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ARTICLE INFO ABSTRACT
Keywords: A core-shell structure UiO-66-(OH),@UiO-66-NH,; (MOF@MOF) nanoparticle was synthesized
Core-shell structure through a simple hydrothermal method and employed as an adsorbent and laser desorption/

Metal-organic framework
Laser desorption/ionization
Mass spectrometry analysis
Rhubarb anthraquinone

ionization time-of-flight mass spectrometry (MALDI-TOF-MS) matrix for the quantitative analysis
of rhubarb anthraquinones (RAs). The properties of the materials were characterized by field
emission scanning electron microscopy, transmission electron microscopy, energy-dispersive X-
ray spectroscopy, X-ray powder diffraction, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, thermogravimetric analysis, and Brunauer-Emmett-Teller. The re-
sults indicate that MOF@MOF is regular octahedral structure with a size distribution of about
100 nm, having large BET specific surface area (920 m?/g). Using the MOF@MOF as a matrix
shows lower background interference, higher sensitivity, and better storage stability than that of
traditional matrices. The MOF@MOF matrix exhibits excellent salt tolerance even under a NaCl
concentration of 150 mM. Then, the enrichment conditions were optimized, and the adsorption
time of 10 min, adsorption temperature of 40 °C and adsorbent amount of 100 ug were selected.
In addition, the possible mechanism of MOF@MOF as an adsorbent and matrix was discussed.
Finally, the MOF@MOF nanoparticle was employed as a matrix for the sensitive MALDI-TOF-MS
analysis of RAs in spiked rabbit plasma, and the recoveries are in the range of 88.3-101.5% with
RSD <9.9%. In short, the novel MOF@MOF matrix has demonstrated its potential in the analysis
of small-molecule compounds in biological samples.

Abbreviations: AA, acetic acid; ACN, acetonitrile; CHR, chrysophanol; DHB, 2,5-dihydroxybenzoic acid; DMF, dimethyl formamide; EDX, energy
dispersive X-ray detector; EMO, emodin; FE-SEM, field emission scanning electron microscopy; FT-IR, Fourier transform infrared spectroscopy;
LOD, limit of detection; LOQ, limit of quantification; MALDI-TOF-MS, Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry;
MOFs, metal-organic frameworks; PHY, physcion; PVP, polyvinyl pyrrolidone; RAs, rhubarb anthraquinone; SA, sinapic acid; SNR, signal-to-noise
ratio; TEM, transmission electron microscope; TGA, thermogravimetric analysis; THAP, 2',4’,6'-trihydroxyacetophenone monohydrate; TPA-NHo,
2-aminoterephthalic acid; TPA-(OH),, 2,5-dihydroxytelephthalic acid; RSD, relative standard deviation; XPS, X-ray photoelectron spectroscopy.
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1. Introduction

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), owing to its advantages, including
high throughput, low fragmentation, no cross-contamination, and high sensitivity, has become a powerful tool for the analysis of
macromolecules such as proteins [1], peptides [2], oligonucleotides [3], and synthetic polymers [4]. However, the MALDI-TOF-MS has
obvious limits in the analysis of small molecules. The strong background interference induced by the self-dissociation of traditional
organic matrices in the low-mass region, and the “sweet spot” effect resulted from the heterogeneous mixing and co-crystallization of
analyte and matrix molecules, leading to the poor repeatability and unreliable of the test results [5]. Therefore, many novel matrices,
such as carbon-based materials [6], silica-based materials [7], and metallic materials [8], have been reported for the analysis of small
molecules. They can not only minimize the background noise at the small-molecule scale, but also improve the ionization efficiency by
taking the advantage of synergistic effects of components in the nanomaterial. However, there are some inherent defects in different
nanomaterial substrates. For example, carbon materials are difficult to be dispersed and silicon materials have poor reproducibility.
Thus, the development of new matrix for the MALDI-MS analysis of small molecules is appealing [9-11].

