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Design of ZIF-L-based boronate affinity molecularly imprinted
material and its application in the detection of ribavirin in

environmental water
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Abstract: Ribavirin (RBV) is a broad-spectrum antiviral drug. It is widely used to treat various viral
infections. However, its entry into water bodies can cause serious harm to both the ecological
environment and human health. Thus, there is an urgent need for a simple and efficient method to
detect RBV for detection purposes. In this study, a two-dimensional ZIF material (ZIF-L) served
as the matrix, RBV as the template molecule, and 3-aminophenylboronic acid (APBA) as the
functional monomer, using its self-polymerization ability to form a molecularly imprinted layer on
the surface of ZIF-L. Imprinted cavities were created using a MeOH-HAc (1:1, volume ratio) eluent
to disrupt the interaction between RBV and APBA, yielding ZIF-L-based boronate affinity molecularly
imprinted polymers (ZIF@B-MIPs). Non-imprinted materials (ZIF@B-NIPs) were prepared identically
without RBV. ZIF@B-MIPs features dynamic recognition sites formed through pH-responsive boronate

ester bonds. This enabled synergistic recognition based on the template molecule’s “shape memory”
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and “chemical bonding”. Scanning electron microscopy (SEM) and Fourier-transform infrared
spectroscopy (FT-IR) were employed to characterize the morphology and functional groups of the
material. Notably, new FT-IR peaks emerged for ZIF@B-MIPs at 1 381 cm™ (B-O vibration) versus
ZIF-L, confirming APBA polymerization. This indicates that the polymerization of APBA onto the
surface of ZIF-L was successful. The synthesis and adsorption conditions were optimized. The results
showed that, with a ZIF-L dosage of 100 mg, the optimal amount of the self-polymerizing reagent
APBA was 100 mg. A self-polymerization time of 5 h was sufficient to form an appropriately thick
imprinted layer. At pH 8.5, the stability of the polymer network was maintained while the imprinting
effect and mass transfer efficiency were maximized. The post-elution re-adsorption capacity retention
rate reached 96.8%, balancing elution efficiency with structural integrity. A RBV mass concentration
of 60 mg/LL was selected for the experimental requirements. After optimization, the saturation
adsorption capacity of ZIF@B-MIPs for RBV reached 21.43 mg/g. The imprinting factor (IF) was 5.32.
The material’s performance was assessed through adsorption and reusability experiments. The results
indicated that the material possesses good specificity and selective recognition ability. It also exhibits
a rapid adsorption rate and good reusability. The adsorption experiment results showed that the
adsorption kinetics followed the pseudo-second-order model (R*=0.995 3). Adsorption equilibrium
was achieved within 15 min. The adsorption process of RBV by the adsorbent involves chemisorption.
The Langmuir isotherm adsorption model (R*=0.982 5) fitted the experimental data better. This
indicates that the adsorption of RBV by ZIF@B-MIPs likely involves monolayer adsorption. In mixed
solutions of RBV and three interfering substances (lamivudine, uridine, inosine) with mass con-
centration ratios of 1:1 and 1:10, the adsorption capacity of RBV by ZIF@B-MIPs remained high.
The interfering substances had minimal impact on the adsorption performance. The reusability
experiment results showed that the material retained 93.6% of its initial adsorption capacity after
six adsorption-desorption cycles. The reproducibility of ZIF@B-MIPs was investigated using six
batches of adsorbents. The adsorption capacity for RBV ranged from 19.41 to 20.73 mg/g. This
indicates that the material also possesses good reproducibility. In the detection of actual environ-
mental water samples, the method exhibited excellent applicability. The recoveries of RBV in
environmental water samples at three spiked levels (30, 50, 60 mg/L) were 83.8%-94.5% (RSD<2.1%).
The detection system constructed in conjunction with high performance liquid chromatography
(HPLC) demonstrated a good linear relationship in the range of 0.05 to 100 mg/L (R*=0.991 6). The
limit of detection was 0.038 mg/L. (S/N=3), and limit of quantification was 0.081 mg/L (S/N=10). The
ZIF@B-MIPs-HPLC technology was successfully applied to the efficient adsorption, enrichment, and
detection of RBV in drinking water sources. It holds potential for applications in the fields of human
health and environmental protection. This technology offers a new strategy for the rapid detection
of trace antiviral drugs in environmental samples.

