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A B S T R A C T   

Anderson-Evans type polyoxometalate group (Na6[TeW6O24]⋅22 H2O, TeW6) was combined with porous metal- 
organic framework ZIF-8 by electrostatic interaction to obtain a novel Anderson-Evans polyoxometalate-based 
metal-organic framework composite, TeW6 @ZIF-8. FT-IR, Raman, XRD, TG, DSC, SEM, and TEM were used to 
characterize the composite. It was proved that the Anderson-Evans type polyoxometalate group TeW6 was 
successfully hybridized with metal-organic framework ZIF-8, and the composite possesses good stability. Based 
on the potential interaction between TeW6 and proteins and the coordination between imidazole groups in ZIF-8 
and proteins with a porphyrin ring structure, the adsorption selectivity towards different proteins on the TeW6 
@ZIF-8 composite was studied in this work. The experiment results showed that the TeW6 @ZIF-8 composite was 
selectively adsorbed to cytochrome C. At pH 11.0, the adsorption efficiency of 94.01% was obtained for pro
cessing 1.0 mL 100 μg mL-1 cytochrome C with 3.0 mg TeW6 @ZIF-8 composite. The adsorption behavior of 
cytochrome C fits well with the Langmuir adsorption model, corresponding to a theoretical adsorption capacity of 
232.56 mg g-1. The retained cytochrome C could be readily recovered by 1% SDS (m/m), giving rise to a recovery 
of 65.6%. Circular dichroism spectra indicate no conformational change for cytochrome C after the adsorption 
and desorption processes, demonstrating the favorable biocompatibility of TeW6 @ZIF-8 composite. In applying 
practical samples, SDS-PAGE results showed that cytochrome C was successfully isolated and purified by TeW6 
@ZIF-8 composite from porcine heart protein extract, which is further identified with LC-MS/MS. Thus, a new 
strategy for separating and purifying cytochrome C from the porcine heart using TeW6 @ZIF-8 composite as an 
adsorbent was established.   

1. Introduction 

Polyoxometalates (POMs) are a large family of anionic metal-oxygen 
clusters of the early transition metals in high oxidation states that 
exhibit unique and applicable physical and chemical properties [1,2]. 
They have interesting features in terms of molecular composition, size, 
solubility, shape, charge density, redox potential. In addition, they also 
have extensive applications in catalysis, electricity, magnetism, photo
chromism, biology, medicine, and materials science [3–6]. While POMs 

initially mainly attracted the attention of chemists, they have recently 
piqued the curiosity of biochemists [7]. The high negative charge, large 
size, shape, and water-solubility of POMs allow them to bind to proteins 
[8]. Therefore, the research interests about POM have been focused on 
the molecular interactions between POMs and protein species [9,10]. 
Here, an Anderson-Evans type POM, specifically Na6[TeW6O24]⋅22 H2O 
(TeW6), has been frequently used as a protein crystallization additive 
[11–13]. Its effects on protein crystallization have been demonstrated 
with lysozyme, where negatively charged TeW6 binds to sites with 
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positive electrostatic potential located between two (or more) 
symmetry-related protein chains [14]. In addition, the mushroom 
tyrosinase abPPO4 crystallized in the space group as a crystallographic 
heterodimer composed of a polypeptide chain of L-TYR (Ser2-Thr556), a 
chain of A-TYR (Ser2-Ser383), and two half TeW6 [15]. 

Metal-organic framework (MOF) is an excellent porous functional 
material with regularity and topological structure, which makes itself 
quite superior in terms of high specific surface area, adjustable structure, 
good thermal stability, low cost, and easy recovery [16,17]. Zeolitic 
imidazolate framework (ZIF) is a subfamily of the MOF that presents a 
zeolite-like crystalline topology [18]. Among them, ZIF-8 [Zn(mim)2], 
formed by zinc ion as metal ion and 2-methylimidazole (mim) as ligand, 
has been widely studied due to its better thermal, hydrothermal and 
chemical stabilities [19,20]. Hence, ZIF-8 has attracted increasing 
attention in many applications such as catalysts, adsorption, separation 
and other fields [21–23]. To the best of our knowledge, combining ZIF-8 
crystals with other materials can yield functional composites that exhibit 
new properties and broad application prospects in sensing electro
catalysts, drug delivery, and other biotechnologies [24–29]. For 
instance, biomineralized metal-organic framework nanoparticles (ZIF-8 
NPs) were developed as biosensors for sensitive detection of flap endo
nuclease 1 (FEN1), which could be an effective strategy for cancer 
diagnosis [25]. Biodegradable ultrathin nanocapsules (NCs) based on 
catechol-modified gelatin and the ZIF-8 templates were engineered for 
selective delivery of drugs into bone [29]. 