As a class of porous and crystalline functional materials, metal-organic frameworks (MOFs), consisted of metal ions or metal
clusters and organic ligands, had been widely applied in the fields of gas separation [12], energy storage [13], and catalysis [14],
owing to their unique properties, such as high surface area, numerous active sites, and high porosity [15]. Furthermore, MOFs has high
molar absorption coefficient in the UV-visible range that can effectively absorb laser energy. Additionally, MOFs can form a uniform
solid with the analyte and transfer energy to the analyte or induce its ionization. These properties make MOFs become an ideal matrix
for MALDI-TOF-MS analysis. Especially, the core-shell structure MOF@MOF can maintain the chemical, physical, and structural ad-
vantages of both MOFs but generate new synergistic effects [16]. In addition, core-shell structure MOF material with the characteristics
of high specific surface area and abundant active sites, can realize the effective pre-concentration of low concentration analytes before
the MALDI-TOF-MS analysis.

Emodin (EMO), chrysophanol (CHR), and physcion (PHY) are the main active anthraquinone (RAs) components in traditional
Chinese medicine rhubarb, which have several pharmacological activities, such as antibacterial [17], antiviral [18], anti-inflammatory
[19], inhibiting pulmonary fibrosis, and protecting intestinal mucosal barrier [20]. Several methods have been reported for the
analysis of RAs, including thin layer chromatography (TLC) [21], HPLC [22], HPLC-Q-TOF-MS [23], and capillary electrophoresis (CE)
[24]. However, MALDI-TOF-MS based analysis for the detection of RAs has not been reported. The anthraquinone structure and rich
phenolic hydroxyl groups in RAs may produce strong interaction with MOF@MOF material. Therefore, RAs were selected as repre-
sentative small-molecule compounds in the quantitative analysis by MALDI-TOF-MS.

In this work, a core-shell UiO-66-(OH),@UiO-66-NHy material (MOF@MOF) was synthesized through a solvothermal method and
employed as an adsorbent and matrix to achieve enrichment and quantitative analysis of RAs by MALDI-TOF-MS. The prepared
material exhibits high salt tolerance and long-term storage stability, and can be used for rapid analysis of many types of small-molecule
compounds with very low background interference. Furthermore, under the optimized conditions, a quantitative MALDI-TOF-MS
method by using MOF@MOF as matrix for the analysis of RAs was developed and validated. Finally, the developed method was
applied in the determination of RAs in spiked rabbit plasma sample.

2. Materials and methods
2.1. Chemicals and regents

Sodium chloride (NaCl, >99.5%), dimethyl formamide (DMF, >99.5%), and acetic acid (AA, >99.5%) were purchased from
Chengdu Chron Chemicals Co., Ltd. (Chengdu, China) (http://www.chronchem.com/en/). The 2-aminoterephthalic acid (TPA-NHy,
>98%) was purchased from Shanghai DiBai Biological Technology Co., Ltd. (Shanghai, China) (http://www.chemxyz.com/). Zirconyl
chloride hydrate (ZrOCly-H20, >99.99%) was purchased from Beijing Mreda Technology Co., Ltd. (Beijing, China) (http://www.
ouhetech.com/). Emodin (>98%), chrysophanol (>98%), physcion (>98%), and psoralen (>99%) was purchased from Chengdu
DeSiTe Biological Technology Co., Ltd. (Chengdu, China) (http://cddesite.foodmate.net/), and their chemical structures are shown in
Fig. S1. Phenylalanine (>98%) and acetonitrile (ACN, HPLC-grade) were purchased from Adamas-beta (Shanghai, China) (http://
www.adamas-beta.com). Hesperetin was purchased from TargetMol, (USA) (www.targetmol.com). Polyvinyl pyrrolidone (PVP,
MW = 40000), rabbit plasma (heparin sodium as anticoagulant), tyrosine (>99%), glutamic acid (>99%), and histidine (>99%) were
purchased from Shanghai YuanYe Biological Technology Co., Ltd. (Shanghai, China) (http://yuanyebio.bioon.com.cn/). Zirconium
tetrachloride (ZrCly, >99.9%), 2,5-dihydroxytelephthalic acid (TPA-(OH),, >98%), 2,5-dihydroxybenzoic acid (DHB, >99%), sinapic
acid (SA, >98%), and 2',4,6'-trihydroxyacetophenone monohydrate (THAP, 98%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China) (https://www.aladdin-e.com/). Naringenin (>98%), rosmarinic acid (>98%),
and tanshinone ITA (>98%) were purchased from Chengdu HerbSubstance Co., Ltd. (Chengdu, China) (https://www.herbsubstance.
com/). Water used for all the experiments was purified by a water purification system (ATSelem 1820A, Antesheng Environmental
Protection Equipment Co., Ltd., Chongqing, China) (http://www.atshb.com/). The other instrumental information is shown in the
ESM.
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Fig. 1. (@) Schematic diagram of the preparation of UiO-66-(OH),@UiO-66-NH,; SEM images of (b) Ui0-66-(OH), and (c) UiO-66-(OH),@UiO-66-
NH,; (d) TEM image and (e) elemental mapping images of UiO-66-(OH),@UiO-66-NH,; EDS results of (f) UiO-66-(OH), and (g) UiO-66-
(OH),@UiO-66-NH,.

