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Zeolitic imidazolate framework-8 coated magnetic 

nanocomposites (Fe3O4@ZIF-8 MNCs) were served as 

absorbent and matrix for negative-ion MALDI-TOF MS. The 

host-guest property and interference-free background made 

it an ideal dual platform for the sensitive analysis of small 

molecules.  

Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry mass spectrometry (MALDI-TOF MS) has been used 

extensively for protein analysis.1 However, analysis of small 

molecules by MALDI-TOF MS remains a challenge, due to the 

background interference of conventional organic matrices that can 

suppress and overlap with the analyte signals in the low mass region 

(<500 Da).2 In addition, MALDI-TOF MS has the disadvantages of 

rather poor reproducibility, mainly originating from heterogeneity of 

the matrix-analyte crystals (so call “sweet spots”), which leads to 

MALDI-MS being heavily criticized for its quantitative analysis.  

To overcome these drawback, an attractive method so called 

“surface-assisted laser desorption/ionization mass spectrometry 

(SALDI-MS)” has been developed by using nanomaterials as 

matrices.3 Up to now, a variety of nanomaterials with different 

composition and morphology, including porous silicon,4 metal/metal 

oxide nanoparticles,5 and carbon-based materials,6 have been 

successfully utilized as SALDI matrices. Although these methods 

have achieved some success, most development of nanomaterial-

based matrices was accordingly based on the MS detection platform 

of positive ion mode, which often resulted in multiple sodium or 

potassium adducts in addition to protonated ions. Theoretically, the 

negative ion spectrum is much clearer and easier to interpret with 

only one deprotonated ion peak present.7 Recent works also 

supported that negative ion MS can offer higher sensitivity than 

positive ion mode for analytes such as amino acids and peptides.6b,c 

Therefore, exploring new matrices for negative ion MALDI-MS is 

highly desirable. 

Porous metal-organic frameworks (MOFs) have attracted 

immense attention in analytical science, because of their unique 

properties such as high porosity, large surface areas, and tunable 

pore sizes.8 Especially, MOFs can provide high absorption capability 

in the UV-visible range, and thus meet the requirements to serve as 

SALDI matrices. Recently, an encouraging breakthrough in the 

utilization of MIL-100(Fe) MOFs as matrix was achieved by 

Huang’s group,8c who reported the analysis of polycyclic aromatic 

hydrocarbons (PAHs) by positive ion MALDI-TOF MS. However, 

the general applicability and the advantages of MOFs as matrices for 

negative ion MALDI-TOF MS have not been demonstrated yet. 

Zeolitic imidazolate frameworks (ZIFs), as a new subfamily of 

MOFs, have gained particular interest due to their exceptional 

chemical and thermal stabilities.9 2-methylimidazole (HMeIM), as 

the major component of ZIF-8, possesses sp2 hybridized nitrogen, 

which acted as Lewis base and tends to capture protons from the 

analytes upon their desorption. Consequently, ZIF-8 was supposed 

to accelerate the negative-charged process and yield abundant 

negative ions in negative ion mode.6b On the other hand, doping 

magnetic nanoparticles into MOFs is an effective way to tailor the 

magnetic property of MOFs, which exerts considerable effects on the 

applications of MOFs in sample pretreatment.10 In principle, by 

virtue of the unique properties of MOFs and the magnetic property 

of Fe3O4 nanoparticles, the magnetic ZIF composites can be 

expected as an ideal absorbent and matrix for SALDI-MS. However, 

there is no report on the study of the magnetic ZIF-8 composites as 

matrix in MS technology. 

Herein, ZIF-8 coated magnetic nanocomposites 

(Fe3O4@ZIF-8 MNCs) were synthesized by a facile approach 

and then for the first time served as matrix for negative ion MALDI-

TOF MS. A comparison of Fe3O4@ZIF-8 with organic matrices 

revealed that the Fe3O4@ZIF-8 MNCs in negative ion mode can 
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provide enhanced signal intensity, good salt tolerance and free 

matrix background in the analysis of small molecules. In addition, 

the Fe3O4@ZIF-8 MNCs served as an affinity probe for trace 

histidine (His) concentration and direct ionization in SALDI-MS 

were also discussed in this work.  

The Fe3O4@ZIF-8 MNCs were synthesized at room 

temperature by  using Fe3O4 as magnetic core, Zn2+ ion as 

connector and HMeIM as linker, which has been reported 

previously.10b Details of material synthesis and characterization were 

described in ESI
†
. Fig.1A shows the SEM image of the Fe3O4@ZIF-

8 MNCs with good monodispersity and its average particle size was 

~190 nm. TEM image (Fig.1B) clearly presented the core-shell 

structure of Fe3O4@ZIF-8 MNCs with ZIF-8 thicknesses (~25 nm). 