Metal-organic frameworks based on different types of poly
oxometalate present intriguing structures, excellent properties, and 
corresponding applications and their special applications in the fields of 
gas storage, separation, catalysis and drug delivery have attracted great 
research interests [30–33]. In addition, POMs can provide a variety of 
shapes, sizes, charges, and symmetries assemble various MOFs, and 
POM’s adjustable acid/base, redox, and catalysis properties can also 
optimize MOFs for target application [34]. For example, a novel zeolitic 
polyoxometalate-based metal-organic [NBu4]3[PMoV8MoVI4O36(OH)4 
Zn4(BDC)2]⋅2 H2O (Z-POMOF1) exhibited remarkable electroactivity in 
the reduction of bromate, owing to the POM cations play the role of 
counterions and space-filling agents in the 3D MOF [35]. Song et al. 
proved that Keggin-type POM [CuPW11O39]5− can be tightly embedded 
in the pores of MOF-199, which greatly enhances the catalytic perfor
mance of mercaptan oxidation to disulfide and hydrogen sulfide removal 
[36]. Furthermore, the extensive activity of POMs may be further 
exploited if they can be retained in the insoluble metal-organic frame
works, opening avenues in protein separation and purification of 
proteins. 

Cardiac myocyte apoptosis, known as programmed cell death, plays 
an important role in the pathophysiology of many cardiac disorders such 
as heart failure, essential hypertension, and arrhythmia [37]. Mito
chondria are potentially important in cardiac myocyte apoptosis, and 
mitochondrial structure and function changes occur when car
diomyocytes are apoptotic [38,39]. Cytochrome is a soluble protein in 
the membrane space of mitochondria, which is loosely attached to the 
surface of the inner membrane of mitochondria. When it migrates to the 
mitochondria, it combines with hemoglobin to form complete cyto
chrome C. One of the ways cell apoptosis is activated is by releasing 
cytochrome C from the mitochondria into the cytosol [40]. A study has 
shown that cells can protect themselves from apoptosis by blocking the 
release of cytochrome C using Bcl-xL [41]. Another way that cells can 
control apoptosis is by phosphorylation of Tyr48, which would turn 
cytochrome C into an anti-apoptotic switch [42]. To further reveal the 
secrets of apoptosis and clarify the mechanism of cytochrome C in 
apoptosis, cytochrome C must be isolated from biological samples to 
determine its differences. Consequently, it is of great significance for us 
to further explore the occurrence and prevention of heart disease. 

In this paper, an Anderson-Evans type POM/MOF composite was 
designed and synthesized with Anderson-Evans type TeW6 and ZIF-8 as 
raw materials, and the adsorption behavior of cytochrome C was studied 

in depth. This study established a new route for the separation and 
purification of cytochrome C from the porcine heart using TeW6 @ZIF-8 
composite as adsorbent. It also opened up new applications of Anderson- 
Evans type POM/MOF composites in separation science and 
biotechnology. 

2. Experimental 

2.1. Materials 

Unless otherwise stated, all chemicals used in this study were at least 
of analytical reagent grade. Cytochrome C (Cyt-C), bovine serum albu
min (BSA), hemoglobin (Hb), and myoglobin (Mb) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Zn(NO3)2.6 H2O, H6TeO6, 
Na2WO4.2 H2O, NaCl, H3PO4, H3BO3, HCl, acetic acid, 2-methylimida
zole, ethanol, methanol, imidazole, tris(hydroxymethyl)aminomethane 
(Tris), sodium dodecyl sulfate (SDS), and Coomassie brilliant blue G-250 
were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 
China). The protein molecular weight marker (low, 3595 A, Takara 
Biotechnology Co., Ltd., Dalian, China) was a mixture of six purified 
proteins (phosphorylase b, MW 97.2 kDa; serum albumin, MW 66.4 kDa; 
ovalbumin, MW 44.3 kDa; carbonic anhydrase, MW 29.0 kDa; trypsin 
inhibitor, MW 20.1 kDa; lysozyme, MW 14.3 kDa). Deionized water 
(ddH2O) of 18 MΏ cm was used throughout all experiments. 

