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Abstract

The excellent adsorption and rapid separation capabilities of magnetic MOFs make them desirable pretreat-

ment materials for solid substrates. In this study, magnetic ZIF-8 (mZIF-8) was synthesized in situ by a one-step
method in the agueous solution of magnetic beads. Isothermal adsorption verified that the maximum adsorp-

tion capacity of (011) crystal-exposed rhombic dodecahedral ZIF-8 for chloramphenicol was up to 12831 mg/g
(mZIF-8=67.18 mg/q). Kinetic adsorption revealed that the type of ZIF-8/mZIF-8 adsorption on chloramphenicol
belongs to the pseudo-secondary adsorption kinetics of chemical monomolecular layers. Characterization by FTIR,
XPS, and XRD revealed that mZIF-8 interacts with chloramphenicol mainly by ri-i electron stacking, electrostatic
attraction, and hydrogen bonding interaction. ELISA confirmed that chloramphenicol remained antigenically active
after adsorption by mZIF-8. The adsorption and separation of chloramphenicol residues in chicken and egg were
completed by mZIF-8 within 20 min. mZIF-8 can be used directly for elution-free ELISA after the adsorption of chlo-
ramphenicol. The limits of detection (IC,,) of the mZIF-8 + ELISA in chicken and eggs were 1.18 ng/mL and 0.64 ng/
mL, respectively. mZIF-8 is expected to be used as a magnetic solid-phase extraction material for the rapid pretreat-
ment of antibiotic residues in other complex solid matrices.

Keywords Magnetic metal-organic frameworks, Pretreatment, Elution-free, Chloramphenicol, Enzyme-linked
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antimicrobial effect and low cost of use, therefore illegal
use of CAP in poultry farming often occurs. The moni-
toring of CAP residues in poultry and egg products is
important to ensure food safety.

Sample pretreatment consumes 60% of the total assay
time [5], and the effect of pretreatment directly affects
the accuracy and sensitivity of the assay. Currently,
the extraction of residual compounds from edible tis-
sues such as chicken and egg still relies on liquid-liquid
extraction and solid-phase extraction. Solid phase extrac-
tion is more suitable for the extraction of compounds
from solid matrices such as organs and tissues because
no phase separation is required and less organic sol-
vent is consumed [6]. Superparamagnetic nanoparticles
(SMNPs) can be rapidly attracted by magnetic fields and
do not retain their magnetism when the magnetic field is
removed. Therefore, after the target adheres to the sur-
face of SMNPs, the rapid separation of the target in the
matrix under the action of the external magnetic field
can be achieved without causing agglomeration [7]. Thus,
magnetic solid-phase extraction can simplify the solid
sample pretreatment steps and significantly reduce the
pretreatment time. In particular, SMNPs modified adsor-
bent materials (physical, biological) can achieve selective
adsorption on the target.

Metal-organic frameworks (MOFs) are porous poly-
mers made of metal centers ligated with organic ligands,
which have huge specific surface areas and ultra-high
porosity [8]. ZIF-8 (zeolitic imidazolate framework) has
the high adsorption properties typical of MOFs materi-
als and also has favorable stability to organic solvents and
aqueous solutions [9]. The crystal structure of MOFs is
regulated by controlling the synthesis of organic ligands
in MOFs to obtain special adsorption properties of
MOFs. Controlling the crystal size and reducing the
pore volume of ZIF-8 helps it to adsorb n-butanol [10].
By regulating the liquid-phase crystallization process of
ZIF-8, RD-ZIF-8 with a rhombic dodecahedron crystal
structure was obtained. The resulting RD-ZIF-8 has a
high affinity for proteins (ADAM17cyto) [11]. Therefore,
controlling the crystal conformation of ZIF-8 to obtain
its target-specific adsorption properties is a desirable
modification strategy.

