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Adsor ption of Enzyme for Sulfur Mustard Decontamination
by Mesocellular Foam

ZHENG He, ZHONG Jin-Yi, LIU Jing-Quan, ZHANG Zhe, CUI Yan, ZHENG Yong-Chao

(State Key Laboratory of NBC Protection for Civilian, Research Institute of Chemical Defense, Academy of Military Science,
Beijing 102205, China)

Abstract: With polyoxyethylene-polyoxypropylene-polyoxyethylene (P123) as template, 1,3,5-trimethylbenzene
(TMB) as swelling agent and tetramethoxysilane (TEOS) as silica source, mesocellular foam (MCF) with three di-
mensional (3D) cage-like mesopores linked by windows was successfully synthesized by hydrothermal method. N,
isothermal adsorption characterization indicated that the largest pore size was 17.3 nm, and the other structural pa-
rameters as window size, specific surface area and pore volume were 8.2 nm, 770.3 m’/g, 2.3 cm’/g, respectively.
MCF was employed as carrier for adsorption of DhaA which is an enzyme for sulfur mustard decontamination. The
effect of pH to saturated adsorption capacity of DhaA in MCF was studied and the results showed that the largest
loading amount of DhaA was achieved at pH 6.5. The adsorption kinetics followed Elovich kinetic model very well,
and rate-determining step of this adsorption process was intraparticle diffusion. Adsorption isotherm curve of DhaA
matched Sips model. The catalytic activity and conformation of DhaA changed obviously after being adsorbed in
MCEF. The residual activity of DhaA was 12.4% after being adsorbed, and the intrinsic fluorescence spectrum was
found red shift. From the experimental results it can be observed that the big pore size, large specific surface area,
and 3D cage-like structure of MCF facilitated the adsorption of DhaA, The electrostatic repulsion between DhaA

and MCF influenced the adsorption process, and the conformation change of DhaA was the major factor of the de-
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creased catalytic activity.

K ey wor ds: mesocellular foam; enzyme for sulfur mustard decontamination; adsorption; conformation
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dehalogenases, HLDs), AJ PLIE I 7K i [ Bk T+ <
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LDs=6.61 g/kg), % | 5 2 M AL = P IF 1
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A, B EBCNTT TRV e E s e
A%, DhaA 7ESEPRRH 1 iE A, 16 pH. iR
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A RALE R SF RIS A FLAE FE ARG B, K s 2
FE T ARG R, JEEEE TSR . A
FLIIEMCF) 2 —Ffh B =42 @ 7R fLE g5 1
BAEMEL, HALE RS A 1E 10~40 nm 2 [A], L2
AT 8~20 nm (U H3ERE, fLAEN 1~2.4 cm’/g,
J&F A FLA R FLAR B — 2Rl MR T
LRI Z4EFLIE LA B SBA-15, MCF K AL
oy RFLEE U B = 4R 45 404 SR &1 DhaA 1117
BB AN B 2% . H BT DhaA 76 MCF H W B [ 52 4k,
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1.2.1 MCF #l&

NG P123 Ay L7 TMB & T & WK FE ()
EREKIE, R FE L nrpos © npia=1: 0.0168
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FIEEAE 550°C L3R ke 5h, 53] MCF %41
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1.2.2 DhaA Bzl 15N E

B4l IF i) DhaA A pH6.5 () PB 2P i B 22
1.0 mg/mL £§ FH - BX 10 mg il % 4 I & i\ pH 6.5
()% R (PB) 2% 168 75 43 HK, 10000 r/min 50> 3 min
JE I i, EREENE 2 WA, £ 20C FIAR
[F] 2 1) DhaA V5 15 25 BB o A [R] A [ [ i R,
W 5E I B 375 9% () DhaA W J¥, i+ % DhaA 78 3044
IR B &

1.2.3 pH X DhaA %t & 220 E
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() 2% R, K P Tris-HC1 B pH 8.5 Al pH 9.0 [
SR R AEAF pH M IA P R 1.2.2 5 9R, %
S B35 B P 4TI DhaA 78 4R A4 o i W B £
1.2.4 DhaA f#W% M= M E