2.2. Preparation of UiO-66-(OH),@UiO-66-NH,

The MOF@MOF nanoparticle was prepared by a facile two-step process and the schematic diagram of the material synthesis process
is shown in Fig. 1a. Firstly, UiO-66-(OH), was prepared [25]. In brief, 168.0 mg of ZrCl4, 142.8 mg of TPA-(OH),, and 159.5 mg of PVP
were ultrasonically dissolved in 12.2 mL of DMF. Then, 10.2 mL of AA and 0.4 mL of deionized water were added and stirred at room
temperature for 10 min. After that, the mixture solution was transferred to a 50 mL Teflon-lined autoclave and heated to 120 °C for 2 h.
The white product was washed twice by DMF and ethanol, followed by vacuum drying at 60 °C for 8 h.

For the preparation of core-shell structure UiO-66-(OH)>@UiO-66-NH,, 108.8 mg of TPA-NH;, and 42.0 mg of ZrOCly-H20 was
dissolved in 12.0 mL of DMF and 8.0 mL of AA. Then, 100.0 mg of obtained UiO-66-(OH), powder was added in the solution and
treated by ultrasonication for 10 min. After that, the mixture solution was continuously stirred at 90 °C for 4 h. The product was
washed twice by DMF and ethanol, followed by vacuum drying at 60 °C for 8 h. The instruments and conditions for characterization of
the materials are presented in the ESM.

2.3. Preparation of MALDI matrices and MALDI-TOF-MS analysis

The traditional matrices, such as DHB, SA, and THAP, were prepared as saturated solutions in ACN/water (1:1, v/v) containing
0.1% trifluoroacetic acid at the final concentration of 10 mg/mL in analytes’ solutions, respectively. For the preparation of MOF@MOF
stock solution, the MOF@MOF matrix was dispersed in ACN to form homogeneous solution at the concentration of 1.0 mg/mL.
Enrichment operations are as follows: 0.1 mL of MOF@MOF solution was added in a 2-mL centrifuge tube containing 0.9 mL of tested
sample solution and shaken on a temperature-controlled air bath shaker at 150 rpm for 10 min under 40 °C to acquire adequate
adsorption. Then, the material was separated by centrifugation at 4316xg for 5 min and re-dispersed in 50 pL of ACN under ultra-
sonication. Finally, 1 pL of analysis solution was dropped onto the MALDI stainless steel plate and dried at room temperature before
MALDI-TOF-MS analysis. The detailed method of storage stability, salt tolerance, and applicability are described in the ESM.

The MALDI-TOF-MS analysis was performed on a MALDI-7090 equipped with a pulsed nitrogen laser (355 nm) in reflection and
positive ion mode. The instrumental parameters are as follows: raster type, regular circle; profiles, 100 profiles; accumulate, 50shot(s)
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Fig. 2. (a) The XRD spectra of Ui0-66-(OH), and UiO-66-(OH),@UiO-66-NH,; (b) The FT-IR spectra of UiO-66-(OH),, UiO-66-NH,, and UiO-66-
(OH),@UiO-66-NH,; The XPS spectra of UiO-66-(OH)>@UiO-66-NHa: (c) full spectrum, (d) C 1s, (e) N 1s, (f) O 1s, (g) Zr 3 d; (h) The TGA result and
(i) nitrogen adsorption-desorption isotherm of UiO-66-(OH), and UiO-66-(OH),@UiO-66-NH,.

@50Hz. A polished-steel sample target with 384 spots was employed and the laser intensity was adjusted to 30%. All mass spectra were
analyzed by Mass++ (64-bit) software (Shimadzu Scientific Instruments, Kyoto, Japan).