2.2. Instrumentations 

A FT-IR spectra were recorded using a Nicolet-6700 FT-IR spectro
photometer (Thermo Fisher Scientific, USA) with a KBr disk from 400 to 
4000 cm-1. Raman spectra were obtained on an XploRA ONE laser 
Raman spectrometer (Horiba Scientific, Ltd., France). XRD patterns 
were taken on a BRUCKER D8 ADVANCE x-ray diffractometer (Brucker, 
Germany). The thermal stability of the product is evaluated by using a 
NETZSCH STA 499 F5/F3 Jupiter simultaneous thermal analyzer 
(Netzsch, Germany). SEM images were taken on a HITACHI SU8020 
scanning electron microscope (Hitachi, Japan), and energy dispersive 
spectrometer (EDS) analysis results were obtained by HORIBA EX350 
(Horiba Scientific, Ltd., France). TEM images were taken on HITACHI H- 
7650 transmission electron microscope (Hitachi, Japan). The nitrogen 
adsorption-desorption isotherms are obtained by using an ASAP 
2020HD88 (Micromeritics Instrument, USA). U-3900 UV–vis spectro
photometer (Hitachi, Japan) with a 1.0 cm quartz cell was used to detect 
protein quantitatively. LC/MS mass spectrometer used in this study were 
equipped with Easy nLC 1200 chromatographic system at a nanoliter 
flow rate (Thermo Fisher Scientific, USA) and Q-Exactive HF-X mass 
spectrometer (Thermo Fisher Scientific, USA). 

2.3. Synthesis of the TeW6 @ZIF-8 composite 

2.3.1. Preparation of Na6[TeW6O24]⋅22 H2O (TeW6) 
TeW6 was synthesized in the following way [43,44]. Firstly, 0.60 g of 

H6TeO6 and 5.00 g of Na2WO4.2 H2O were dissolved in 100 mL H2O. 
The pH was adjusted to 5.0 with 1 mol L-1 HCl. The resulting solution 
was heated at 100 ◦C. After a 25% reduction in volume, it was cooled, 
filtered, and crystallized at room temperature. Colorless crystals of TeW6 
were obtained after one week, filtered, and air-dried. 

2.3.2. Preparation of ZIF-8 
The metal-organic framework ZIF-8 was prepared by adopting the 

previously described method [45]. A mixture containing 3.3 g of 
2-methylimidazole and 1.5 g of Zn(NO3)2.6 H2O in 20 mL of methanol 
was stirred at room temperature for 24 h to gain a milky white sus
pension, which was then collected by centrifugation. The obtained solid 
was washed three times with methanol solution and dried overnight at 
80 ℃ to acquire pure ZIF-8 solid. 
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2.3.3. Preparation of TeW6 @ZIF-8 composite 
Briefly, 0.1 g of ZIF-8 in 10 mL H2O was added into a solution of 0.5 g 

of TeW6 in 10 mL H2O, and the mixture was stirred at room temperature 
for 24 h. The color of the solution changed from a translucent white 
colloidal solution to a white suspension. The obtained solid is filtered, 
thoroughly washed with H2O, and dried at 80 ℃ for 12 h. 

2.4. Adsorption/desorption of proteins by TeW6 @ZIF-8 composite 

The adsorption behaviors of different types of protein models, 
namely, Cytochrome C (Cyt-C), bovine serum albumin (BSA), hemo
globin (Hb), myoglobin (Mb), on the TeW6 @ZIF-8 composite were 
investigated. The acidity of the protein solutions was controlled by 
Britton-Robinson (BR) buffer in the range of 6.0–11.0. 