I pH 6.5 L2 DhaA W Bk 21 ~F- 7 1)
& %, 10000 r/min B0 3 min J5 {8 _EiE, & i
o DhaA & &, FUINA pH 6.5 2% ¢ i B %2 2 min,
HEE FRBIE 3 K, K EERTIEN DhaA & &
BN, 433 DhaA F AR B &

1.2.5 DhaA IRHMIZiR LN E

JTiEPERE 1.2.2, Y14k DhaA & HIKEE M
0.25 mg/mL ¥4 KF| 1.5 mg/mL, Wl & W Bk 2]~ 15
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110 pL BRI, B 200 pL WA 96 FLAR,
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43 B UK B 50 pg/mL (1137 55 DhaA A3 44
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fEHEINR, MCF #ARFLAERSTIEK, FLAHEE
2K
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MCF R FI A 1) BET MIA4E R (& )R, @
i TMB IR, MCF R A AR FL12 5 A5
A LAY HITE 6.8~17.3 nm 2 1], A, MCFO P 4L
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Fig. 1 N, adsorption-desorption isotherms of MCF serial
materials

F 1 MCF RZ5IE K BET MR R
Tablel BET resultsof MCF serial materials

Pore volume
3 -1

BET surface Pore size Window
Sample

area/(m*-g ") /nm size/nm /(cm™-g™")
MCFO0 858.2 6.8 6.6 1.2
MCF1 538.4 8.5 6.8 0.9
MCF2 5443 11.0 6.0 1.1
MCF3 507.3 12.9 4.9 1.3
MCF4 606.7 16.6 7.7 1.8
MCF5 770.3 17.3 8.2 2.3
MCF6 779.5 14.1 8.4 2.1

K12 MCFO il MCFS [¥] TEM [ A
Fig.2 TEM imags of MCF0 and MCF5
(a) MCFO in 2D array; (b) MCFO in 1D channel; (¢) MCF5
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DhaA 43 F R~ (4.3 nmx4.4 nmx4.6 nm)/hT
MCF5 #1 MCFO FILAE RS, 72 Ph A 3 e
AT FLIE N B - DhaA 75 2044 IR B th 2 ] 3(a)
s g Fom AL i S HAR NS DhaA () &
(mg/g)), MFHATLLF F], DhaA WK Fff f 7E FT 60 min
TGN, T S WA BT RSP EDIRES R,
MCFS5 %} DhaA HHEFIN B & 5T MCFO, i8] MCF5
ML AR T DhaA W . B 2]
RIN T 4ERF DhaA 45t ka0E, Wl pH MARKFAE
6.0~9.0 2 [f], {H,& DhaA %5 HL /5 pI=5.12, MCF5 Al
MCFO W Fh# AR WA+ 5 MR, &l afE
3 AN, 7EIX A pH JEH A, DhaA Mk %
T ¥ A i e, AH L (AR TEER s HE R R, It
Bf pH X DhaA 7 3544 Hh i AT B = 1 5 ) L 1)
3(b). AT LAF I, pH 6.0 11 6.5 570 T, DhaA 7E MCF5
H1TMCFO 19 Foh 847 o (0 L R B 2 A v, 2498 T pH
BT KRR, T 3 DhaA AR A ) A5 H N
DhaA 5 # /R 1 (1) # B HEFAE 308, 5 80R
I PEK. 7E pH 8.5 2641 F, PIFEUASHIL T
DhaA W Pt & (38 0, X2 i T 58 e 2% 4 334 A
). #ikkE, BT MCF5 LA FIFLA L MCFO B
K, KIEEASE pH 261F K DhaA 7£ MCFS5 5 f W% B
¥1%F MCFO.

./.