In this study, the negatively charged magnetic nanopar-
ticles (MNPs) were first prepared by the co-precipitation
method. Magnetic ZIF-8 (mZIF-8) with external MNPs
on the surface of ZIF-8 crystals was obtained by one-step
in situ self-assembly in the aqueous phase by control-
ling the organic ligand equivalents of ZIF-8. The adsorp-
tion properties of mZIF-8 on chloramphenicol in different
matrices were obtained by adsorption thermodynamic
and kinetic tests. The possible adsorption mechanism of
mZIF-8 on CAP was further investigated using infrared
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and X-ray electron spectroscopy techniques. The rapid
enrichment and separation of CAP in chicken and egg were
accomplished by optimizing the ELISA pre-treatment sys-
tem using mZIF-8. Eventually, an ELISA residue detection
method for CAP without elution based on mZIF-8 as pre-
treatment material was established (Sch. 1).

Results and discussion

Characterization of mZIF-8

The evolution of the mZIF-8 crystal morphology is shown
schematically in Fig. 1a. Initially, the cubes formed in the
(001) crystal orientation, when the ZIF-8 crystal particles
are the smallest, with a particle size of about 50-70 nm
(Fig. 1b). As the crystallization process continues, trun-
cated rhombic dodecahedra ZIF-8 (TRD-ZIF-8) with (001)
and (011) crystal orientations appear. As shown in Fig. 1c,
the particle size of TRD-ZIF-8 is about 500 nm. Accord-
ing to Wulft’s rule, the slowest-growing crystal facets is the
most stable crystal structure [12]. ZIF-8 eventually forms
a rhombic dodecahedron (RD-ZIF-8) with stable (011)
crystal facets (Fig. 1d). Since this process is carried out in
an aqueous solution of magnetic nanoparticles (MNPs).
While synthesizing ZIF-8 in situ, the MNPs self-assemble
on the ZIF-8 crystal surface to form magnetic ZIF-8 parti-
cles (mZIF-8) (Fig. 1le). The elemental distribution scan of
mZIF-8 particles revealed that they are mainly composed
of five elements, Zn, O, C, N, and Fe (Fig. 1f).

Speculation on the mechanism of mZIF-8 adsorbing CAP

The size of mZIF-8 particles was tested and found to be
normally distributed, with the average particle size mainly
concentrated at 577 nm (Fig. 2a). Zeta potential tests
yielded positive charges for both ZIF-8 and mZIF-8 par-
ticles (Fig. 2b). The magnetic characterization of mZIF-8
showed it is well superparamagnetic with a magnetic
field strength of 0.156 emu/g (Fig. 2c). XRD, XPS, and
FTIR characterization of mZIF-8 after adsorption of CAP
were performed to investigate their possible adsorption
mechanism. Figure 2d shows that mZIF-8 has the same
crystal diffraction angle as ZIF-8 (20 angle at 7.28° repre-
sents<011 >crystal facets). mZIF-8 also did not show a
new crystal orientation angle after the adsorption of CAP,
indicating that the crystal morphology of mZIF-8 did not
change after the adsorption of CAP. The XPS characteri-
zation revealed that the elemental composition of mZIF-8
added Fe element (Fe2p) to the original one of ZIF-8 (Zn,
O, C, and N elements). After the adsorption of CAP by
mZIF-8, a peak of elemental chlorine (Cl2p) appeared at
the binding energy at 200.77 eV, indicating that chemisorp-
tion of chloramphenicol with mZIF-8 occurred (Fig. 2e).
The blue shift of the main peak of the imidazole ring in
mZIF-8 from 1423 cm™! to 1421 cm™, and the red shift
of the C=C vibration in the benzene ring of CAP from
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Scheme 1 The Schematic diagram of elution-free ELISA based on mZIF-8 extraction of CAP