Keywords: ribavirin (RBV) ; molecularly imprinted polymers (MIPs) ; adsorption; high perfor-
mance liquid chromatography (HPLC)
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Milli-Q & 4fi /K #L ( 3¢ B Millipore 2% # ) ,
PHSF-3F pH it ( B AE %R 2 U AR A W), LC-
20A 5 ROR A €4 3% (HPLC, H A 55 1), 79-1 75 77 %

P& CH N T B AR A PR A A , KA-1000 #2500 H1
(g4 s B2 A2 ) , ZK-82BB H.25 T4 4 ( b
TS AL A AT PR A 7] ) , JSM 6700-F 1 4 f, 1 5 7%
i (SEM) , TENSOR I {8 . i 75 48 21 4 5 4% (FT-
IR, 1% [& 5 & 53 /% 7 ) , DOA-P504-BN % (IDEX,
USA).

APBA (99%) . #§ iz — & 44 (NaH,PO,, 98%) .
ik & — 4 (Na,HPO,, 98%) . i # ik 4% (APS, 98%) .
A A AL (NaOH, 98%) . fil§ iR £F (Zn(NO,) ,, 98%) .
w & (H,PO,, 85%) . & MR (HAc, 99.5%) . < %
(EtOH, 98%) . H! ¥ (MeOH, 98%) . Z Ji5 (ACN,
>99.9%) 4 [ i fb ik 50 A A/l . 3 A Ak & (H,0,,
30%) W [ K HER B Ak 27 X0 A | . RBV(98%) L Hir
% 9% & (lamivudine, LMV, 98%) . J§ 1f (uridine,
URD,99%) JLFF (inosine,10S,98%) F1 2- F Jk b ms
(2-methylimidazole, 2-MI) ¥ Wy 1 I ¥ & 55 bk A
Al o SERBR IR BT KRR HUH MR IEAS BT
1.2 &K

A Na,HPO, Al NaH,PO, it il pH & 8.5 8 iR
h 2% vh I (PBS) , 78 4 CFAR-TE &, BT A5 I WLAE
HPLC ;i 22 1 #7385 0.45 o L 8 A5 5 98 .

1.3 R B 370 A9 il &
1.3.1 ZIF-L ) # %

¥ 0.5 g 2-MIi#Ff T 10 mL Baikd , il T
P B 5 min, 2R )5 0 A 3 mL H,0,, #i # 2 min,
# 0.5 mL 0.1 g/mL Zn(NO,), B 5 b & 1A W IR
GLERTHE 4h, BIRAHTRE O, IERNA
16,350 VE W 25 88 4l K A EtOH PR 3 K, 60 CTHE 2 T
120,155 0.2 g ZIF-L",

1.3.2 ZIF@B-MIPs # #| %

ZIF@B-MIPs /)il & f2 a0~ =38 F 4% 100
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(pH 8.5) H#it £ 1 h, fF il A 100 mg APBA i £ &
VAR BT I 500 wL APS ¥ % (15 mg/mL) 5| &
FNEIF e T 5 he K A5 B = W B O 4 B
K9 % 0 10 mL MeOH-HAc (1: 1, UL ) vk it 2=
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A BB 43 1 B A W) (ZIF@B-NIPs) (i il £ 4 A
#m RBV #b, HoAh 25 3R [F I
14 BESTEE