—a— MCF5
—e— MCF0

] ) L 1 L 1 L 1 L 1 1 1
0 50 100 150 200 250 300

Time / min

80 L (b) —a— MCF5

—e— MCFO0O

60 65 70 75 80 85 90
pH
B 3 DhaA 7 MCF5 # MCFO {9 W% Fff

Fig. 3 Adsorption of DhaA in MCF5 and MCFO
(a) Adsorption kinetics; (b) Effect of pH on saturated adsorption capacity

2.3 DhaA Ik Bi/#RIRM1E R

Kl 4 BRI TE pH 6.5 %1, DhaA 7t MCF5
FMCFO 19 ot 85 4 W% B i 1107 VR B 28 R AR PR B0 T
LU E, MCFS % DhaA [ B A0 A I B 14 e 340 0 T
MCF0. MCF5 1 kfL42 MK FLEE FT DhaA )k
=, T2 M 66.7 1803 82.3 mg/g, Lk MCFO &
& 1 23.4%. 1l MCF5 7E & B F2H T s ) = 4E 58k
ToFF S5 KN4 25401 T DhaA IR, DhaA R B
M 42.7 J/NF 33.3 mg/g, L MCFO FZK T 22.0%.
2.4 DhaA 7£ MCF5 F1 R i zh h =

3 )R F e — SRR o vHE — 2 B A B2 Elovich
B 1R DhaA 76 MCF5 o (W B it 28 3384740
A, MR A RS SRR 2 fiow. Ko, 1
— 1% WS B TR A58 PR B i R A2 v v B U, o
%R TR RS R B g A A A R B e A,
Elovich ) /7 3 #7 5 & & AE S M B F2 R0

FE =FhEh F1 2R b | DhaA 7E MCF5 H IR Bt
31712 M4 5 Elovich 3 77 A BAU A CR BT (VL
SE 2K R7=0.9860), 1M H4475 1% % RMSE f/h, £
B AR Y AU 45 S 5 se e B e 4 . LA R B oR
DhaA 7£ MCF5 Wy i e A7 e B AN A0 (s P,

100

| [ Loading amount
g0 | [ Leakage amount

DhaA into MCFO0

Kl 4 DhaA 7E MCF5 F1 MCFO H fr) W jf i g i
Fig. 4 Adsorption and desorption of DhaA in MCF5 and MCFO

DhaA into MCF5

K2 PHFBRUBELE

Table2 Fitting of adsorption kinetic curve

Kinetic model Equation Parameters
q:=79.58(mg-g ),
Pseudo- k1=0.25(min"")
In(q, —q,) =In(q,) — k¢ ! ’
firstorder (e ~4) =I(G) ~hy R*=0.9300,
RMSE=7.38

q=83.41(mg-g™),

Pseudo- t_ 1t .t k,=0.01(mg-g""-min™"),
second-order q, kzqe2 q. R*=0.9773,
RMSE=4.10

0=33.52(mg-g""-min"),

. In(ef) Int — ol
Elovich "= s ¢ 13519()(3156% !
RMSE=3.18
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2.5 DhaA 7£ MCF5 R g3 8LAL I

B BT L = AR i, TRy
TR B AR R E (R TN HUd i), A5,
BB R B 2 A SR LA N R A R B A A
(B TR BOIR); &)a, W55 708 A ik
BT 525 BB Bl . —BRIBOLT, SRR B
R TR, R B R 1 PR D R 5 AN RO N
AT 5% o Hets Weber-Morris 4 BB A (4 = +C),
W B 30 7725 M 48 0T LAy = AN X3 (L 5),
I3 A REANT G T EOR RS 1P AR . BT
AN FE 1L 2 AT DL A NI SR A, R
DhaA £ MCF5 43 [fi ) W B o A o B ik, T
DhaA 7£ MCF5 FL1& N 4 82 T B i 72 1 B 3 20 3R

MCF5 %@ RSPzl DhaA 41K/, MifE
pH 6.5 %1 MCF 5 DhaA ¥ 1 B 17, [K1t MCF
fLIE RIS DhaA BI&ERHLHEFRAEF AT B2 520 4
PR EEREE.

