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Abstract: To further enhance the immune effect of the foot-and-mouth disease (FMD) virus-like
particles (VLPs) vaccine, this study prepared FMDV VLPs-zeolitic imidazolate (framework-8, ZIF-8)
complexes with different particle sizes. We used a biomimetic mineralization method with Zn*" and
2-methylimidazole in different concentration ratios to investigate the effect of size on the
immunization effect. The results showed that FMDV VLPs-ZIF-8 with three different sizes were
successfully prepared, with an approximate size of 70 nm, 100 nm, and 1 000 nm, respectively.
Cytotoxicity and animal toxicity tests showed that all three complexes exhibited excellent biological
safety. Immunization tests in mice showed that all three complexes enhanced the titers of neutralizing
and specific antibodies, and their immune effects improved as the size of the complexes decreased.
This study showed that ZIF-8 encapsulation of FMDV VLPs significantly enhanced their
immunogenic effect in a size-dependent manner.

Keywords: zeolitic imidazolate framework-8 (ZIF-8); foot-and-mouth disease virus-like
particles (FMDV VLPs); adjuvants; size effect
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RUPAOKRAL TR, R LSRRI . =L 1
SFREN . RIFEMHSNEL 5 T4 Rk
BT, CAEMBIEE . 25k . Bl
A TV S ATk A 21 )32 o Y. 3 A ke
B1_8 (zeolitic imidazolate framework-8, ZIF-8)J&H
Zn* 1 2-F LK 7 7 B A MLED MOF's 14K,
R R AP R AT RS e, w2
FAFAEDIM B E | 2595 % S5 A sk, i —
AW LI, ZIF-8 ARz it HoA KAk
R, BBBES/NR AR, HHA
RAF AR, SRl ) ik A

YK URL Y RS . RTAT FRL fap A1 -5 40 At EE 1Y)
AHEAE 2352 i 20 B LA R L A, A
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AR AR 20 K FURE P WA SR 2 it R o
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ABERER A AT, AT AR RS
VLPs-ZIF-8 5, 45REKY], REEEYH
A RIFBAEPARZE , AT RIS 37 2 R A s
N2 A, ARIRSERY FMDV VLPs-ZIF-8 3%
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SR (70 nm) R G Y EA AT R ROR

R

1.1 ##§
ik O B FMDV %55 1 89 K&
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(Escherichia coli) BL21. $T FMDV i BH: i i
6 B 'S 4 Bl (baby hamster syrian kidney,
BHK-21) 1 i A S8 28 /47 ; HRP ARic i 5t
¥ 1gG. DMEM }iFdk | fgMREr . 2-H LK
MR ) [ PG A G BT Ay () B 5 A R
100 U/mL H & EM 100 pg/mL 455 % . IR
W A DERAEmEARGRA A 5 bRk Fi iR
1R 2 3H B R0 A BR 8 H] 5 cOmplete
His-Tag Purification Resin 4 H 1A% G254
FR/S w5 IL-4, IL-1p. IFN-y 4 K 750 &
W A2 AR A BR A E ;68 i M 1
BALB/c/INRIW A Hf E Ol B 2% B 2= M BE A5
Fir g gy o
1.2 753
1.2.1 FMDV VLPs 3L E
MRHEA SIS = #57 1) FMDV VLPs KJHF
FRERG, K5 T2 FMDV VLPs!"™,
HARBAEWT , RS, B 1:100 4
ik O B FMDV 44 8 H B B MR AP T35 &
NHRBRGO pg/mL), RABEZR (10 pg/mL)Fl
AFE R34 png/mL)WY LB B;3:3kh, DL 37 °C,
220 r/min Z/45R53% % ODgo 15 0.6-0.8, FHAIAS:
W& -B-p- mi A P FL OB P (isopropyl-B-
D-thiogalactoside, IPTG)ZEZYKE A 1 mmol/L, LA
16 °C. 200 r/min 55155 %1k 14 h; AR
W DI, JFH&A 10 mmol/L BRI
G b R F EE R AT R R R, I
£ 12 000 r/min 5.0 30 min; B0 05 00 FIE W
R BB, 4 CClEsEZ54 1 h, JER
Wk, FEFRUTIIMAEA 10, 20, 45 mmol/L WK
MGz MR HE 1, B A 500 mmol/L B
M F 2% vhOR BE G H M & 11 FMDV VLPs .
SDS-PAGE %7, 4 i iy ridse— i Lyl
A 29z 2 8 &1 4 F (small  ubiquitin-like
modifier, SUMO) i, 4 °CHV], ¥ Fe M5
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2xSDS FAEZE R IEIR 1:1 RHBRA, Bl
10 pL S0 ABGYIHET G 98 AR AL, BEATHERC A
UK, BT S YR A, RS
IR Bt i, SR A6, 2500
W O UE 1T W 2% . Western-blotting % iE
SDS-PAGE JE WU B, FI B 5% : 5% R
YR, FH IXTBST BLiil 5%/ Wik &t 14
1h, FIEBAEYR, Kbt FMDV (% FHYE G 5
2% LAWK #% 1:1 000 il —Pi, FIRWH
1 h, TBST % 6 K, #K 5 min. RGBT
A ALY (horse radish peroxidase, HRP)briC HY
WP 1gG 5 2%BilETH% 1:1 000 I —ht, =
JR9FE 1h, TBST % 6 X, AKX 5 min, ECL &
SRS . VIS S5 R R R 57
PR AT A 3 I B AR AN KR
{Y (dynamic light scattering, DLS)ll & i ki R
oF, EREAEAR, MRS YE 3 ), ¥
WML, IARES:, FEPAREA S, K5
P PRAR I
122 ARERMKRRTHERBENERMENE
R B FRAE