{6, 33% £ ; Syncronis C18 (%% 4 (250 mm x 4.6
mm, 5 wm, ThermoScientific, USA) ; #: i : 25 C.
Wi sh4H (A) :0.05 mol/L NaH,PO,(pH 4.2) ¥ ¥ F1 Vi
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A (B) : ACN., V)T :0~5 min, 5%B;5~8
min, 5%B~30%B; 8~12 min, 30%B~5%B. i % : 1.0
mL/min, AT 10 pL.
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153 #EMEZFUERM MR
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S 5 mLZIRGHE W, fEE R TR 15 min

Jo K W B TR 5 0 A B L A 0.45 wm U8R UK
FH HPLC Wl % RBV By & f& . ¥ T ¥ i LMV,
URD . ISO Y ¥ &34 K 10 45 , RBV ¥ LR £ A 22
AL R B AT P WM R

2 FHR5WiE
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FAEN L o0 Bt S P AR BB W B £, ZIF@B-MIPs
XA 53+ RBV 1Y W B 3 (Qpepans=21.33 mg/g)
BFH & T ZIF-L(Qy,=3.76 mg/g) , R W% 5y 1 EN ik
R A RS I T RBV R W B 7 5, S A R T X
RBV (1) 0% fff .
2.1.2 kAT

FT-IR F£AF W& 2 i 7R , 448 em™ &b () i {5 14
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TR 3. 1435 em™ 4b (1 AR SR K M 3R | C=N
B AEIRZh . 2926 e S BKIRER C-T Y i fif
Peh . 3 410 em™ H & T BRI AR ORRE K 2 Y
O-H M4i¥Esh, 5 ZIF-L M It , ZIF@B-MIPs i 31
T B R AE W U0 L 1 381 em! Ab Y AR AE R i 0
B-O ¥R 8 A %, % U] APBA &I 7E ZIF-L 3 1 &
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Fig.1 SEM images of (a) ZIF-L and (b) ZIF@B-MIPs
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LB APBA H & 34 Jin , ZIF@B-MIPs X} RBV
(W B i @ FNIF L2 BLSE MG RS Wb, Y
APBA H#E/NT 100 mg B, ffi 5 APBA H &3,
JIT AL W AR 431 RBV $iCHE 388 in, W B 5510 1) %2 B fig
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w15
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Adsorption pH

&3

JI M8 7 100 mg B, Q Ml IF AR k. HAZ, Y
APBA H# KT 100 mg J5,Q 1 IF & F R, X nl
AEJE Z R 1Y APBA &4 A R A s Bk )2 o JEAf 4
BAEWRE RBY A5 58 2 PR T S 30 . R,
E APBA M AEH R 100 mg.
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H 2R A B[R] X 43 B 308 B4 ) 0 W B i 1 2L
AW EFENEEER. WE 3b Fis, A R A wHE
B, Q Fi IF 5 8L Je 1 K5 WA /N &, X H
RAEBFAIZEE] S h i, Q A1 IF ik Fl 5 kK, X A H F
TE I BsF (] 2% 8 R T8 J80 Y B3R J2 R BESE Y . AR, Y
RARBAEI AT 5 h B, Q Al IF i/, 3 % 2 K
R R A B R K BRI 2 A R B A AT A
T A8 W B B2 P BSR4 F RBV R 5 Bl 3k 25 /XA
R I, 5 h R AE R A ] BE AR £R B B A5 X
1) 56 3 A6 B, ST 3kt B 1 R0 YR 2% 5 1 e Al

g5 b WG MR Y B A U IR APBA H R
AR B & 100 mg, H R EGHH R 5 h,

2.3 WM FRMGHER
2.3.1 R pH Byt 1L
o W I W pH OGS EJ IR B R I B BE BY 5
16t [__]ZIF@B-MIPs [ ZIF@B-NIPs b .
™ = —E—
@ 127 r//n/ '\\' 152
£ 4l £
S
14.8
4 H
ol JJJJJ 44

2 3 4 5 6 7

Polymerization time / h

[ lziF@B-MIPs [ ZIF@B-NIPs d

0/ (mg/g)

1 |
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(a)APBAH=.(b) B &R 8. (c) WK pHEE (d)RBV KR E iR EX ZIF@B-MIPs i1 ZIF@B-NIPs I [t RBV H & Ma (n=3)

(a) APBA amount, (b) polymerization time, (c¢) adsorption pH and (d) RBV mass concentration on the adsorption
performance of ZIF@B-MIPs and ZIF@B-NIPs to RBV (n=3)
APBA: 3-aminophenylboronic acid; RBV: ribavirin; IF: imprinting factor.