1579 cm™! to 1592 cm™! after the adsorption of mZIF-8
to CAP indicate the m-1 electron interaction between the
imidazole ring of mZIF-8 and the benzene ring of CAP
molecule (Fig. 2f). After the zeta potential test, mZIF-8
was positively charged and CAP was negatively charged.
mZIF-8 adsorbed CAP with an overall positive charge,
thus indicating the existence of electrostatic interactions
between mZIF-8 and CAP (Fig. 2b). Molecular dock-
ing simulations (Fig. 2g) reveal a weak interaction of the
H in mZIF-8 with the O in the CAP molecule by hydro-
gen bonding (The hydrogen bond angle is 147.686° and
the bond length is 2.091 nm). Further characterization of
the elemental distribution of mZIF-8 after adsorption of
CAP using SEM-EDS verified that the surface of mZIF-8
material after adsorption of CAP has a large distribution
of chlorine elements (Fig. 2h and i). In summary, the possi-
ble adsorption mechanisms of mZIF-8 on CAP are mainly
composed of -1t electron stacking, electrostatic attraction,
and hydrogen bonding interactions.

Adsorption performance of mZIF-8 on CAP

The maximum adsorption capacities of ZIF-8 and
mZIF-8 on CAP were tested by isothermal adsorption
tests. The maximum adsorption capacity of ZIF-8 on
CAP was 128.31 mg/g (Tab. S1). The maximum adsorp-
tion capacities of mZIF-8 for CAP in water, chicken

meat, and eggs were 67.18, 40.67, and 48.35 mg/g,
respectively. The adsorption model of ZIF-8 on CAP is
more consistent with the Langmuir model (Fig. S2a).
The type of adsorption of mZIF-8 to CAP in differ-
ent matrices is also closer to the Langmuir model
(Fig. 3a—c). Therefore, the adsorption results of Lang-
muir indicate that the adsorption of ZIF-8 and mZIF-8
on CAP belongs to monomolecular layer adsorption.
The adsorption rate of the MOFs to CAP was further
tested by adsorption kinetic tests. The adsorption profile
of ZIF-8 on CAP was more consistent with the pseudo
second-order adsorption kinetics (Fig. S2b). The adsorp-
tion curves of mZIF-8 on CAP in three matrices (water,
chicken, and egg) continued to be more consistent with
pseudo second-order adsorption kinetics (Fig. 3d-f).
The equilibrium time for the adsorption of ZIF-8 on
CAP in water was about 184 min; The equilibration time
of mZIF-8 for CAP adsorption in different matrices was
in the range of 168—240 min. The results of pseudo sec-
ond-order adsorption kinetics indicate that the adsorp-
tion of ZIF-8 and mZIF-8 on CAP is chemisorption (The
adsorption kinetic results are detailed in Tab. S2).

Pretreatment method optimization
Optimizing the dosage of the adsorbent and the
adsorption time on the target directly affects the
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Fig. 1 The Microscopic morphology of mZIF-8.a Schematic diagram of mZIF-8 crystal growth with (011) crystal surface facets; b SEM of rhombic
hexahedral ZIF-8 crystals with (001) crystal faces; ¢ SEM of truncated rhombic dodecahedra ZIF-8 crystals with (001) and (011) crystal faces; d SEM of
rhombic dodecahedra ZIF-8 crystals with (011) crystal faces; @ Magnetic rhombic dodecahedral ZIF-8 crystals; f SEM—EDS characterization of mZIF-8

efficiency of the pretreatment. In addition, evalu-
ating the conditions of use of the adsorbent based
on possible interferences during sample testing is
also critical to the performance of the pretreatment
material. Optimization of the pretreatment condi-
tions resulted in a dosage of mZIF-8 of 2.0 mg/mL
and an adsorption time of 20 min (Fig. 4a and b). The
optimal pH of the adsorption system is 7.0 (Fig. 4c),
and the NaCl salt solution with a concentration of
0-0.5 M has a weak effect on the adsorption effect
(Fig. 4d). The optimal amount of mZIF-8 adsorbed
CAP in chicken and egg was 2.0 mg/mL (Fig. 4e), and
the adsorption time was 20, and 30 min, respectively
(Fig. 4f).