2.6 DhaA 7£ MCF5 IR fif ;8 2

W B 45 et 2 AT DA S B RGBS 46 I DhaA  7E
MCF5 o AitE i, H A b s B A 0 o b
SRR Langmuir #6883 00077 2 05 B 7
S7; Freundlich #7R4) J 5 F KB SEuh w45 i £
DT EWIHZ KA Tempkin A AIPI5] 07 W B
it P B 20 T 2 1) (AR FL AR s Sips A AR ST R
Redlich-Peterson #EMPHZL4EA T Langmuir 157
Al Freudlich #8122 56 /A 5. DhaA 7E MCF5 H [
W B S 2k KA iR nE 6 fBror, AT LLE F
MCF5 ] DhaA W[t 55iR 2k Sips BEA& FE
(R*=0.9844)( 1.3 3).

S5 RR W, 24 DhaA WK EAKHT, DhaA £ MCF5
KR Freudlich #2347 2 4> 7 /2 Mt; 24 DhaA
WIS, DhaA fE MCF5 FH & I Langmuir #5753
T 550 7 2,

80 |

60 |

40t

y1=24.626x+1.4213 R>=0.9929
20 - y2=4.5585x+43.962 R*=0.9988
¥3=0.7561x+73.974 R>=0.9757

g,/ (mg-g™)

0 2 4 6 8 10 12 14 16 18

t] /2/ minl /2
K15 DhaA " F2 ) Weber-Morris 7 Ui 52
Fig. 5 Weber-Morris diffusion model of adsorption of DhaA

2.7 MCF5 R HMixf DhaA B iE 220
BEvE A R B, W75 DhaA X7+ S A5
M(2-5 52 BE (5 9 21 U/min, "% B f5 DhaA %
P B 2.6 U/min, 75 PEVR B % 12.4%, MCF5 W B 5
DhaA HIEESE SR . Takimoto Z5B). Zivkovic
252980 Dreifke Z5POERT 7T b [FIRE & L T 4R W B
J& A= P T BEAR B IR, W B S A e B R
P43 530 R B B 67.5% 20.8%F1 27%, {H _FikHF
FCIIA 3 T vt P T O 1 A o

AW TR 96 e vE X DhaA W B T /5 19 = 2%
MGFAT T (LK 7), 458K, MCFS W5
(") DhaA KA TR, JotKk g B,
UiP DhaA HIB/KIEPEFOEEMER] T HEE, ik
SN R BRAE MR

00F =
75
— | = Experimental data
o —— Langmuir model
e 50 —— Freundlich model
£ I R —— Temkin model
:: ————— Sips model
25 —— Redlich-Peterson model
0 L
1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
C,/ (mg.mL™)

Kl 6 DhaA 7E MCFS5 A [Vl bt 253 2%
Fig. 6 Adsorption isotherm curves of DhaA in MCF5

*3 WMMFREMES
Table3 Fitting of adsorption isotherm curve

Isotherm

Parameters
model

Equation

Qmangl 49(mgg_1)=
K=0.01(mL-mg™"),
R*=0.9800,
RMSE=4.68
K=102.58(mg-g™"),
n=0.11,
R*=0.9436,
RMSE=10.94
Ar=175388.80 (mL-mg™),

0=R sin(a xc)y  br=293.93 (Jmol™),
by R>=0.9119,
RMSE=9.8
K=236338.20(mL-mg "),
=126,
0=2612.06,
R*=0.9844,
RMSE=4.13
Kr=39323.82(mL-mg™"),

— qmax X Ce

Langmuir 9. K, +C,

Freundlich q. =K, xC"

Tempkin

K.CP

s
sT¢

Sips =—
P e 1+a,xCl

Redlich-
Peterson

¢

I+ag xCE

Ky xC,

or=449.02(mg™),
g=1.03,
R*=0.9832,
RMSE=4.28
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K7 DhaA Wi 960
Fig.7 Fluorescence emission spectra of soluble DhaA and
absorbed DhaA

sh4 ETR B DhaA W Eh 1205, AL
INATEW i A2 o, DhaA 2y 7 F BB A, Juk
e F1 S FRAE I B AE MCF5 FLiE, #F7> DhaA
R T RNERAEFER, EdH R KRS
MCF5 fLiE WKL, B8 TRA 2, JER
SR 5 DhaA fEAGIE I 1 2%