Fig. 3
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A5 i 8 95 RBY W pH(6.0~9.0) 5 48 % %%
RBV W47 R . Wl 3¢ fion B % pH H 6.0 7t
% 8.5,IF fHH 2.92 7+ % 5.32,Q 2 b EHE &
1K (7.69~20.73 mg/g) , iX 1] BE 2 K A 55 A M 1R
2 A F T 00 R W A A X A Ak A B R
a8 B BB T A R T AN R BR B b A B B B R
BF B3 7 1O 1 A B 2 D 0 R R A S B S i RS
fii. 24 pH KT 8.5 i, RBV () I ff ok /b , X &
S5 g 0= W R % N a1 1 W VR Nl TN =
HE R Bk & 0 R b 0 R A s R . Ik, pH
8.5 B Mg B M B A% R, MO BE B 0L pH HE AT )5 42
SCH
2.3.2  BE R R B IR AL

ST S BB AR 43 F kB R R AT 4R, AR F
¢ R GeA Ak T Uk B B 1) X6 B A R 1 R A R
K MeOH-HAc (1: 1, R B H ) 7E Sy U JBE 550 B, ok
I8 255 2% 3 Bt 2 A B D) A < PR G 1 b A AR
Oy T U R B AR (69.6%) , 24 Pk i B ) ZE K E 2
h, Ve A BT FFH(91.4%) , 4k B2 ¥e i & 3 h B,
TR HE 3K 98.8%. X A By B 2 Pk G AL I 3 I A
TRy FB&ES % 9 (0~1 h)IRAH
o AR R RGN T - HERR
I (1~2 h) HAc BT+ fb AE g 25 ) fig SRk 5 4
e o 1 B9 S8 5 5 99 (2~3 h) MeOH il # 4> 1 97 HE
PLYE BRI J2 W BFE A 5 . 3 IRIE RSB IE 92,3 h vk
Ji 2% 1 R B R P BRE 2 R IR R K H fE Ik )
96.8% , 7E P 1IE 17 &4 Pk M 1% 5] I 24 4 7 b4 et &5 4 1
o Pk o
233 FERKREBHMTN

AW 5T IR 5 58 T B v G W B Y 52
e 1] V% W 5T A VK BE Y [ A 10~80 mg/L, B W), B
[E] B 10 mg/L I W Bif &5, @ fH % 80 E Fh i {2
W E N 60 mg/L 34 ] 80 mg/L i, Q WA B E
BN, TF L I AE (5.13) JF 4R R RE (| 3d) , 3561
£ 60 mg/L i, BBl 07 45 5 RBV 45 & 5 8 3 & °F
o AR AWM SRS K& E Y
W A R 39 in RBV 5 W B 07 5 i 25 A AL & L H
M4 5 e R B B — a2 R SRR A A, I
B A8 AR R, PR G BE #F 60 mg/L,

ZE b WSS B pH N 8.5, Uk B i E] D 3
h, # 5 BT ik B O 60 mg/L.