As shown in Fig.1C, the Fe3O4@ZIF-8 MNCs were well dispersed 

in ethanol/H2O and its suspension exhibited strong absorption 

around 430 nm, which made it absorb laser energy and transfer 

energy to analyte possible. Generally, the best MALDI performance 

is achieved only at certain locations (sweet spots) of the matrix-

analyte crystals as the traditional matrices were used (Fig.S2A, 

ESI
†
). However, Fig.S2B (ESI

†
) showed a homogeneous 

Fe3O4@ZIF-8-analyte crystal layer that minimized the need to 

search for sweet spots. Significantly, it avoided the variability of 

signal intensity across different locations on the target surface due to 

the heterogeneous crystals and greatly improved spot-to-spot 

reproducibility. Fig.1D showed a comparison of the MS signals of 

His as model sample with three different sample preparation 

procedures (sample-first, matrix-first and dried-droplet methods).11 

No signal was observed with the sample-first method, whereas a 

deprotonated ion of His with signal-to-noise ratio (S/N) of 33.5 was 

obtained by using matrix-first method. In contrast, the signal 

intensity of His obtained by the dried-droplet method was relatively 

high (S/N=155) as compared to the former two methods. The high 

ionization efficiency can be attributed to the thorough mixing, which 

leads to high adsorption. Based on the results, the dried-droplet 

method was recommended for further studies. 

Fig.1 SEM (A) and TEM (B) images of Fe3O4@ZIF-8 MNCs; (C) UV-vis spectrum of 

1.0 mg mL
-1

 Fe3O4@ZIF-8 suspension; (D) Mass spectra of His with different 

sample preparation methods. (1mM His for sample-/matrix-first method, and 0.5 

mM His for dried-droplet method) 

For comparison, a mixture of six amino acids was initially 

analyzed by MALDI-TOF MS using CHCA, 3-aminoquinoline (3-

AQ), and Fe3O4@ZIF-8 MNCs as matrices in both ion modes. 

Strong background interferences from the matrices and low S/N 

ratios of amino acids were obtained with CHCA in positive ion 

mode (Fig.2A) and 3-AQ in negative ion mode (Fig.2B). However, 

by using the Fe3O4@ZIF-8 MNCs, multiple amino acid-related 

positive ions in the forms of [M+Na]+, [M+K]+, [M+2Na-H]+, 

[M+2K-H]+, and [M+Na+K-H]+ ions were observed (Fig.2C and 

Table S1, ESI
†
). Apparently, the complicated mass spectra obtained 

in positive ion mode make it rather difficult for interpretation. In 

contrast, negative ion mode provides clean background for detection 

of amino acids and the result was illustrated in Fig.2D, where the 

characteristic [M-H]– ions of Asp, Gln, His, Phe, Tyr, and Trp at m/z 

132.06, 145.09, 154.09, 164.13, 180.14, and 203.18 predominated 

the mass spectra. Moreover, the signal intensities of amino acids 

generated in negative ion mode were much stronger than those 

obtained in positive ion mode under the same laser energy. The 

result can stand comparison with those using graphene- and single-

walled carbon nanohorns (SWNHs) matrices,6b-d, but better than 

those obtained with Pt- and TiO2-based matrices in the same ion 

mode,12 because the latter showed weak adaptability for amino acid 

analysis.  

Fig.2 Mass spectra of amino acids by using (A) CHCA matrix in positive ion mode; 

(B) 3-AQ matrix in negative ion mode; (C) Fe3O4@ZIF-8 MNC matrix in positive 

ion mode and (D) negative ion mode. The concentration of all analytes was set as 

1 mM for CHCA and 3-AQ, but 0.5 mM for Fe3O4@ZIF-8 MNC. Laser intensity: 

60%. Red asterisk is background peaks of matrix unless otherwise noted. 

To further demonstrate the feasibility of the novel 

Fe3O4@ZIF-8 MNC matrix under robust applications, a wide 

variety of small molecules were analyzed. It is underscored by 

the fact that none of the selected fatty acids were detected with 

CHCA or 3-AQ in either positive- or negative ion mode. 

However, the exclusive [M-H]– ions of fatty acids with clean 

background were obtained using Fe3O4@ZIF-8 MNC matrix in 

negative ion mode (Fig.3A). Fig.3B shows that the 

Fe3O4@ZIF-8 MNC matrix resulted in free matrix interference 

in the low mass regions, where seven peptides at m/z 215.98, 

220.97, 249.11, 327.34, 425.49, 554.53 and 609.00 were well 

detected, responding to [Ala-Gln-H]-, [Gly-Phe-H]-, [Tyr-Gly-

Gly-2Na]-, [Tyr-Phe-H]-, [Phe-Gly-Phe-Gly-H]-, [Tyr-Gly-Gly-

Phe-Leu-H]-, and [Arg-Ser-Gly-Phe-Tyr-H2O-H]-, respectively. 

