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Fig.1 Schematic diagram of microwave reactor
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Fig.2 Schematic illustration of synthesis of phytosterol oleate catalyzed by AuNPs-CRL hybridase
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Table 1 Factor level table

Factor
Level A(The particle size B(The amount C(Power) D(Time)
of AuNPs)/nm  of enzyme)/% A /min
-1 13 6 240 40
0 15 8 320 60
1 17 10 400 80

1.5 AuNPs-CRL (L EE R =HIRIRIE T %

1.5.1 49K4: I AuNPs-CRL 244K B A TEM A& 77 v
B4 £ 15 1 40 K 4> Bz AuNPs-CRL 24 1k il 15 i

F8 000 r/min FYZ1F T B0 15 min, 3725 FIEW, B

DUVE A ZEK Z Vs I RS 0, A 3R



464 It AR BRI G2l CRL BRI AL (8 B MR TR 1) 45 1L 525

JNE )R A R S 25t SRS TEDTTE i A D i 25
KRG FHI S A M b, 7EimE XUk A
SRINT G, i1 JEOL JEM-2100F i 5 H 7 i s Wi
E22ip SEAERDIZ T
1.5.2 S WEMERNR LT MR I Jr i

SRR B R R 0 5§ I R g A T 21 40k
TR, SR BN R AR TS 000 r/min Y A5
T B 10 min 225 AuNPs-CRL Z24b i , SRIGH 2
WWRARFILE 1 2 189 IE QA MIIEK ZBEAE 45 °CI
MRIRAT, JFE T4 CORMh#E 24 h, B
Je P2 ST L AR 5 R R B L RS
[ VR TP AN 4% 9 NaHCO, W T v iR e Ak, 2 Ak
J5 BB TE 6 000 t/min 1Y 55444 R B0 15 min, T
IR BR UL R B AR SN TR , R T e B
RN, 45 ER # AR G P T M EE AT
DU Y S BER LA GIEVE X R 2055

ML A 400~4 000 em™, 43 HE% K 4 em™ . BB
A3) X =YY 8 R ORI T
Yield =L % 100% (3)
my
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AuNPs W, ¥ HR AT )5 35 0 B ZE 91 F AR e A%
U, T35 CHEMIEFRAR RN 24 h, $4 SO W TE
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Fig.3 The TEM images of (a) AuNPs and (b) AuNPs-CRL hybridase
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Fig.4 The FT-IR spectrum of phytosterol oleate
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Fig.5 The TLC of phytosterol oleate
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55.21% b7+ % 65.12%, 544K 4 ki 42 R 15 nm ],
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516 AuNPs KARRTHEY) 5 B AL AR 5200
(BB 2% BERRPEJR LM 1 = 3, AuNPs-CRL 24 PRI 78 i
HAHY) S BT R Y 10%, TECKE 10 mL, (46480 W, i
J¥45 °C, FOVLITE] 80 min)
Fig.6 Effect of AuNPs particle size on the conversion rate of
phytosterols
(Reaction conditions: 45 °C, 80 min, 1 : 3 molar ratio of
phytosterols to oleic acid, 10% of the mass of phytosterol for the
addition of AuNPs-CRL hybridase, 10 mL hexane, microwave
power was 480 W)
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2.2.2 AuNPs-CRLZAHGFA I 0 A3 1y 52 )

AuNPs-CRL 4% 1k il (1) 75 10 22 X0 A8 40 55 I 2 1k
R ANE 7 Fis . i AuNPs-CRL Z= L BFAS I
HEAYIE TN, A S BER AL BB AL BN, S )
I 0 A AT ) S R Y 8% R, Ak R A B Rk
1H 68.53%. 3% &N BfE AuNPs-CRL 2Lk B2 (1)
BN, BRSO B R N, RV 2 IEY
EEE &I T HEAE R, B0 2R LR
FE ) 668 BTG . ARS8 AuNPs-CRLZ=AL B in 42,
FE ) 5 B A 3020 T . — T, B e R 3K
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[ G, FEURYIFALR T 55—, BEE
IV 14 22 1 AuNPs-CRL A0 75 1 A 34 M1, AuNPs (1)
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e AN A ) £ T 2 1) 8%