In general, 1.0 mL of protein sample solution was mixed with 3.0 mg 
of TeW6 @ZIF-8, and the mixture was shaken vigorously for 30 min to 
facilitate the adsorption of protein species. After centrifugation at 7000 

rpm for 5 min, the supernatants of Cyt-C, Hb, and Mb were collected to 
quantify the residual protein content by monitoring the absorbance at 
409 nm, and the supernatant of BSA was collected to quantify the re
sidual protein content by monitoring the absorbance at 595 nm after 
binding with the Coomassie Brilliant Blue (Bradford method). The 
adsorption efficiency (E) was calculated by the following equation, 
where C0 and C1 represent the original and the residual protein con
centrations, respectively. 

E =
C0 − C1

C0
× 100% 

After the adsorption process, the TeW6 @ZIF-8 composite was pre- 
washed with 1.0 mL of ddH2O to remove the non-specific adsorbed 
proteins. Afterward, 1.0 mL of 1%SDS (m/m) was added, and the 
mixture was oscillated for 15 min to strip the adsorbed proteins from the 
surface of the TeW6 @ZIF-8 composite. After centrifugation at 7000 rpm 
for 5 min, the supernatant was collected for evaluating the elution 

Fig. 1. The zeta potential of ZIF-8, TeW6, and at neutral pH value (a). FT-IR spectra of ZIF-8, TeW6 and TeW6 @ZIF-8 (b). Raman spectra of ZIF-8, TeW6, and TeW6 
@ZIF-8 (c). XRD patterns of ZIF-8, TeW6, and TeW6 @ZIF-8 and simulated ZIF-8 (d). TG analysis of TeW6 @ZIF-8 in a N2 atmosphere (e) and EDS analysis result for 
the TeW6 @ZIF-8 composite (f). 

Scheme 1. Schematic illustration of the preparation of TeW6 @ZIF-8 composite via electrostatic interaction between TeW6 and ZIF-8.  
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efficiency or for subsequent studies. 

2.5. Preparation of protein extraction from the porcine heart 

The fresh porcine heart was obtained from the local market and 
washed with ddH2O to remove blood. The heart was cut into small 
pieces with scissors, weighed 1.0 g, added to 200 mL of H2O, and 
pounded with a mortar until minced. Then add 2.0 mol L-1 H2SO4 so
lution to adjust the pH value to 4.0, dilute to 500 mL, stir for 2 h. The 
resulting suspension was centrifuged at 10,000 r/min for 5 min, and the 
precipitate was discarded. The supernatant was collected and concen
trated for the ensuing study of protein adsorption by the TeW6 @ZIF-8 
composite. 

3. Results and discussion 

3.1. Characterization of the TeW6 @ZIF-8 composite 

The metal-organic framework composite based on Anderson-Evans 
POM was prepared by electrostatic interaction between the negatively 
charged TeW6 and positively charged ZIF-8 (Fig. 1a). Due to the narrow 
size of the six-membered ring pores (~3.4 Å) [24] in ZIF-8, which was 
smaller than the size of the TeW6 (10.269 ×10.575 ×11.104 Å) [44], 
TeW6 could not easily be incorporated into the cavities of ZIF-8, 
resulting in the TeW6 being bound to the surface of the ZIF-8 and 
further accumulating to form larger particle size of TeW6 @ZIF-8 com
posite. (Scheme 1). 

In order to prove the successful synthesis of TeW6 @ZIF-8 composite 
and speculate its composition, structure and properties, FT-IR, Raman, 
XRD, TG, DSC and BET were made. 

Fig. 1b shows the infrared spectra of the metal-organic framework 
ZIF-8, Anderson-Evans type tellurium tungstate TeW6, and TeW6 com
bined metal-organic framework TeW6 @ZIF-8. In the infrared spectra of 

ZIF-8, the peak at 1572 cm-1, 1459 cm-1, 1147 cm-1, 421 cm-1 were 
assigned to C––N stretching vibration, C-H stretching vibration, C-N 
stretching vibration, and the characteristic peak of Zn-N bond, respec
tively [22]. The absorption peaks at 957, 906, 772, 700, 549, and 
461 cm-1 demonstrated an Anderson-Evans structure for TeW6 [43]. The 
infrared spectra of the new composite TeW6 @ZIF-8 showed the char
acteristic peaks of TeW6 and ZIF-8, which indicated that TeW6 had been 
combined with ZIF-8 to form a new composite material. Meanwhile, the 
Raman spectrum of TeW6 @ZIF-8 in Fig. 1c contains the typical νs 
(W––O) absorption bands of TeW6 at 962 and 892 cm− 1 and the ab
sorption bands at 1498, 1152, 679 cm-1, which were consistent with the 
Raman peaks of ZIF-8. 