2.4. Solid-phase extraction procedure

For the solid-phase extraction procedure, 2.0 mg of adsorbent was added in a 2-mL centrifuge tube containing 1.0 mL of 20 pg/mL
of RAs solutions (dissolved in ACN) and shaken at 150 rpm for 10 min under 40 °C to acquire adsorption equilibrium. Then, the
supernatant was filtered through a 0.22 pm filter before HPLC analysis. Detailed HPLC analysis conditions are described in the ESM.
2.5. UV-Vis analysis of MOF@MOF solution

In brief, 0.1 mL of MOF@MOF (dispersed in ethanol, 1.0 mg/mL) was mixed well with 1.9 mL of deionized water (final concen-
tration of 50 pg/mL), and the absorbance in the range of 250-800 nm was recorded [26].

3. Results and discussion

3.1. Characterization of the MOF materials

Fig. 1b and c shows the field emission scanning electron microscopy (FE-SEM) images of the synthesized UiO-66-(OH), and UiO-66-
(OH),@UiO-66-NH,. In the observation, both are well-dispersed and exhibit regular octahedral structures with a smooth surface.
Although UiO-66-NH; modification was conducted at atmospheric pressure, MOF@MOF can maintain a regular morphology. As the
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Fig. 3. The effect of (a) incubation time, (b) temperature, (c¢) the amount of material and (d) storage stability of UiO-66-(OH),@UiO-66-NH; on the
intensity of emodin ([M+H]™ at m/z 271, 250 ng/mL) (n = 3).

transmission electron microscope (TEM) result shown in Fig. 1d, MOF@MOF has regular facets with a size distribution of about 100
nm. From the element mapping images in Fig. 1e, the C, N, O, and Zr elements are uniformly distributed in the MOF@MOF. In addition,
from the energy dispersive X-ray detector (EDX) spectra in Fig. 1f and g, the appearance of N element further supports the successful
synthesis of the core-shell MOF@MOF.

X-ray diffraction was employed to determine the crystal structure of UiO-66-(OH); and MOF@MOF. The X-ray diffraction patterns
(Fig. 2a) presence five main peaks at a 26 values of 7.35°, 8.48°, 17.04°, 25.65°, and 30.64°, belonging to the crystal planes of (1 1 1),
(200),(400), (600), and (7 1 1), respectively, which is consistent with those reports of UiO-66-NH; and UiO-66-(OH), [27,28]. All
the materials are highly crystalline, and the modification of UiO-66-NH; does not change the intrinsic crystal structure of the core
Ui0-66-(OH)s.

The Fourier transform infrared spectroscopy (FT-IR) spectra of UiO-66-(OH);, UiO-66-NH,, and MOF@MOF are shown in Fig. 2b.
The peaks’ positions in the FT-IR spectra of the three materials are similar, which further indicate that the types of functional groups do
not change significantly during the modification process. The broad absorption peak at 3200-3500 cm ™! is attributed to the N-H or
O-H bond stretching vibration [29]. The adsorption peak at 1582 cm™! is the C=O0 stretching vibration of the carboxyl group [30].
Furthermore, the adsorption peak at 1387 em lis corresponded to the C-O stretching vibration, and the adsorption peak at 1238 em ™!
is assigned to the stretching vibration of phenolic hydroxyl group [31]. In addition, the adsorption peak at 666 cm ™" is related to the
stretching vibration of Zr-O [29].

To analyze the chemical state of the material, the X-ray photoelectron spectroscopy (XPS) spectra of MOF@MOF are recorded and
the results are shown in Fig. 2c-g. It can be observed from Fig. 2c that the C, O, N, and Zr elements exist in the MOF@MOF. From
Fig. 2d, C 1s spectrum can be divided into three peaks, which are assigned to the O-C=0 (288.2 eV), C-N (285.3 eV), and C—C (284.0
eV), respectively [32]. In the XPS spectrum of N 1s (Fig. 2e), the peaks located at 401.5 eV, 399.8 eV, and 398.6 eV can be attributed to
the = NH2 +, -NH3 +, and -NHy, respectively [33]. Furthermore, the O 1s spectrum (Fig. 2f) is centered at 532.9 eV, 529.4 eV, and
531.2 eV, which indicate the existence of C-O, C=0, and Zr-O [34], respectively. In addition, the binding energy of Zr 3d3/2 and Zr
3d5/2 (Fig. 2g) are assigned to 184.7 eV and 182.2 eV, respectively [35].