70 nm ZIF-8 (Z70)#14: # 160 mmol/L 2-
FAELKME 5 50 mmol/L fSERAEFEIR 9:1 LR
4, FEIBHNA FMDV VLPs, K F#E 3 h, &
OWUER FETTTE I LB FoK kg, k.

100 nm ZIF-8 (Z100)#l 4% : ¥ 160 mmol/L
2-H LK 5 50 mmol/L A FREFL 8 1:1 FL R
4, [EIEBHINA FMDV VLPs, 7K F#E 3 h, 5

*1 FMLBRRRETE

DR TIVE I L B KM, EE.

1 000 nm ZIF-8 (Z1 000)i 4% #F 320 mmol/L
2-FELmR e 55 80 mmol/L Al R 5E 44 IR 6:4 HLIR
4, [EEHIA FMDV VLPs, 7K F#8 3 h, &
DR DIETF L B ke, EE.

i# 1 SDS-PAGE., Western blotting, DLS 73
MrE&iE 270, Z100 1 Z1 000 (A AL, K/h, H
B BERIRNE 121, B HRBWES WA
RIESUFAE, RN . BUBSR, 5 InFe S
10 puL, HEAEIZES 2 min, FWOKAUR &2 R0
i, PEATHUBEINER
1.2.3 {ARSMHNE

JH MTS 2 a3 8 bb a2l 270, 2100
Z1 000 FodifaszErE . K3 FR4A BHK-21 41
TALIFEL, % 10YFLF 3] 96 FLANAE; F:tk
k., 37 °C. 5% CO, MR ZMPK R
60%, Frialiihadt, fEFERAEPEH 10,
20, 40, 60, 80, 100, 200 pg/mL ¥ J& fEE
i, FEHERR 100 pLALRYEIMA IS, dh825E
3524 ho SRIGHEMR 10 pL/ALRYFI SN A MTS,
BFE 4 h, B EEEA UG ODygo, TR ANMIAETE
R ARG R (%)=2L55041 OD fA/% 841 OD fH
x100%, TR2HB 4 MNEASL, LHREE 3 K.

1.3 L.
1.3.1 LWHARGBETE

1 6-8 JEIAHELER) BALB/c /N BEHLA M 6 4,
T 6 X, 15 14 did-fTimas s ; S5
FASERIRANGR 1 PR, sl Rt 8y

Table 1 Groups and immunization dose of the animal experiment

Animal groups Count Immune dose of VLPs (ug) Immune way

PBS 6 0

FMDV VLPs 6 50

VLPs-ISA206 6 50

770 6 50 Immunization of muscle in hind limbs
7100 6 50

Z1 000 6 50

http://journals.im.ac.cn/cjben
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Al b2 BE 2% BB 5T BT Sh A B R
EGHESCS . LVRIAEC-2022-003), %/ LAY
EAEERAT B s AR A K
1.3.2 ALAREFRE

I A G /N OO . P L RELAE L Al
FENERHLY R, %% 270, 2100 F1 Z1 000
A2 At o HRINTR - /N BRAR BB J5 SR AR OB
JHFRIE . BRI . Bl RN R ZHZ 10% H P R R
e, BEdB ik, G, YA REHTIT
B SR DI R RS, RS TE SR ARG YRt th e,
10-20 min, f# i A KK HEE 1-3 min, RGP
ERFRWIG 404k 5-10 s B M B K SET T vhidk
1-3 min, SRJFHEYI R A 50 °CHIRK 3055 g P
KRR, ER M Ey1E . PR A
Kok HEAT 0k 1-3 min, ZJEH) A A 85%H
RS IR0 3—5 min, YHTPPLLY4E 3—5 min,
FAKYEVE 35 s, Z el FHBR BEORE EA T oK
P W RAE W, S5 o AR My e A 7 3
[l b A T XA
1.3.3 FMDYV VLPs-ZIF-8 fAfiEEUR I8