In Fig. 1d, the sample XRD pattern of ZIF-8 had been clearly observed 
that the diffraction peaks of (001), (002), (112), (022), (013), (222), 
(114), (233), (134), (044), are identical with the simulated ZIF-8 [19] 
and it is shown that the product of ZIF-8 is purely phased, proving the 
formation of nanosized crystals. In addition, the XRD spectrum of TeW6 
was also studied, which is similar to the crystal library data 
CCDC-632329 [44]. However, the main diffraction peak of TeW6 
@ZIF-8 corresponds to the diffraction peak of TeW6 at 10.64◦ and the 
diffraction peak at 13.10◦and 13.71◦ are the newly generated peak, 
which reveals the formation of new crystal complex. 

Fig. 1e illustrates the results of the thermal decomposition analysis of 
TeW6 @ZIF-8 composite. The thermogravimetry (TG) curve is roughly 
divided into three stages. In the first stage (RT-100 ℃), the mass of the 
TeW6 @ZIF-8 composite has dropped by 10.02%, which is due to the 
separation of small molecules such as water and methanol remaining on 
the composite surface or in the pore channels from the material after 
being heated. In the second stage (100–450 ℃), 9.48% of the weight loss 
is attributed to the decomposition of organic matter (2-methyl
imidazole). In the third stage (500–600 ℃), the metal oxide is gradually 
decomposed with the further increase of temperature [11]. Additionally, 
the EDS analysis result of the TeW6 @ZIF-8 composite not only 

Fig. 2. TEM images of ZIF-8 and TeW6 @ZIF-8 (A, B) and SEM images of ZIF-8 and TeW6 @ZIF-8 (C, D).  
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identified C, N, and Zn for the part of ZIF-8, but also confirmed the 
presence of Te, W, and O of TeW6 (Fig. 1f). The elemental analysis result 
of EDC of the product TeW6 @ZIF-8 was shown in Table S1. These 
characterizations proved the successful synthesis of the TeW6 @ZIF-8 
composite simultaneously. 

Fig. 2S shows the N2 adsorption-desorption isotherms of ZIF-8 and 
TeW6 @ZIF-8 measured at − 196 ℃. The total adsorbed amount by ZIF- 
8 is similar to that previously reported [19]. Table S2 summarizes the 
textural properties of ZIF-8 and TeW6 @ZIF-8, in particular the BET 
surface area, pore volume and pore size. Obviously, TeW6 @ZIF-8 was 
found to have small specific surface area, reduced total pore volume and 
larger pore diameter. This is convincing evidence of the successful 
combination of TeW6 and ZIF-8 layer by layer self-assembly. 

TEM and SEM are used to characterize the morphology, size and 
composition of the TeW6 @ZIF-8 composite. Fig. 2A and B show the TEM 
images of ZIF-8 and TeW6 @ZIF-8, respectively. Fig. 2A reveals that the 
particles of ZIF-8 were nanocrystals with sharp hexagonal facets, and the 
particle size was about 50–80 nm. After incorporating TeW6 by elec
trostatic interactions and further molecules stacking, as shown in 
Fig. 2B, the size of the TeW6 @ZIF-8 composite obtained was about 
2–5 µm. The transmittance was significantly reduced, and the shape was 
no longer regular. Fig. 2C and D show the SEM images of ZIF-8 and TeW6 
@ZIF-8, respectively. In Fig. 2C, ZIF-8 is shown as uniform nano
particles, which is consistent with the TEM images. After combining 
with TeW6, a large number of micron particles were formed, most of 
which had uneven surface, and a few formed complete octahedral facets. 
(Fig. 2D). 

3.2. Adsorption of proteins by TeW6 @ZIF-8 composite 

Protein is an amphoteric electrolyte with isoelectric point (pI). With 
the change of pH of solution, the charge properties of protein surface 
will change, and the interaction force with solid materials will also 
change. Therefore, the pH of the sample solution has a great influence on 
the adsorption behavior of protein on the surface of solid materials. 