Elution-free ELISA methodological validation

The IC;, of the ELISA with PBS solution as the qual-
ity control group was 0.78 ng/mL, and the detection
range (IC,)—ICq,) was 0.22-2.79 ng/mL (Fig. 5a). The
ICy, of the elution-free ELISA method after adsorp-
tion of CAP in water by mZIF-8 was 1.55 ng/mL, and
the detection range (IC,,—ICg,) was 0.44-5.46 ng/mL
(Fig. 5b). The IC;, in chicken and egg were 2.88 and
2.61 ng/mL; the detection ranges were 1.31-6.33 ng/
mL and 1.20-5.66 ng/mL, respectively. In addition,
comparing the conventional ELISA method that
requires an elution procedure with the elution-free
ELISA, the IC;, of the elution-ELISA is 1.13 ng/mL

(Fig. 5¢) (More ELISA results are shown in Tab. S3).
The accuracy of the two ELISA methods was assessed
by the recovery rate. The recoveries of the elution-free
ELISA for the detection of CAP in chicken and eggs
were 80.43%-92.55% and 82.46%-94.95%, respectively
(Fig. 5d). The recoveries of the elution- ELISA for the
detection of CAP in chicken and eggs were 84.87%—
97.56% and 88.09%—98.42%, respectively (Fig. 5e). The
RSD of the test results for the recoveries of all three
concentrations (1.0, 5.0, and 10 ng/mL) were within
10% (n=3). The above results indicate that mZIF-8
as a pretreatment material can meet the requirements
of ELISA (Elution-free or Elution) for CAP in chicken
and eggs.

Comparing the results of this study with those of recent
CAP assays (Table 1), it can be found that mZIF-8 has a
high adsorption capacity and rapid adsorption efficiency
for CAP. The elution-free ELISA for mZIF-8 is less time-
consuming and more sensitive than other immunologi-
cal rapid assays. More importantly, mZIF-8 has a more
efficient pre-treatment capability for solid edible animal
tissues. The specificity test of mZIF-8 elution-free ELISA
for CAP is shown in Fig. S3.

Actual sample detection

Twelve real samples of chicken and eggs were pretreated
using mZIF-8 and subjected to an elution-free ELISA
based on the principle of double-blind experiments.
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and CAP; ¢ Magnetization curve of mZIF-8; d XRD pattern of mZIF-8 adsorbed CAP; e XPS pattern of mZIF-8 adsorbed CAP; f FTIR spectrum of
mZIF-8 adsorbed CAP; g Simulation of hydrogen bonding between mZIF-8 crystals and CAP molecules; h SEM image of mZIF-8 absorbed CAP; i

EDS pattern of mZIF-8 adsorbed CAP

The accuracy of all samples tested ranged from 91.0% to
114.1%, and all results were without false negatives and
false positives (Tab. S4). The above results indicate that
mZIF-8 is suitable for the pretreatment of chlorampheni-
col in chicken and eggs, and that chloramphenicol in the
matrix can be directly determined by ELISA without elu-
tion after adsorption and magnetic separation. LC-MS/
MS validation was performed on samples collected after
elution using the organic mobile phase (Fig. S3). Local
commercially available chicken and egg samples from
Sanya City, Hainan Province tested negative for CAP
(Tab. S5).

Conclusion

This study reveals that rhombic dodecahedral ZIF-8 with
(011) crystalline surface facets has selective adsorption to
chloramphenicol. Magnetic ZIF-8 was successfully pre-
pared in the aqueous phase and used for the adsorption
and rapid separation of chloramphenicol from chicken
meat and eggs. FTIR, XRD, XPS, and Zeta potential char-
acterization indicated that mZIF-8 adsorbed chloram-
phenicol mainly through m-t electron stacking, hydrogen
bonding, and electrostatic interaction. Owing to the high
adsorption characteristics of ZIF-8 (large specific surface
area) and the magnetic separation ability of the beads,
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Table 1 Comparison of mZIF-8 with other CAP assays