3 Zig

PL TEOS #1 P123 24 M%), TMB 4 FL7 7K #4
P& T S4B R FLIE 45 1) MCF,
MCF5 LA MRS Bk, 182 17.3 nm, 7 RS
8.2nm, L& 2.3 cm’/g. £ pH 6.5 %1, MCF5 %}
DhaA WPt & e Rk, FoWR B2 77 %% /& Elovich )
F1254E R DhaA £E MCF5 FLI8 P 377 B0 R 2 W8 B 1)
PRI IR, "B 5 DhaA 36 P F#MK, DhaA MR K

W4 R BA SR = 4 il SR FL1E
45K MCF Refs K2 DhaA, HA 241K DhaA
(IR B, bU 4G 5 FLIE 25 440 1 A FL A AL W B
A 4f. {HYE DhaA WRBREFEAR, & HERER R
M B R, i 2> DhaA MR KM, S
A TERRAG . 3E— 2D R A B st B 1 i 5 0t
MCF #4172k
¥4 BT 3958 MCF % DhaA HIWB, 3F HA BE 44
DhaA ¥4 % AL S M

2 % 3k

[1] GUO N, ZHAO Y Z, ZHONG J Y, et al. Efficient expression and
fermentation conditions optimization of mustard gas hydrolase.
Research Progress on Chemical Problems in Public Security, 2015,
273-280.

[2] GUO N, DONG L, LIU J Q, et al. Catalytic hydrolysis of sulfur
mustard by haloalkane dehalogenases. Environmental Chemistry,
2015, 34(7): 1363-1370.

, BN LA B KRR L ST MR A,

[3]

(4]

[3]

(6]

[7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

ZHAO Y Z, ZHONG ] Y, GUO N, ef al. Improvement in the ther-
mostability and activity of DhaA against sulfur mustard by multi-
point mutagenesis. Chinese Journal of Applied and Environmental
Biology, 2017, 23(4): 714-718.

ZHAO Y Z, YU W L, ZHENG H, et al. PEGylation with the thi-
osuccinimido butylamine linker significantly increases the stability
of haloalkane dehalogenase DhaA. Biotechnology Journal, 2017,
254: 25-33.

NAGATA Y, OHTSUBO Y, TSUDA M. Properties and biotechno-
logical applications of natural and engineered haloalkane dehalo-
genase. Applied Microbiology and Biotechnology, 2015, 99(23):
9865-9881.

STEPANKOVA V, DAMBORSKY J, CHALOUPKOVA R. Or-
ganic co-solvents affect activity, stability and enantioselectivity of
haloalkane dehalogenases. 2013, 8:
633-752.

DIAZ J F, BULKUS K J. Enzyme immobilization in MCM-41
molecular sieve. Journal of Molecular Catalysis B: Enzymatic,
1996, 2(2/3): 115-126.

TAKIMOTO A, SHIOMI T, INO K, et al. Encapsulation of cellu-
lase with mesoporous silica (SBA-15).
Mesoporous Materials, 2008, 116(1): 601-606.
VINU A, GOKULAKRISHNAN N, BALASUBRAMANIAN V'V,
et al. Three-dimensional ultralarge-pore Ia3d mesoporous silica

Biotechnology Journal,

Microporous and

with various pore diameters and their application in biomolecule
immobilization. Chemistry-A European Journal, 2008, 14(36):
11529-11538.

WEBER E, SIRIM D, SCHREIBER T, et al. Immobilization of
P450 BM-3 monooxygenase on mesoporous molecular sieves with
different pore diameters. Journal of Molecular Catalysis B: Enzy-
matic, 2010, 64(1/2): 29-37.

AGUILA S, VAZQUEZ-DUHALT R, COVARRUBIAS C, et al.
Enhancing oxidation activity and stability of iso-1-cytochrome ¢
and chloroperoxidase by immobilization in nanostructured sup-
ports. Journal of Molecular Catalysis B: Enzymatic, 2011, 70(3/4):
81-87.