Cytochrome C (Cyt-C), hemoglobin (Hb), bovine serum albumin 
(BSA), and myoglobin (Mb) are the proteins in porcine heart cells with 
isoelectric points of 10.0, 7.1, 4.7, and 7.1, respectively. Among them, 
Cyt-C is a high-content protein in porcine heart cells. The TeW6 @ZIF-8 
composite exhibited poor stability under acidic conditions, while the 
composite was relatively stable under neutral and alkaline conditions. 
Therefore, the experiment mainly investigated the adsorption of these 
four proteins by the TeW6 @ZIF-8 composite within the pH range of 
6.0–11.0. The adsorption efficiency of TeW6 @ZIF-8 for Cyt-C, Hb, BSA, 
and Mb is shown in Fig. 3A. The adsorption efficiencies of Hb, BSA, and 
Mb decreased with the increase of pH value. When the pH reached 11, 
their adsorption efficiency dropped to less than 20%. The adsorption 
efficiency of Cyt-C was above 70% within the pH range of 6.0–11.0 and 
reached the maximum value of 94.01% when the pH value was 11.0. In 
conclusion, the selective separation of Cyt-C can be realized by selecting 
pH 11.0 as the adsorption condition. 

Further, it was observed that the TeW6 @ZIF-8 composite had high 
adsorption of Hb and Mb at pH 6.0, both exceeding 90%, which indi
cated that the TeW6 @ZIF-8 composites had good adsorption capacity 
for Cyt-C, Hb and Mb. The common feature of these three proteins is that 
they all contain the heme structure with porphyrin, which consists of a 
ferrous complex of a sterically bulky derivative of tetraphenylporphyrin 

Fig. 3. pH-dependent adsorption behaviors of Cyt-C, Hb, BSA, and Mb onto TeW6 @ZIF-8 surface (A); Effect of the ionic strength of the adsorption efficiency of Cyt- 
C, Hb, BSA, and Mb (B). Protein solution: 100 μg mL-1, 1.0 mL; TeW6 @ZIF-8: 3.0 mg. 

Scheme 2. Interaction mechanism between cytochrome C and TeW6 @ZIF-8 composite.  
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[46–50]. In the presence of an imidazole ligand, this ferrous complex 
reversibly binds O2. The O2 substrate adopts a bent geometry and oc
cupies the sixth position of the iron center [48]. The TeW6 @ZIF-8 
composite contains both imidazole ligand in ZIF-8 and oxygen in TeW6. 
Therefore, when the porphyrin rings of these three proteins are exposed 
to the environment, the composite shows a coordination binding with 
proteins. The iron atom in the porphyrin ring can be combined with 
oxygen in TeW6 and the imidazole group in ZIF-8, as shown in (Scheme 
2). However, due to electrostatic interaction, Hb and Mb are negative 
points under alkalinem conditions, and the repulsion with the TeW6 
@ZIF-8 composite leads to the decline of adsorption efficiency. Under 
the alkaline condition, pH 11.0 is close to the isoelectric point of Cyt-C, 
the protein is loosened, and the porphyrin ring is exposed, so high 
adsorption to Cyt-C is exhibited. 

The ionic strength of the solution also has a great influence on the 
adsorption of protein. For proteins with different interaction mechanism 
with adsorbents, the effect of solution ionic strength on adsorption ca
pacity is usually different. Under the condition of pH 11.0, a series of 
NaCl solutions with different concentrations were prepared to explore 

the influence of ionic strength on the adsorption efficiency of Cyt-C and 
BSA. The experimental results are shown in Fig. 3B. The ionic strength in 
the solution greatly influenced the adsorption of Cyt-C on the TeW6 
@ZIF-8 composite. With the increase of ionic strength, the adsorption 
efficiency of Cyt-C gradually decreased. Even so, it is worth mentioning 
that the adsorption efficiency of 80% can still be maintained in the range 
of 0–0.3 mol L-1 NaCl concentration. This indicates that the coordina
tion is the main force for the adsorption of Cyt-C on the surface of TeW6 
@ZIF-8 composite under certain experimental conditions. With the in
crease of ionic strength, the competition between particles increased, 
which led to the decrease of Cyt-C adsorption efficiency. The adsorption 
efficiency of BSA gradually increased with the increasing salt concen
tration, indicating that the adsorption of BSA mainly depends on the 
hydrophobic force, which is due to the fact that the hydrophobicity of 
proteins can increase at certain salt concentrations. Because of the 
interference of certain salt concentrations in actual samples and 
increased adsorption selectivity of Cyt-C, a 0.04 mol L-1 BR solution 
without NaCl was used in the subsequent experiment. 