7E 12 FLARMARAE BHK-21 400, K2 60%HY
BHK-21 #HfiEfLH 435 mA VLPs FIA[FIRIAE )
FMDV VLPs-ZIF-8 Z &%, RIEEHT& %
CO,. 37 °CINZIMESEFRATIEE 0. 1. 2. 4,
6 ho FITiY% PBS ¥ 55, HALAIA 100 pL 1x
FER R AN AE . 100 °C 4 JE I Hom A
10 min, #RJ51#1T Western blotting, ¥4 5 H
S%IEAS U IR ENA] 1 he Bi5EHT FMDV 4 FH
PEME S 2%BEAR W R4 1:1 000 Bl sl —He,
fn5-7 mL, ZEMFF 1 ho TBST ¥ 3 1K, &K
5min, R/ H HRP FRic e disg ribiia s 2%/
Wiky4E 1:1 000 Fofl —Ht, 57 mL, =iRPEE
1 ho TBST 3 ¥, HHK S min. A5 ECL &
WA TR A
1.3.4  FFSEMEHAEN

KN 2 B 14 d M, 4158200

&: 010-64807509

I 375 ¥ 8 Y00 AR BEL KT 186 K 4 9% W BFF 38 562 (enzyme
linked immunosorbent assay, ELISA) /7 i1 4
W BARGR . (1) % 1:8 Feilfs oA B g K i
T AN BRPEXT A0S, A U B Al
FL 50 uL; (2) ¥ FMDV Bl A 24 Fi L
P, BEFL 50 pl, FFI50 PR X BRI B PR X BEAL
4 CHEIR; (3) FHUEHUARIR A% 50 pL/AL
BEE A 0 I FMDV %&bt fy ELISA A7 I,
M, 37 °CiRE 60 min; (4) Jf] PBST &ELLUEN
3-5 ¥, T, fin O % FMDV JK R FtiA& TH/ER
HFL 50 uL, FHHe, 37 °CHLE 30 min; (5) [F I
BEAR 3-5 W, #0T, IRiiKEL 1gG-HRP TARER,
HHe, 37 °CiRE 30 min; (6) [A] F¥eMk 3-5 1%,
-, Jn T™MB IR, 4L 50 L, 37 °Cie
@ 15 min; (7) NZEIRW 50 uL/AL, ZeikRy,
TEREHRAY F32HL ODyso £ 1A -
1.3.5  FhAni At

TEEA 10% FBS ) DMEM ;i 5fHhHE 57
BHK-21 4ififl, fFKJE, % 10%/FL A 404
FERPF] 96 FLAH MR th #EAT RS SR . ILIE 56 °CK
fiE 30 min 5, # 1:8 LI HLRRE, A 96 fL
Mo, EfL 50 pL, b6 MBI, BAFEM
4 ANEE; LU 200 TCIDs)/0.1 mL
/) FMDV JilA 96 LAk S5iiER A, ML
50 uL, FFkEIREEEIHFL, 37 °C. 5% CO, %
B 1 h; KIRERIMAZE BHK-21 418+ &
1 h, FHEEFEEHKE PBS ¥ 2 I,
A% 3% FBS ) DMEM }53% 72 h J5 W EL 40 i
1.3.6 BB

i Hl GraphPad Prism 5.0 #A4XF 45 20 K4
AT ST 22 o o 38 2 A 2R 5 22 43 BT (two-
way analysis of variance, two-way ANOVA)F .
Al 2% 77 22 43 T (one-way analysis of variance,
one-way ANOVA) M8 T 47 i k3 o

B<: cjb@im.ac.cn
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*:0.01<P<0.05 Ui S B3, **: P<0.01 )i
P ETE

2 EREM

2.1 FMDV VLPs gJ3%EX

P B A SB35 73 57 () FMDV 2546 K%
FHEFLRSE, & FMDV 45#)&E A 75 5%
ik, XK YHEATAE, JERIH SUMO Bg)
Kk FMDV Z5#92E 1% His-SUMO #3% . £
SDS-PAGE (] 1A)fil Western blotting (& 1B)%
E, MINFSE] FMDV 2598 H . ¥ FMDV 2544
A TE 2 2 52 v I W b 3R AT 2 A R 1S FMDV
VLPs, ZAKKIEENGNE KA BEAZ N 34 nm
(B 1C).