75

/ \+\%

60 -

551

Conversion rate/%

50 -

45 1 1 1 1 1

Amount /%

P07 AuNPs-CRL VIR XTI £ B bR 1952 1)
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10 mL, %8480 W, JRLEE 45 °C, S TH] 80 min)
Fig.7 Effect of AuNPs-CRL hybridase amount on the conversion
of phytosterols
(Reaction conditions: 45 °C, 80 min, 1 : 3 molar ratio of
phytosterols to oleic acid, AuNPs particle size was 15 nm, 10 mL

hexane, microwave power was 480 W)
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N E . AEE R R S0 0 T SRR ] XA
S BEM L AR I B 5. R 8 B T Rk T %
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AuNPs-CRL Z% LR 14 75 02 A AR 490 £ 15 5 i 1) 8%,
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Fig.8 Effect of microwave power on the conversion of phytosterols

(Reaction conditions: 45 °C, 80 min, 1 : 3 molar ratio of
phytosterols to oleic acid, AuNPs particle size was 15 nm, 8%
(g¢/g) of the mass of phytosterol for the addition of AuNPs-CRL

hybridase10 mL hexane)
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2.2.4 TRt ral Xt Ak R 1 B

FCIB HsF [0 14 4 % T B f S I, 2 SG FEBE . f
P TR, BRI SN ASTE 43, A BB 2 HAR A
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AW AR, SR R P HIK SRR, SIS
BERR/K AR . 53—, Bl R | R
S ) R HEAT . R A B AR A Sy P AR
A EEMI BARE A, B T R RN AT 24
FA RN AR Z A RE A H bR Bty 7E ik 2R
ARG RIS, 78 T BRI FIRRIR . Kk, A5 24E
VR A B AR I A R, 68 60 min fE N W
() F AR ]
2.3 NahzESEIGEER
2.3.1 W W T S B 4 SR B

BT R LI 45 A, DL AuNPs B R (A),
AuNPs-CRL Z% 1k B U8 i & (B) . f ik 2 2R(C) it
BERFRI(D) SR R H AR &, DIAEW) S B LR
W B {H , 28 Design-Expert 8.0.6 4t 1143 M7 8k {4 3 T
Box-Behnken H0 24 A 1B 1T, #5471 4
2 37K o A A IR 5T L LA S e fE AL

90 -

N

sof ®

Conversion rate/ %

N

70 L L I L I

40 60 80 100 120

Time/min

PO (B IR T S AR S I AL A A R )

(SNE A BERRIEE R LA 1 3, KR4 RIAR A 15 nm,
AuNPs-CRL A& LB I A AR ) H B i 1) 8%,
IECHE 10 mL, JRE 45 °C, kT3 K 320 W)

Fig.9 Effect of microwave time on the conversion of phytosterols
(Reaction conditions: 45 °C, 1 : 3 molar ratio of phytosterols to
oleic acid, AuNPs particle size was 15 nm, 8% (g/g) of the mass
of phytosterol for the addition of AuNPs-CRL hybridase, 10 mL

hexane, microwave power was 320 W)

FORi A, BRI TT 5 M EE R IR 2.

R2 MMELEHFEMER

Table 2 Response surface experimental scheme and results

N Factor Response Value
o A(The particle size of AuNPs)/nm  B(The amount of enzyme)/%  C(Power)/W  D(Time)/min Y (conversion)/%
1 0 -1 0 -1 80.21
2 1 0 1 0 85.44
3 0 1 1 0 81.09
4 0 -1 0 1 84.10
5 0 0 1 1 80.62
6 0 -1 -1 0 84.79
7 0 0 -1 1 81.58
8 0 0 0 0 89.14
9 -1 1 0 0 77.84

10 0 1 -1 0 84.83
11 0 0 0 0 90.28
12 0 0 1 -1 80.22
13 1 0 -1 0 85.49
14 0 -1 1 0 81.80
15 -1 0 0 -1 77.69
16 1 0 0 1 88.22
17 0 0 0 0 90.21
18 1 1 0 0 85.04
19 0 1 0 1 82.07

20 1 0 0 -1 80.56

21 -1 0 0 1 75.67

22 0 0 -1 -1 80.53

23 -1 -1 0 0 79.46

24 1 -1 0 0 83.74

25 0 1 0 -1 80.32

26 -1 0 1 0 77.30

27 -1 0 -1 0 84.26
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{8 FH Design-Expert 1350, X3¢ 2 i B 1 7
LG, 15200 LA T R -