24 FHHFFER WM MRS W

K 4a & ZIF@B-MIPs fil ZIF@B-NIPs f4 I [
g feE M4 . AR X RBV #E47 0.5~30 min A9 1
B, B W BB R 3G 0, Q@ 3% G o, X R Bk
ZIF@B-MIPs |- {4 EJ 35 {37 5 % #i 5 85 42 4 F RBV
g4 o 240 B A G5 E] 15 min B, ZIF@B-MIPs
Ml ZIF@B-NIPs X} RBV [ @ ik | & K HJLF &~
AR AL, 02 B O W B2 55 RBV 45 45 3k 31 3l &
ffif . ZIF@B-MIPs [ @ # T ZIF@B-NIPs, it W )
U= RN E T R AW 5 & s o | DR E Y 13
FUPL = 9 3l Jy 2 158 R0 S0 56 B i oF AT LA (&
de) o MALEREY W g gh f g R (R=
0.995 3) fig 1T 4 Hb i i W B of #2 , 3R W] ZIF@B-
MIPs % RBV (% W B 3= 2 32 fb = /E FH ¥  .

& 4b iy ZIF@B-MIPs fil ZIF@B-NIPs [ 4% &
W BfEHh 2k o 4 RBV it i ¥ FE 3k # 60 mg/L i, #F
LI B B R R B oK, 4k 2k 3 R RBV R E L Q JLF
A Wi ZIF@B-MIPs 1 EJ 35 v 45 5 RBV 45 &
KBV, ST E A RO AR R B AR R
Langmuir 1 Freundlich 5 J 5% 8 X} 45 i %5 4% 21
& (H 4d) , 45 B £ W, Langmuir 55 75 W B 451 81
(R*=0.982 5) X 5Z 40 £ 4% 09 980 &5 B2 fL T Freun-
dlich # %! , % B ZIF@B-MIPs %f RBV 4 I fff &
050 1] T 2L )22 0 BEE L R
25 ERMESRESH

9 T VE M W B R % RBV B WL R M g A BIF 5
E B 3 Fh 45t 25 Bl W) ok I i ZIF@B-MIPs FI
ZIF@B-NIPs %I RBV (1) 4¢ 5 W g 1 . &l 5 e
7~ | ZIF@B-MIPs fll ZIF@B-NIPs %} RBV 5
YR G VA W R M R R S R 0 L g L O
BT FRE Q f1 IF( K 5a.5b) . ZIF@B-
MIPs % RBV () Q # T ZIF@B-NIPs, i% /& f1 T3
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(a) Adsorption kinetics plot,

(b) isothermal kinetics plot,

(d) adsorption thermodynamics Langmuir model and Freundlich model fitting curves (n=3)

(¢) pseudo-second-order kinetic fitting curve, and
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Fig. 5 Chromatograms of (a) selective and (c) competitive adsorption of RBV and three interfering substances by ZIF@B-
MIPs; (b) selectivity and (d) competitively comparison of adsorption amount and imprinting factor using ZIF@B-
MIPs and ZIF@B-NIPs (n=3)
(i) before enrichment by ZIF@B-MIPs; (ii) after enrichment by ZIF@B-MIPs. URD: uridine; I0S: inosine; LMV : lamivudine.
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Table 1 Comparison of this method and those reported in
the literature

LOD/

Adsorbents Method RSD/% LOQ Ref.
(mg/L)

MSPE® HPLC-UV 2.68 ug/L [15]

MIP-SPE® HPLC-UV 0.265 0.82 2.72mg/L [16]

C@H@B-MIPs HPLC-UV 0.8-2.5 0.023
ZIF@B-MIPs HPLC-UV 0.3-2.1  0.038

0.076 mg/L  [17]

0.081 mg/L  this
work

a. Zr-Fe,0,; b. molecularly imprinted polymers.
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#2 FEHRH RBVE 3N KE THMARE R (n=3)

Table 2 Spiked recoveries of RBV in different samples at
three levels (n=3)

Spiked/

Detected/

Sample (mg/L) (mg/L) Recovery/% RSD/%
Tap water 30 28.35 94.5 1.3
50 46.65 93.3 0.6
60 52.32 87.2 0.3
River water 30 25.14 83.8 2.1
50 42.25 84.5 1.1
60 51.42 85.7 0.4
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