2.2 % 1L FMDV VLPs X &R1E

Fi R TRIC 534k FMDV VLPs 158 3 fAR
[W] #2412 ) FMDV VLPs-ZIF-8 & &% . il
SDS-PAGE. Western blotting £l Z70. Z100,
71000 fu 3 FMDV VLPs 5N, 45 R WK 2A .
2B fiirn, 3 FE AP UZE FMDV VLPs,
YK FE IR E] FMDV VLPs, Z70. Z100 Fil
71000 fHL 35 -8, 30.2. 35.5. 36.2mV,
R ZIF-8 B AW k)24 15 L faf (8] 2C). F
FHAN KR (AN E] 270, 2100, Z1 000 f7K
ERARST N K 67, 109, 977 nm (& 2D-2F).
E—E B S X 270, 2100, Z1000 /Y
TESARSE #7045 nE 2G, 2H., 21
Fis o

A B g
kDa M 1 2 kba M 1 2 VLPs
180 — 180 — ™ 30r
140 — 140 —
100 — 100 — e el
75— 75— &
60 — b 60 —ww : 2
U= " “.L“ e 2 ™
B His-SUMO-VP0 — is- -VP3
45— His-SUMO-VP3 — His-SUMO-VP1
- 3 . , . .
His-SUMO-VP1 35 ._ VPO = - P
35— ‘_ VE -~ size (nm)
al 25—
L vp3 - \p
& 1 » VPI
- . 15—
15 — R 10—

E 1 FMDV VLPS 938 A:

FMDV Z5¥28 M EEIRT . J5 SDS-PAGE #:i]. M: & 4T b

Wi 1 BEYIRTHMEM; 2: MY EEA. B: FMDV 45 & IMEFIHT . /5 Western blotting 43477
M: EESTRERME; 1. YR HMER; 2. BYEHMESA. C: 43K FMDV VLPs (KA hfe
AR A o3 Hr

Acquisition of FMDV VLPs. A: Pre- and post-enzymatic SDS-PAGE assay of FMDV structural
proteins. M: Protein molecular quality standard; 1: Pre-enzymatic target protein; 2: Post-enzymatic target
protein. B: Pre- and post-enzymatic Western blotting analysis of FMDV structural proteins. M: Protein

molecular quality standard; 1: Pre-enzymatic target protein; 2: Post-enzymatic target protein. C: Nanoparticle
size analysis of hydrated particle size of assembled FMDV VLPs.

Figure 1

http://journals.im.ac.cn/cjben
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C
40
M 1 2 3 4
vo = o0f
Z 20 |
VP3 é‘ 10 b
VP1 0
—~10 1 X N
VLPs Z70 Z100 Z1000
D Z70 Z100 Z1000
307 40
30
> 2 30
= 220} 3
20 b & 5n
2 2 °©
g 10 g 10 g 10
Z Z Z
0l . . 0 L TR— ; 0l .
0 50 100 150 200 0 100 200 0 500 1 500
Size (nm) Size (nm) Size (nm)
-3 o ‘.‘l .‘ ‘4 b ‘i
PP Q A
A\j _\!1 # _
! R w
| T N - 1
Y 2 :

B Mg

270 Z100 71000

2 =T EHRER FMDV VLPs-ZIF-8 EEMMAEMSRIE A: FMDV VLPs A¥# fb)5
SDS-PAGE 43 #1. M: 143 FBitbrfl; 1: Z70; 2: Z100; 3: Z1000; 4: FMDV VLPs. B: FMDV VLPs
AW LIS Western blotting 43#7. M: &[40 F BiitbrifE; 1: 2705 2: Z100; 3: Z1000; 4: FMDV VLPs.
C: FMDV VLPs DL K 3 flUR R %424 FMDV VLPs-ZIF-8 & & ¥ & i #i3E. D: 270, Z100 Al Z1000
IKARIAE AR BE (SR, B2 270, 2100 F1 Z1000 Rt 5T 50 )38 5 B B3 40