Pretreatment materials/ Samples Method Adsorption Pretreatment LOD Reference
Probes Capacity
(mg/g)

MIP/Zr-LMOF Milk & Honey LC-MS/MS / TCA+EA+MeOH liquid-liquid ~ 0.013 pg/L [13]

extraction

>30 min
AuNPs Water Lateral Flow Immu- / / (No pre-treatment required for  63.4ng/mL  [14]

nochromatographic water samples)
Strips

Si@MIPs-CAP Water UV/Vis 32.26 / / [15)°
Structure-switching signaling Milk FRET / TCA+TM 071 ng/mL  [16]?
aptamer liquid-liquid extraction

15h
PCN-222 Water UV/Vis 370 / / N7
microporous nanofibrous Salmon nanofibrous / ~ 50 min 0.3 ng/mL [18]
membranes ELISA
paper-based antibiotic sensor Milk/Fish ELISA / 60 min 0.05 ng/mL [19]
molecularly imprinted graphene  Meat CRET-ELISA® / 38 min 0.1 ng/mL [20]
mZIF-8 (011) Crystals Chicken/Egg  Free-elution ELISA 67.18 20 min 1.18 ng/mL/  In this study

Reagent elution-free 0.64 ng/mL

/:Not mentioned in the literature
2: Adsorption studies, no actual samples tested

b: Chemiluminescence Resonance Energy Transfer platform
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mZIF-8 accomplished sufficient adsorption of chloram-
phenicol from animal-derived foods (chicken & egg)
within 20 min. ELISA confirmed that chloramphenicol
remained antigenically immunoreactive after adsorption
by mZIE-8. The elution-free ELISA method with mZIF-8
as pretreatment material simplifies the pretreatment
steps and shortens the pretreatment time for solid sam-
ple matrices, while achieving similar sensitivity to con-
ventional ELISA methods for chloramphenicol detection.
Magnetic MOFs hold promise as solid-phase extraction
materials for the pretreatment of other antibiotic resi-
dues in animal-derived foods.

Materials and methods

Synthesis and characterization of MOFs

Magnetic beads were prepared by the co-precipitation
method [21]. Magnetic ZIF-8 particles (mZIF-8) were
obtained by one-step self-assembly in an aqueous mag-
netic bead solution. Materials and the detailed prepara-
tion steps are described in the supplementary materials.
Monoclonal antibodies and encapsulated antigens for
CAP were made homemade for this experiment [22].

Characterization of mZIF-8 adsorbed CAP

Microscopic morphology and elemental distribution
of mZIF-8 crystals were observed by field emission
Scanning Electron Microscopy (SEM) tandem Energy
Dispersive Spectrometer (EDS); The particle size dis-
tribution and zeta potential of mZIF-8 were measured
using dynamic light scattering (DLS); The magnetic
properties of mZIF-8 were determined using Vibrat-
ing Sample Magnetometer (VSM); X-ray Diffraction
(XRD), X-ray Photoelectron Spectroscopy (XPS) and
Fourier Transform Infrared Reflection (FTIR) was used
to observe the changes of crystal orientation, elemental
valence and chemical groups of mZIF-8 after adsorption
of CAPD, respectively.

Adsorption performance of mZIF-8 for CAP

Isothermal adsorption test at 298 K — Activation of
mZIF-8 for 8 h at 80 °C under vacuum. 25 mg of mZIF-8
was dispersed in an aqueous CAP solution at concen-
trations of 0.1-200 mg/L. Vortex shaking for 48 h satu-
rates mZIF-8 on CAP. After the magnetic separation of
the supernatant from the completed adsorption, the
remaining CAP concentration was tested using UV/Vis
(Fig. S1). The isothermal adsorption curves were fitted to
the adsorption data using Langmuir (Eq. 1) [23] and Fre-
undlich (Eq. 2) [24] adsorption models, respectively. The
equilibrium adsorption capacity is calculated with refer-
ence to Formula 1 (Eq. 3).