To understand the thermal properties of the synthesized materials, the thermogravimetric analysis (TGA) analysis was carried out.
From the TGA profiles displayed in Fig. 2h, Ui0-66-(OH)3 and MOF@MOF exhibit similar thermal property. At the temperature below
100 °C, a weight loss of around 5.9% is related to the evaporation of water that is physically attached on the material surface.
Furthermore, in the temperature range of 110-200 °C, a weight loss (12.1%) was occurred due to the evaporation of ethanol and the
decomposition of DMF trapped in the frameworks. The subsequent weight loss at higher temperature may be attributed to the collapse
of the skeleton, i.e. TPA-NH5 and TPA-(OH), decompositions [36].

The N adsorption-desorption isotherms (Fig. 2i) of UiO-66-(OH); and MOF@MOF were investigated. The adsorption isotherms
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rise straightly at low pressure and quickly reach a saturation. The N5 adsorption-desorption isotherms are the typical Type I isotherm of
microporous feature. Both samples have large BET specific surface area of 677 and 920 m?/g with the total pore volume of 0.35 and
0.64 cmg/g for UiO-66-(0H), and MOF@MOF, respectively [37].

3.2. The feasibility of using MOF@MOF as a matrix in MALDI-TOF-MS analysis

The ideal MALDI matrix should have the following characteristics. 1) It has good light absorption and transmission ability to laser
energy, which can realize the adsorption-resolution process efficiently. 2) It has high stability, does not react with the analyte and
produce strong background mass spectrometry signals. 3) It can be uniformly deposited on the sample target to ensure the repro-
ducibility of the test and avoid matrix aggregation and sweet spot effects [38]. To demonstrate the feasibility of using the novel
MOF@MOF matrix in MALDI-TOF-MS analysis, its analytical performance was compared with the most commonly used traditional
organic matrices (DHB, SA, and THAP) in the positive-ion detection mode. Fig. S2 shows the optical images of different matrix
dispersed on the stainless-steel target. The MOF@MOF matrix (Figs. S2e-f) demonstrates a homogeneous crystal layer that can prevent
variability in signal strength from different locations on the target surface and improve the point-to-point reproducibility. On the other
hand, the direct analysis result of EMO (Fig. S3a) presents a low ionization efficiency and a complicated background in the absence of
matrix. Furthermore, using the traditional organic matrices, such as DHB, SA, and THAP, also displays a poor performance
(Figs. S3b-d). However, using the MOF@MOF material with adsorption treatment has a higher analyte’s signal intensity and less
background interference, showing the characteristic MS fragments at m/z 271 (IM+H]11), 293 ([M+Na]™), and 309 ([M+K] ™) of EMO
(Fig. S26).

3.3. Optimization of experimental conditions

The low laser intensity will result in a weak sample signal intensity of low signal-to-noise ratio (SNR). However, the increasing laser
intensity will enhance both the sample signal and background interference. As a result, the optimal SNR is obtained when the laser
intensity is 30%, which was selected to satisfy the analysis requirements.

To obtain optimal enrichment efficiency, the effects of incubation time, incubation temperature, and the amount of adsorbent on
the signal intensity of RAs were systematically investigated. Due to the high porosity of MOF material, a fast adsorption equilibrium
can be achieved. Therefore, the effect of incubation time was investigated in the range of 2-12 min. As shown in Fig. 3a, the MS signals
of RAs at 2—8 min are relatively weaker than that of 10 min and 12 min, and 10 min is enough for the incubation, which was finally
chosen. Similar results can be observed in the investigation of temperature from 20 °C to 45 °C (Fig. 3b). Herein, 40 °C was applied in
the following experiments.

The amount of MOF@MOF plays a critical role in the improvement of intensity of RAs MS signals. Therefore, the amount of
MOF@MOF within the range of 25-150 pg was investigated. Fig. 3c illustrates that the MS signals increase significantly with the
increase in material amounts from 25 pg to 100 pg, but the MS signals decrease sharply when the material amount is exceeded 100 pg,
which may be due to the matrix thickness of the same spot [39]. Thus, 100 pg of MOF@MOF was adopted as the optimum amount of
material.