The effect of adsorption time on the adsorption efficiency of Cyt-C is 
shown in Fig. S1A. The adsorption efficiency of TeW6 @ZIF-8 for Cyt-C 
rose gradually with the extension of the adsorption time, which 
increased rapidly in the first 25 min and then slowed down. Considering 
the adsorption and analytical efficiencies, the adsorption time was 
selected as 30 min. The effect of temperature of Cyt-C onto the TeW6 
@ZIF-8 was investigated in the range of 4–60 ℃. As shown in Fig. S3, 
higher adsorption efficiency can be obtained between 15 ℃ and 25 ℃ 
(room temperature). 

In order to investigate the adsorption capacity of TeW6 @ZIF-8 for 
Cyt-C, the adsorption efficiency of Cyt-C at different concentrations 
(50–1000 μg mL) on the TeW6 @ZIF-8 surface was investigated. As can 
be seen from Fig. 4A, the unit adsorption capacity of TeW6 @ZIF-8 for 
Cyt-C gradually increased with the increase of Cyt-C concentration. 
When the Cyt-C concentration was greater than 700 μg mL-1, the unit 
adsorption capacity of TeW6 @ZIF-8 for Cyt-C remained stable, indi
cating that the adsorption capacity basically reached saturation. From 
the above, it can be seen that the adsorption of Cyt-C on TeW6 @ZIF-8 
surface was a single-layer adsorption, and the experimental data con
formed to the Langmuir adsorption model. The equation is, 

Q∗ =
Qm × Ce

Kd + Ce  

which Ce (mg L-1) as the protein concentration, Q* (mg g-1) as the 
amount of adsorbed protein at equilibrium, Qm (mg g-1) as the maximum 

Fig. 4. The adsorption isotherm of Cyt-C on the TeW6 @ZIF-8 composite(A); The recoveries of the adsorbed Cyt-C from TeW6 @ZIF-8 composite using various buffers 
as stripping reagents (B). Cty-C solution: 100 µg/mL, 1.0 mL, pH 11.0; TeW6 @ZIF-8: 3.0 mg. 

Fig. 5. CD spectra of Cyt-C standard solution and recovered Cyt-C after the 
capture/stripping process by use of TEW6 @ZIF-8 in 1%SDS(B). 
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adsorption capacity and Kd as the adsorption constant. The maximum 
adsorption capacity Qm of TeW6 @ZIF-8 for Cyt-C can be obtained by 
plotting 1/qeq against 1/Ce. As shown in Fig. S1B, the linear equation is 

1/qeq= 0.1737 Ce + 0.0043, and the correlation coefficient R2 

= 0.09889. By fitting the experimental data to the Langmuir adsorption 
model, an adsorption capacity of 232.56 mg g-1 is derived. In addition, 
the absorption capacity of TeW6 @ZIF-8 to Cyt-C is significantly higher 
than that of the solid materials reported in the literature listed in 
Table S1. 

In order to effectively recover Cyt-C adsorbed on the surface of TeW6 
@ZIF-8, the type of eluent was selected in the experiment. The elution 
and recovery of Cyt-C adsorbed on TeW6 @ZIF-8 by different elution 
agents, such as 1% SDS (m/m), 0.5% SDS, 3 mol L-1 NaCl, 1 mol L-1 

NaCl, imidazole, and Tris solution were investigated, as shown in 
Fig. 4B. The results showed that the elution efficiency of Cyt-C by 
50 mol L-1 Tris and 50 mol L-1 imidazole solution was lower than 10%. 
According to the influence analysis of ionic strength mentioned above, 
high salt concentration could reduce the adsorption efficiency of Cyt-C 
on the material surface, so 3 mol L-1 NaCl and 1 mol L-1 NaCl solutions 
had a certain elution efficiency. 1% SDS could achieve the maximum 
elution efficiency of 65.6%, and many studies showed that it would not 
change the secondary structure of the protein [51], so this study even
tually chose 1% SDS as the elution agent for effective elution.(Fig. 5). 