Langmuir model : Q, =1/(k; - Q,,)-1/C,+1/Q,, (1)
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Freundlich model : InQ, = 1/nlnC. + Ingp (2)

Qe = (Co— Co)/mV 3)

where C, denotes the initial concentration of CAP solu-
tion; C, denotes the rest concentration of CAP after
adsorption equilibrium; V denotes the total volume of
the adsorption system (CAP solution); m denotes the
mass of adsorbent (mZIF-8); Q,, is the saturation adsorp-
tion capacity (mg/g); K} is the Langmuir constant (L/mg);
K is the Freundlich adsorption constant (mg/g); n is a
constant.

Adsorption kinetics tests were used to evaluate the
adsorption rate of mZIF-8 on CAP. The dosage of mZIF-8
was determined to be 1.0 g/L based on the data of iso-
thermal adsorption. The concentration of CAP in the
adsorption system was set to 2.0 mg/L. mZIF-8 was put
into the CAP solution and fully adsorbed. The remaining
CAP concentration in the system was measured at 0, 10,
30, 60, 90, 120, 150, 180, 240, 360, 480, 720, and 1440 min
after adsorption, respectively. The adsorption data were
fitted analytically using a pseudo-first-order adsorption
kinetic model (Eq. 4) and a pseudo-second-order adsorp-
tion kinetic model (Eq. 5) [25].

Pseudo first — order : In(Q, — Q,) = InQ, — k;t (4)

Pseudo second — order : £/Q, = 1/(K2QZ) +t/Q, (5)

where Q, (mg/g) is the capacity of mZIF-8 for CAP
adsorption at the £ (min) moment; Q, (mg/g) denotes the
adsorption capacity at which adsorption reaches equilib-
rium; K] is the pseudo first-order adsorption kinetic equi-
librium constant (1/min); K, is the pseudo second-order
adsorption kinetic equilibrium constant (g/mg-min).

Pretreatment method

A standard solution of CAP with a concentration of
30 mg/L was prepared as the working solution. The
dosages of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 mg/mL of
mZIF-8 were put into the CAP solution. After 20 min of
adsorption by oscillation, the supernatant was taken by
magnetic separation and the remaining CAP concentra-
tion in the supernatant was tested to calculate the opti-
mal amount of adsorbent for mZIF-8. The optimized
dosage of mZIF-8 was put into CAP solution for 10, 20,
30, 40, 50, and 60 min of oscillatory adsorption. The opti-
mal adsorption time was screened based on the adsorp-
tion capacity. The pH of the system was adjusted to 4, 5,
6,7, 8,9, and 10. The adsorption capacity was determined
to determine the optimum pH system. NaCl(s) was added
to the adsorption system so that its concentration was 0,
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0.05, 0.1, 0.2, 0.3, 0.4, 0.5 M. The effect of salt ions in the
solution on the adsorption process was evaluated.

Matrix effect investigation — After weighing 2.0 g of
homogenized chicken meat (egg) and adding 2.0 mL of
water, the CAP solution was added after vortexing for
5 min to make the working solution concentration of
30 mg/L. The optimal dosage and adsorption time of
mZIF-8 in the chicken meat (egg) matrix were optimized
according to the above-optimized conditions.

Negative control samples without CAP were provided
by the Veterinary Drug Safety Inspection & Testing
Center of the Ministry of Agriculture (Beijing, China).

Establishment of elution-free MOF-ELISA method

The working concentration of the encapsulant and mon-
oclonal antibody was determined by the checkerboard
method, with the encapsulant being G10074 and the
monoclonal antibody (mAb) using CAP-5D11.