3.4. Storage stability, salt tolerance, and applicability of the MOF@MOF in MALDI-TOF-MS analysis

The EMO (0.25 pg/mL) was employed as a model analyte to evaluate the storage stability and salt tolerance of the prepared
material. MOF@MOF was stored at room temperature for six weeks and the storage stability was studied by measuring the [M+H]™"
intensity of EMO at different time points. Fig. 3d shows that long-term storage of the material has no significant influence on the MS
signals of EMO with relative standard deviation (RSD) less than 5.4%. In the ideal state, the structural unit of UiO-66 is composed of
[Zrs04(OH)4] metal clusters ligated to 12H,BDC, which is the highest number of organic ligand-metal cluster coordination available in
MOFs. The dense structural unit makes the whole structure stably connected. In addition, the Zr is highly oxygenophilic, the strong
Zr-0 bond in the UiO-66 structure also increases its stability [40].

Biological samples usually contain high concentrations of salts, which will lead to a low ionization efficiency and suppress the
analytes’ MS signals. To explore the salt tolerance of the material, the [M+Na] ™ intensity of EMO in positive ion mode was determined
and compared by adding 0—150 mM of NaCl solution. The results (Fig. S4) show that even the NaCl concentration reaches at 150 mM,
a slight decline by less than 17.4% of the initial intensity is observed, which indicates that the MOF@MOF matrix significantly
improved the salt tolerance of MALDI-TOF-MS analysis. In addition, with the addition of NaCl, the [M+K]" signals of EMO are
significantly suppressed, making the spectra simpler.

To explore the applicability of the MALDI-TOF-MS method using MOF@MOF as a matrix in the analysis of other small-molecule
compounds, several compounds, such as amino acids (tyrosine, glutamic acid, phenylalanine, and histidine), flavone (naringenin
and hesperetin), phenolic acid (rosmarinic acid), coumarin (psoralen), and diterpene quinone (tanshinone IIA), were analyzed. From
the results that are shown in Fig. S5, the sodium adduct and potassium adduct signals for all compounds are presented in the spectra.
The glutamic acid, phenylalanine, and psoralen present the most sensitive detection based on the comparisons of the characteristic
peaks obtained at the same concentration.
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Table 1
The results of method validation using MOF@MOF as the adsorbent and matrix.
Analytes Regressive curves Liner range (ng/mL) R? LOD (ng/mL) LOQ (ng/mL) RSD (%) (n = 6)
EMO y = 9349.11x+211.91 62.5-1000 0.990 3.15 10.49 9.9
CHR y = 9085.78x+11.18 62.5-1000 0.991 4.90 16.34 6.9
PHY y = 8354.26x+1.25 62.5-1000 0.991 4.68 15.61 8.3

EMO, emodin; CHR, chrysophanol; PHY, physcion.
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Fig. 4. (a) The calibration plot of EMO ([M+H] " at m/z 271) after enrichment treatment using UiO-66-(0OH),@UiO-66-NH, as the adsorbent and

matrix (n = 3); Mass spectra of EMO with different concentrations of (b)1000, (¢) 500, (d) 250, (e) 125, and (f) 62.5 ng/mL after enrichment
treatment. EMO, emodin.

Table 2

Recoveries of EMO, CHR, and PHY using UiO-66-(OH),@UiO-66-NH, as adsorbent and matrix after enrichment treatment in spiked rabbit plasma
samples (n = 3).

Spiked (ng/mL) EMO CHR PHY
RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%)
100 4.7 101.5 8.1 99.4 7.4 95.3
200 8.1 96.4 3.9 95.2 5.4 99.4
800 9.1 95.8 9.9 88.3 9.5 90.2

EMO, emodin; CHR, chrysophanol; PHY, physcion.
3.5. Quantitative analysis of RAs in serum sample

The MALDI-TOF-MS method using MOF@MOF as an adsorbent and matrix was applied in the quantitative analysis of RAs. The
linear range, correlation coefficient, limit of detection (LOD), limit of quantification (LOQ), and repeatability of the method were
determined under the optimized conditions. All measurements were repeated three times (n = 3). The LOD was determined as a signal-
to-noise ratio (S/N) equal to 3, and the LOQ was determined as a S/N equal to 10. The repeatability was carried out by analyzing the
individual sample solution six times. The results of direct analysis and enrichment treatment are shown in Table S1 and Table 1,
respectively. After the enrichment treatment, good linear relationship and lower LODs are obtained. The intensity of [M+H]" of RAs
increase linearly within the concentration range of 62.5-1000 ng/mL (R? > 0.990). The LODs (S/N = 3) for RAs are between 3.15 ng/
mL and 4.90 ng/mL. The precision was evaluated by six repeated analysis of 250 ng/mL of RAs, and the RSD is in the range of
6.9-9.9%. More details of the calibration plots and mass spectra of RAs are shown in Fig. 4 and Figs. S6-S10.

