) ETR®WS)
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Figure 14. SEM images and fiber diameter distributions with average fiber diameter
(AFD) of the PVA electrospun nanofibers obtained from different voltage.
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Figure 15. SEM images and fiber diameter distributions with average fiber diameter
(AFD) of the PVA electrospun nanofibers obtained from different flow rate.
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Figure 16. SEM images and fiber diameter distributions with average fiber diameter

(AFD) of the PVA electrospun nanofibers obtained from different collection distance.
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Figure 17. SEM images and fiber diameter distributions with average fiber diameter
(AFD) of the electrospun nanofibers obtained from solutions of (a) PVA, (b) PVA/BCD,

(c) PVA / limonene/ BCD at 18 kV, 0.4 mL/h, 20 cm.
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Figure 18. XRD patterns of BCD, PVA/ limonene nanofibers, PVA/ BCD/ limonene

nanofibers and PVA nanofibers.
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Figure 19. TGA curves of different samples.
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Figure 25. loading efficiency of different samples.

a~b letter is significantly different among all sample test (p<0.05).
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