The working concentrations of the encapsulant and
mAb were determined by the "checkerboard method".
The concentration of the encapsulant (G10074) was
diluted at 1:500, 1:1000, 1:2000, 1:4000, 1:8000, 1:16,000,
1:32,000, 1:64,000 times and the CAP-5D11 was diluted
in the same concentration gradient. ELISA was per-
formed on CAP, and the antigen and mAb concentra-
tions corresponding to OD,g ,,, values of 1.5-1.8 were
selected as working concentrations. the ELISA method
was performed as follows: (1) Encapsulation: The encap-
sulant (G10074) was diluted to working concentration
using Carbonate Buffer, take 100 pL/well of encapsulant
solution and added to the enzyme standard plate (incu-
bated for 2 h at 37 °C), and washed 3 times with PBST
solution; (2) Closure: 150 pL of BSA solution (5%) was
added to each ELISA well and incubated at 37 °C for 1 h;
(3) Sample addition: Dilute the CAP standard in PBS,
chicken, and egg matrix to 0, 0.11, 0.33, 1, 3, 9, 27 and
81 ng/mL. Add 10 mg of mZIF-8 and shake the adsorp-
tion for 20 min, magnetic separation and then re-dissolve
using 100 pL of PBS buffer, take 50 pL of the resolution,
and add 50 uL of CAP-5D11 to the wells after mixing,
incubated at 37 °C for 30 min, and washed three times
with PBST solution; (4) Addition of secondary antibody:
100 pL of HRP enzyme-labeled sheep anti-mouse anti-
body (1:5000 dilution) was added to each well, incubated
at 37 °C for 30 min, and washed three times with PBST
solution; (5) Color development: 100 pL of the color
developer was added to each well, and after 15 min of
color development at 37 °C, 50 pL of H,SO, (2.0 M) was
added to terminate the color development, and the OD 4,
am Value was read using an enzyme marker.

After completing the enrichment of CAP in chicken
(egg) samples by the no-elution ELISA method using
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mZIF-8, the ELISA test is performed after only one
wash with pure water. A conventional ELISA (elution
procedure required) was used as a control group. The
mZIF-8 adsorbed CAP complex was added to 1.0 mL
of methanol and vortexed continuously for 20 min.
The elution procedure was repeated three times and
the eluate was collected. The eluate was blown dry
with N, and then re-dissolved using PBS aqueous solu-
tion for testing. The accuracy and precision of the
ELISA method were evaluated using matrix addition
recovery and coefficient of variation (RSD), respec-
tively. (See supplementary material for detailed ELISA
methods).

Data analysis — The inhibitory concentration (IC
value) of the ELISA is obtained utilizing a four-parame-
ter equation. The concentration of the working solution
(standard solution) is the horizontal coordinate and its
corresponding absorbance value (OD,s, ,,,) is the vertical
coordinate to plot the standard curve. A sigmoidal fit to
the test data was performed based on the logistic func-
tion in Origin-Lab software (see Eq. 6) to obtain ICy, val-
ues and other parameters.

A — Ay

1 + (%/x0)? A2 (©)

where Y denotes the measured absorbance value, x
denotes the concentration of the substance to be meas-
ured; the four parameters are A;, A,, &, and p, where
A; denotes the absorbance value measured when the
concentration of the substance to be measured is 0; A4,
indicates the absorbance value measured when the con-
centration of the substance to be measured is infinity; %,
indicates the concentration of the test substance (ICs)
when the absorbance value is 1/2 (4;+A,); p is the slope
of the S-shaped curve; IC,, value is the detection limit
and IC,;—ICy, is the detection range.

Actual sample detection

Positive/negative samples were obtained from real sam-
ples certified by LC-MS/MS in our laboratory (National
Key Laboratory of Veterinary Public Health Security and
Beijing Key Laboratory of Detection Technology for Ani-
mal-Derived Food Safety, Beijing, 100193). Actual sample
concentrations of 0, 1, and 3 ng/mL, respectively. Hainan
Province sources samples from local supermarkets in
Sanya City.

Based on the principle of double-blind testing 24 actual
samples (12 samples each of chicken and egg) were pre-
treated using mZIF-8 and the residues were determined
by an elution-free ELISA method. Comparison of mZIF-8
elution-free ELISA methods using commercial ELISA
kits (validation of results using LC—-MS/MS).
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