In comparison, using CHCA and Fe3O4@ZIF-8 MNCs in 

positive ion mode or 3-AQ in negative ion mode gave rise to 

complicated alkali metal adducts and serious matrix 

interference (Fig.S3 and Table S2, ESI†). In addition, the 

characteristic ions at m/z 271.30, 223.10, and 144.00, assigned 

to 17β-estradiol (E2, [M-H]-), testosterone (T, [M-2Na-H2O-H]-

) and 8-hydroxyquinoline (8-HQ, [M-H]-) were obtained with 
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the S/N ratios of 80, 107.5, and 92.8, even at low 

concentrations of 0.5 mM for each analytes (Fig.3C-E). 

Although bisphenol A (BPA) was detected in the form of [M-

H]- ion and [M-CH3-H]- ion that means a possible 

rearrangement reaction occurred, high S/N (>500) ratio can be  

achieved even at a low concentration (0.5 mM) (Fig.3F). 

Fig.3 Mass spectra of (A) fatty acids, (B) peptides, (C) E2, (D) T, (E) 8-HQ, and (F) 

BPA using Fe3O4@ZIF-8 MNC in negative-ion mode. (Details was seen in ESI†) 

Salt tolerance was investigated and the result (Fig.S4, ESI†) 

showed that NaCl concentration up to 1000 mM witnessed a slight 

decline by less than 25% of the initial intensities for the peptides. 

Nevertheless, the peptides could be unambiguously detected, 

indicating its good salt tolerance. Fig.S5 (ESI†) showed the signal 

reproducibilities of His obtained using Fe3O4@ZIF-8 MNC matrix. 

The relative standard deviations (RSDs) for shot-to-shot and sample-

to-sample assays were 6.8% (n=15) and 15.1% (n=10), respectively, 

suggesting that no “sweet spot” problem resulted from the use of 

Fe3O4@ZIF-8 MNC as a matrix.  

To investigate the feasibility of Fe3O4@ZIF-8 MNC as a matrix 

for quantitative analysis, melatonin (MT) was selected as a model 

compound. Fig.S6-S7 (ESI†) represented the quantitative analysis of 

MT at different concentrations. A linear relationship was found 

between the MS signals of MT and its concentration in the range of 

0.5 to 500 µM (R2 = 0.9965). Notably, the deprotonated ion of MT 

could still be detected with S/N ratio of 6.6, even in the case of 0.5 

µM (equivalent to 0.5 pmol). The limit of detection (LOD) obtained 

in the present work is much better than that of the previous work.12 

As presented in Fig.4, no MT was detected in blank serum and urine 

samples. After spiking MT with 0.5 µM, however, an unambiguous 

[M-H]- ion of MT was observed in both samples. Moreover, the 

signal intensity of MT in the spiked serum or urine was comparable 

to that in standard test solution, implying its good resistance to the 

complex substrate of real sample. In addition, the recovery test was 

conducted and the results were listed in Table S3 (ESI†). Stimulated 

by the results, it is believed that the Fe3O4@ZIF-8 MNC-based 

SALDI MS can be further broadened to monitor and quantify other 

small molecules in biological samples.  

Because of the unique hosting ability of ZIFs-8 to His-

containing compounds,10b Fe3O4@ZIF-8 MNC may serve as 

adsorbent for His enrichment from solution. The binding experiment 

validated that the maximum adsorption capacity of the Fe3O4@ZIF-8 

MNCs towards His is ~ 5.8 mg g-1 (equivalent to 3.74 × 10-5 mol g-1) 

(Fig.S8, ESI†), which made it possible for trapping trace His in 

water solution. As expected, the MS signals of His decreased with 

decreasing concentration of His from 500 to 0.5 µM (Fig.S9-10, 

ESI†), but 5~7 times higher than those obtained with ZIF-8 MOFs 

(Fig.S11, ESI†). Nevertheless, the concentration of 0.05 µM His is 

too low to be detected without enrichment. After enrichment, 

however, there is an obvious His ion signal in mass spectrum, simply 

demonstrating the applicability of the Fe3O4@ZIF-8 MNC-assisted 

MALDI MS approach to trace His analysis in real sample.  
In conclusion, we have demonstrated the potential of 

Fe3O4@ZIF-8 MNCs as absorbent and matrix for the first time. 

Compared to organic matrices, the Fe3O4@ZIF-8 MNCs exhibited 

many advantages, including interference-free background, good salt 

tolerance, high sensitivity and reproducibility in the analysis of small 

molecules. Besides, the Fe3O4@ZIF-8 MNCs can be used as 

adsorbent to enrich trace His from solution, isolated easily with a 

magnet, and directly spotted for SALDI-MS, with which sensitive 

detection of His can be achieved. It is believed that the Fe3O4@ZIF-

8 MNCs would be an alternative matrix to solve more analytical 

challenges.  

Fig.4 Mass spectra of (A) blank urine; (B) 0.5 μM MT in spiked urine; (C) blank 

serum; and (D) 0.5 μM MT in spiked serum by using Fe3O4@ZIF-8 MNC in 

negative ion mode. Laser intensity: 60%. 
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