The applicability and accuracy of this method in real plasma sample analysis were investigated through the recovery study. The
contents of RAs in spiked rabbit plasma samples were determined and the results are summarized in Table 2. The rabbit plasma, which
is a biological product, was purchased from Shanghai YuanYe Biological Technology Co., Ltd. All the analysis was performed in
triplicates. The recoveries of various spiked concentrations (100, 200, and 800 ng/mL) of samples are in the range of 88.3-101.5%
with RSD <9.9%, which further demonstrate the exceptional performance of the MOF@MOF matrix in the determination of RAs.
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Fig. 5. Mass spectra of 250 ng/mL of EMO using (a) UiO-66-(0OH),, (d) UiO-66-NH,, and (g) UiO-66-(OH),@UiO-66-NH, as adsorbent and matrix;
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spectra of 250 ng/mL of PHY using (¢) UiO-66-(OH),, (f) UiO-66-NH,, and (i) UiO-66-(OH),@UiO-66-NH, as adsorbent and matrix, respectively.
EMO, emodin; CHR, chrysophanol; PHY, physcion.

3.6. Mechanism investigation

To further demonstrate the characteristics of the prepared MOF@MOF material, the MALDI-TOF-MS analysis of RAs using different
matrices were compared. As shown in Fig. 5, the characteristic [M+H] ", [M+Na] ™", and [M+K]" adduct peaks of RAs are observed in
all mass spectra. Furthermore, using MOF@MOF as MALDI matrix displays a higher sensitivity to RAs in positive ion mode, obtaining
enhanced analyte signals with low background interference, which may be related to the strong adsorption performance of the core-
shell structure MOF material. For further comparison, the adsorption capacity of the three MOF materials was evaluated by solid-phase
extraction coupled with HPLC analysis. The results are shown in Table S2 and the relevant chromatograms are displayed in Fig. S11.
The highest adsorption capacity for the analysis of RAs is obtained using MOF@MOF as adsorbent, whose adsorption capacity to EMO
is calculated to be 6.40 pg/mg when the concentration of analyte is 20 pg/mL.

The excellent performance of MOF@MOF as an adsorbent and matrix can be attributed to the following two main reasons. 1) There
are abundant polar hydroxyl groups and anthraquinone structure in the molecules of RAs. In this study, TPA-(OH), and TPA-NH; were
adopted as functional ligands for preparing the MOF@MOF, which contains many functional groups including benzene ring, amino,
and hydroxyl. Consequently, multiple interaction effects such as hydrogen-bonding, dipolar-dipolar and n-x conjugation are involved
in the enrichment process. 2) The efficient absorption of energy at laser wavelength and transfer the energy to analyte is a prerequisite
of an ideal MALDI matrix. From the UV-Vis spectrum displayed in Fig. S12, MOF@MOF shows strong UV absorption in the range of
250-800 nm. In addition, the phenyl rings of MOF@MOF can provide abundant n-t and C-H/x interactions to hydroxyl and electron-
rich anthraquinone structure, which can promote the proton transfer from the matrix to the RAs during the ionization process.

4. Conclusions

In summary, a core-shell structure MOF@MOF composite was prepared and used as an adsorbent and matrix for the sensitive
MALDI-TOF-MS quantitative analysis of RAs. Compared with traditional matrices, MOF@MOF shows the advantages of low back-
ground interference in the low-mass range, high sensitivity, satisfactory salt tolerance, and good storage stability. Moreover, the
developed MALDI-TOF-MS method using MOF@MOF as a matrix was successfully applied in the determination of RAs in spiked rabbit
plasma samples. This work provides a reference for designing multifunctional matrix for the enrichment and accurate quantification of
small-molecule compounds by MALDI-TOF-MS analysis.
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