Y=89.8767+3.02254-0.2425B-1.25083C+1.06083D
+0.73AB+1.7275AC+2.42AD-0.1875BC-0.535BD~
0.1625CD—-4.13583A4°-3.56333B8°-3.23083(C"-5.25083D°

Forb Y S SR rAa ) S BEBR IO AL AR (%), A I 9h

RIMMABBFESIRER
Table 3 ANOVA results of the regression mode

K 43 ki 4% (nm), B M AuNPs-CRL 2% 1k i F 42 (%), C
R (W), D A S B E] (min) .
2.3.2 R IENEAEAY ) Jr 2253 B

SR 1R U R A i, X IR AR R A T 22
SIMTRN B PERG S , S5 RN 3 TN

FH 2% 3 (A1 R Jy 25 3 e 45 SR T DL,

Source SS f MS r P Significance
Model 374.9 14 26.78 15.66 <0.000 1 .
A 109.63 1 109.63 64.1 <0.000 1 ok
B 0.705 7 1 0.705 7 04126 0.5327
C 18.78 1 18.78 10.98 0.006 2 ok
D 13.5 1 13.5 7.9 0.0157 *
AB 2.13 1 2.13 1.25 0.286 1
AC 11.94 1 11.94 6.98 0.0215 *
AD 23.43 1 2343 13.7 0.003 K
BC 0.140 6 1 0.140 6 0.082 2 0.779 2
BD 1.14 1 1.14 0.669 4 0.429 2
CD 0.105 6 1 0.1056 0.061 8 0.807 9
A’ 91.23 1 91.23 53.34 <0.000 1 ok
B’ 67.72 1 67.72 39.6 <0.000 1 ok
o8 55.67 1 55.67 32.55 < 0.000 1 ik
D’ 147.05 1 147.05 85.98 < 0.000 1 ik
Residual 20.52 12 1.71
Lack of fit 19.71 10 1.97 4.83 0.183 7
Pure error 0.816 5 2 0.408 2
Total 395.42 26
R’ 0.948 1
R, 0.887 5

Note: * indicates significant difference, 0.01 < P<0.05; ** indicates highly significant difference, P<0.01

HIE FAE A 15.66, P < 0.001, F/R8IZM R B 2%,
VAR A B S AR R AU F (B R 4.83, P
{EL4 0.183 7, F&HHIZAR Y 5 I AUTTAS t 3, 2 M i
IO AR 1) 45 PR 2R I A B FE A A S L N, A 5
5511025 SR/, REASAR I M i Bk U PR 2815 ) o7 {1
Z AR A . ST AR R P R A RP=0.948 1,
PERE ] 2B R, =0.887 5. M) {5 WA AL R 1 S P
(ECFRFIN A B A B S LA B, 1R 25708, T XA
R T AN [F] AuNPs 4% . AuNPs-CRL Z2fbBEAR

T | SR AR A I ) ARy £ B Ak
FIFEI .

(L A 4 9% DR 38 X6 W) 7 {4 352 i ik
LT LA D R AT ) S B AR A S e U
7 A-AuNPs 47 42 >C- o I ) 8 >D- 1 i 15 i) >
B-AuNPs-CRLS I .t 7 22 0 Wi 45 R vl LUB
i A-AuNPs Kif2 | C-T8l I3 . &L HAEH AD
AP B CPL DT I 3 KR (P<0.01); D-i i
fE] . 22 H AR AC 3 7K SF(0.01 < P<0.01);
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FIBC. 2 HAEHBD ., A8 HAEF CD X i o7 (B A 520
A (P = 0.05). 0 DU PR 2 X6 0 o] {EAR ) §55 sty
FERIEE B, KB —F R R .
2.3.3 Mo [ HAEFH A

ZHAE RIS S B S ik S N R
B B 5 ELAE T, il 10 Fross . Wi S0 T A9 385 B2 K /N mp
LA S RS DR 2R ey ) S e R T ] g
JEE R, 2% BH 2 PR 22 6] W) o7 {1 1) e A . b

Bithe hybridase amount(%)

7.00 14.00 X
B:the hybridase amount(%) ~ 6.00 ~ 13.00 Acthe particle size of AuNPs(nm) . : 15.00 16.00
Asthe particle size of AuNPs(nm)

a. the particle size of AuNPs and hybridase amount

15.00 16.00
Acthe particle size of AuNPs(nm)

c. the particle size of AuNPs and time

TR
SRR
000050 S e
'.‘0‘«

8.00

Dithe microwave time(%)