Figure 2 Synthesis and characterization of three FMDV VLPs-ZIF-8 complexes with different sizes. A:
FMDV VLPs biomineralization followed by SDS-PAGE analysis. M: Protein molecular quality standard; 1:
Z770; 2: Z100; 3: Z1000; 4: FMDV VLPs. B: Western blotting analysis after FMDV VLPs biomineralization. M:
Protein molecular quality standard; 1: Z70; 2: Z100; 3: Z1000; 4: FMDV VLPs. C: FMDV VLPs and

determination of the surface potential of FMDV VLPs-ZIF-8 complexes of three different particle sizes. D: The

size of 270, Z100 and Z1000 were analyzed by DLS. E: TEM analysis of Z70, Z100 and Z1000 sizes and
morphology.
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2.3 FMDV VLPs-ZIF-8 HI4RRE 54
S THESE 270, Z100 1 Z1000 J& 1] LA
EHNEERFEYRZEENESY, @it
MTS Kl eI AN B . 45251 Kl 3 s,
3 Fh A WIAEVR B iR B 200 pg/mL B TCHH LAY
AT, BoR 270, Z100 5 21000 HA R 4T
HAE YIRS E
2.4 FMDV VLPs-ZIF-8 fY4H 40 R 1E K 16
N T ik — i Ak B A WX S AL

PGS, SRAE G/ NG CE . P L REUDE |
Fili A0 B, IR AKS - 21 (hematoxylin-eosin,
HE)JL 44387 270.2100 5 Z1000 5445 /)N
FRUG A SN AR e ER AR AL, E— 2B 1k
A WVE R RE R A 2 et A5 R anE 4 P,
3 B RSH L SRS RS E S0
JUE L RLAE L AR AR B S B AR A, 2D
52770.Z100 5 21000 & A9 HA 840 A P
k.

A 770 B 7100 C 71000
110 . 110 ¢ T 10
100 f = T 100} 100 F =
S 90} S 90} T S0t
= = <
= 80} = 80} 280}
3 2 2
< 70t £ 70} S 70t
3 60} S 60} 3 oof
sl . e : — so
L & \@V \&9\) \&9\) & \&9\) & L & & & \&9\) & & L& \@) & & \&9\)
FEP I LY PR FEP IS
SRR DS NIRRT TE S S NIRRT TS

3 FMDV VLPs-ZIF-8 B4R SF 1 5347
Figure 3 Cytotoxicity analysis of FMDV VLPs-ZIF-§.

FMDV
VLPs-206

VLPs Z70

20 pm
4 PBS. FMDV VLPs, FMDV VLPs-206 1 FMDV VLPs-ZIF-8 ®i& 5/ NG0B BFAE. P2AE. B
BEFN 'S B 20 2R R TR SR B8 43 A (HE 400%)

Figure 4 Histopathological analysis of the heart, liver, spleen, lung, and kidney in mice after immunization
with PBS, FMDV VLPs, FMDV VLPs-206, and FMDV VLPs-ZIF-8 (HE 400x%).

http://journals.im.ac.cn/cjben
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2.5 FMDV VLPs-ZIF-8 ZAAtE K 16
9K FMDV VLPs-ZIF-8 F 40430, 4
VLPs fil FMDV VLPs-ZIF-8 il A BHK-21 4 fifi,,
AHIMEE 0. 1.2, 4, 6h, il Western blotting
RGO . 25 R 5 Fos, RERSHY
FMDV VLPs-ZIF-8 & & 98 B B 2 A0 F
FMDV VLPs, H Bt RO A998 4 46 B 2

S
2.6 FFFFMEHUATO AR AR

R T AN A RS = A 0 gz /N BRUS
U5 LA ™ A 1 G 28 L 285 /KT P VA B
ELISA EIE )5 14 d B S YEDUAOKE
PR B ARG /N B e fe 2 R
IR K 455 4Nl 6 TR, 2702100

A oh 1h 2h 4h 6h 0h 1h 2h 4h 6h
770 VLPs 770 VLPs 770 VLPs Z70 VLPs Z70 VLPs 7100 VLPs Z100 VLPs Z100 VLPs Z100 VLPs Z100 VLPs
0Oh 1h 2h 4 h 6h % § . |' . I - 770
o S * skok 7 X L

VI Pc 71000 VI P< 71000 VI P< 71000 VI P< 71000 VI P< 71000

&5 {MAEIBELRIE A:. FMDV VLPs FUA[ER4E FMDV VLPs-ZIF-8 4l BUK - Western blotting

7#1. B: FMDV VLPs-ZIF-8 il ffl 5 HUK - ) Western blotting JK & 4347

Figure 5 Cell uptake assay. A: Western blotting analysis of the uptake levels of FMDV VLPs and FMDV

VLPs-ZIF-8 cells with different sizes. B: Western blotting grayscale analysis of FMDV VLPs-ZIF-8 cell uptake

levels. Significance analysis revealed P values of <0.1 (*), P values of <0.05 (**), and P values of <0.01 (***).
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Figure 6 Specific antibody titer and neutralization antibody titer in serum from immunized mice. Significance
analysis revealed P values of <0.1 (*), P values of <0.05 (**), and P values of <0.01 (***).
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