WASHMON-KRIEL L, JIMENEZ V L, BALKUS K J. Cyto-
chrome ¢ immobilization into mesoporous molecular sieves. Jour-
nal of Molecular Catalysis B: Enzymatic, 2000, 10(5): 453-469.
SERRA E, MAYORAL A, SAKAMOTO Y, et al. Immobilization
of lipase in ordered mesoporous materials: effect of textural and
structural parameters. Microporous and Mesoporous Materials,
2008, 114(1): 201-213.

SCHMIDT-WINKEL P, LUKENS W W, ZHAO DY, et al. Meso-
cellular siliceous foams with uniformly sized cell and windows.
Journal of the American Chemical Society, 1999, 121(1): 254-255.
IWASAKI I, UTSUMI S, HAGINO K, et al. A new spectropho-
tometric method for the determination of small amounts of chlo-
ride using the mercuric thiocyanate method. Bulletin of the
Chemical Society of Japan, 1956, 29(8): 860-864.

M. e B I TSR A AN E MR . b s By
R TR -2 A iR 3, 2016,

ROSENHOLM J M, CZURYSZKIEWICZ T, KLEITZ F, et al. On
the nature of bronsted acidic groups on native and functionalized
mesoporous siliceous SBA-15 as studied by benzylamine adsorp-
tion from solution. Langmuir, 2007, 23(8): 4315-4323.
LAGERGREN S, SVENSKA B K. On the theory of so-called ad-
sorption of materials. Swedish Academy of Science, 1898, 24:
1-13.

HO Y S, MCKAY G. Pseudo-second order model for sorption pro-
cesses. Process Biochemistry, 1999, 34(5): 451-465.

AHARONI C, UNGARISH M. Kinetics of activated chemisorp-



11 W

R, S L I TG DhaA (1M HEBE 7T

1207

[21]

[22]

[23]

[24]

[25]

tions. Part I: The non-Elvichian part of the isotherm. Journal of
Chemical Society Faraday Transactions, 1976, 72: 265-268.
MARTINS A C, PEZOTI O, CAZRTTA A L, et al. Removal of
tetracycline by NaOH-activated carbon produced from macadamia
nut shells: kinetic and equilibrium studies. Chemical Engineering
Journal, 2015, 260: 291-299.

WEBER W J, MORRIS J. Kinetics of adsorption on carbon from
solution. ASCE Sanitary Engineering Division Journal, 1963, 1(2):
1-2.

LANGMUIR 1. The constitution and fundamental properties of
solids and liquids. Journal of the American Chemical Society, 1916,
38(11): 2221-2295

FREUNDLICH H M F. Over the adsorption in solution. Journal of
Physical Chemistry, 1906, 57: 385-471.

TEMPKIN M I, PYZHEV V. Kinetics of ammonia synthesis on
promoted iron catalyst. Acta Physico-Chimica USSR, 1940, 12:

[26]

[27]

(28]

[29]

[30]

327-356.

SIPS R. Combined form of Langmuir and Freundlich equations.
Journal of Chemical Physics, 1948, 16: 490-495.

REDLICH O, PETERSON D L. A useful adsorption isotherm.
Journal of Physical Chemistry, 1959, 63(6): 1024-1026.

FOO K Y, HAMEED B H. Insights into the modeling of adsorption
isotherm systems. Chemical Engineering Journal, 2010, 156(1):
2-10.

ZIVKOVIC L T, ZIVKOVIC L S, BABIC B M, et al. Immobili-
zation of Candida rugosa lipase by adsorption onto biosafe meso/
macroporous silica and zirconia. Biological Engineering Journal,
2015, 93: 73-83.

DREIFKE M, FRIED D I, BRIELER F J, et al. Kinetic investiga-
tions of 6-phosphogluconate dehydrogenase confined in mesopor-
ous silica. Journal of Molecular Catalysis B: Enzymatic, 2016, 132:
5-15.