5000 A
D:the mic e Bithe hybridase amount(%) . g 9.00
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e. AuNPs—CRL hybridase amount and time

o7 TR P g B TR/, T LT S 45 PR 3R KA 54 e
AL SE AR 23 5 h - A-AuNPs R4 >C- flR
I SD- 1 st 18] >B-AuNPs-CRLZS AL BRI 4. 25
1 2k BT IR i e TR R A8 BAR A K /0N . ZE & 10b
FE 10c H, S5 S 2R, 2= 0 K i &y
PR A BAE RS s 76K 10a, d. e, £, SEE4Zk
RETFEE , FBH & il K it e DR 2R 28 AR RS
2.3.4 BIRIEIE

FI ] Design Expert 8.0.6 %) F & B 15 51 (1)

microwave power(W)

Cithe n
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Acthe particle size of AuNPs(nm)
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Fig.10 Response surface and contour plots of pairwise interactions of the four factors

WlE 7 BT — 20 0, RE e 15 B sk S ik
AuNPs-CRL 4% k. il G B0 AR 55 B3 2 1 1) d5e 1 T
LA AuNPs Kif% 15.74 nm, AuNPs-CRL 4
7.99%, Tk IH 312.77 W, L i 6] 63.56 min, 1£
AT R S B AL R A BRI (B 91.66%. R 5
TE N R T8 T 545 SR A MER P, 25 BRI, K i
FEA B4 8 %% 2l AuNPs K7 4% 15 nm, AuNPs-CRL

ZALBERAS N 12 8%, T HI#6320 W, T 1] 64 min,
MRS R UE T 3R B S0, DA A 4 55
(L AL 24 91.24% + 0.42%, W] W52 FRAE 5 Be 1E
AR, DA S S48 AL 5 S PRI LA B4, 1T
FHF SEBR{E R .
24 BEEAZUHARNERBEEERSH

5 R B, CRL R AR F e EE 4 0.294 mg/mL.
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RFN 10 mL, |35 WA 2 1R 24 0.040 mg/mL
IRFUR 49 mL. &334 32.72% (IR il -5 49 K 4
BF255 , ZABCRBEAR I TR PR PR s B A i
il B 1 9K A R AR B, AR MEE AR I 1 P9 0B
BUAACEE . AR VR T4 5 A DT E #4327 T
it 355 0 5 , 15 HY AuNPs-CRL 2% Ak i 1) 5% 4% 15 7
68.33%.
25 EEEE N AREY

G AR E MR FI W A A B e Y — A
T FB, SUFBIEEA L, AuNPs-CRL 241k RE
3 3 T R A RO VR L ROWAR R AT Bk
TR E 1 ER T CRLAAALERR 2 2 it
K AR T I 45 58, mT LB i )
CRLJIE I i 7 42 fifi ] 6 WK, BTG 2k 17—, i
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Fig.11 Repeated batch reaction operation stability of CRL and

AuNPs-CRL hybridase
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Optimization of Microwave Enhanced Gold Nanoparticles-CRL
Hybridase ( AuNPs-CRL ) Catalyzed Synthesis of Phytosterol Esters

YIN Yi', SUN Li-rui', FANG Qi-li', XIA Chun-gu’, XIN Jia-ying"”"
( 1. Key Laboratory for Food Science and Engineering, Harbin Uninversity of Commerce, Harbinl150076, China;
2. State Key Laboratory for Oxo Synthesis & Selective Oxidation, Lanzhou Institute of Chemical Physics,
Chinese Academy of Science, Lanzhou730000, China )

Abstract: In order to further improve the lipid solubility and lower the melting point of phytosterols, an efficient
method for the synthesis of phytosterol oleate under microwave irradiation using AuNPs-CRL hybridase as a
catalyst was proposed. The process conditions for the synthesis of phytosterol esters were optimized by response
surface analysis with the conversion rate of phytosterols as indicator, and the optimal conditions were verified. The
optimization conditions for the microwave-enhanced AuNPs-CRL hybridas catalyzed the synthesis of phytosterol
oleate were: the particle size of AuNPs was 15 nm, the addition of AuNPs-CRL hybridas was 8%, the microwave
power was 320 W, and the reaction time was 64 min. The conversion rate of phytosterol was 91.24% =+ 0.42%,
phytosterol ester yield was 83.73%, which was in good agreement with the predicted value.

Key words: phytosterol esters; AuNPs; hybridase; microwave