Protein conformational change is an important index to be consid
ered in the process of protein separation, which is often studied by cir
cular dichroism (CD) spectrum. In this experiment, an ultrafiltration 
centrifuge tube (Millipore, Amicon Ultra-4, 3 kDa) was used to remove 
SDS as much as possible and get pure Cyt-C through 10 times of 
centrifugation. As shown in Fig. 6, the CD curve of the final enriched 
Cyt-C is a typical β-fold, which is basically the same as that of the Cyt-C 
standard solution. The result showed that the whole adsorption and 
elution process had no irreversible damage to the secondary structure of 
Cyt-C. Therefore, the Cyt-C captured by TEW6 @ZIF-8 is reliable for the 
subsequent applications and studies. 

Fig. 6. Result of SDS-PAGE for the high isolation of Cyt-C from porcine heart 
protein extract.1: porcine heart protein extract; 2: 50-fold dilution of porcine 
heart protein extract after adsorption by the TeW6 @ZIF-8 composite; 3: Pre- 
washing solution collected by 0.04 mol L-1 BR buffer (at pH 11.0); 4: Cyt-C 
recovered by stripping with 200 μL 1% SDS solution; 5: Cyt-C recovered by 
stripping with 500 μL 1% SDS solution; 6: 100 μg mL-1 of Cyt-C stan
dard solution. 

Fig. 7. Extracted ions of tryptic product peptides of Cyt-C by LC-MS/MS.  
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3.3. Separation and purification of cytochrome C from porcine heart by 
the TeW6 @ZIF-8 composite 

The practical applicability of the TeW6 @ZIF-8 composite is the se
lective adsorption and isolation of Cyt-C from a complex biological 
sample matrix, namely, the porcine heart. The porcine heart protein 
extract was prepared using the method in the experimental part of the 
article. Then, the porcine heart protein extract was diluted 50-fold with 
0.04 mol L-1 BR buffer (at pH 11.0) followed by centrifugation at 
8000 rpm for 5 min. As described in the experimental section, the su
pernatant was then collected to undergo the adsorption/desorption 
processes with the TeW6 @ZIF-8 composite. The SDS-PAGE analysis 
result is shown in Fig. 7. The porcine heart protein extract exhibited a 
few major bands within a range of molecular weight from 14.3 to 
97.2 kDa (Lane 1), attributed mainly to serum albumin (66.4 kDa), Cyt- 
C (12.3 kDa), and other trace proteins. Lane 2 was the supernatant of 50- 
fold dilution of porcine heart protein extract after adsorption by the 
TeW6 @ZIF-8 composite. The protein band of Cyt-C in the supernatant 
became shallower at 12.3 kDa, which was almost invisible, while other 
bands did not change significantly. Lane 3 was collected as a pre- 
washing solution by 0.04 mol L-1 pH 11.0 BR buffer to wash away 
other proteins with non-specific and unstable adsorptions. As for the 
recovered solution, only one band at 12.3 kDa was observed using 
200 μL and 500 μL 1% SDS and (m/m) solution as eluent (Lane 4 and 
Lane 5), which is consistent with that of the Cyt-C standard (Lane 6). 
This suggests the high purity of Cyt-C recovered from the porcine heart 
protein extract. 

In order to identify the purified C, we used liquid chromatography- 
mass spectrometry method (LC-MS/MS). Cyt-C has been sequenced 
and extensively studied, and its complete amino acid sequence can be 
found in the protein databases [52]. The theoretical tryptic peptides of 
Cyt-C were computationally predicted from the Uniprot Protein Data 
Bank using MaxQuant software. The characteristic peptides of Cyt-C 
were obtained by LC-MS/MS analysis of the trypsin digests. During 
LC-MS/MS analysis, the candidate peptide showed the corresponding 
molecular weight, which was consistent with the theoretical values. The 
corresponding sequence was TGQAPGFSYTDANK. (Fig. 6). 

4. Conclusions 

In this experiment, new metal-organic framework composites based 
on Anderson-Evans type polyoxometalate were successfully prepared by 
electrostatic interaction. The synthesized TeW6 @ZIF composite was 
characterized by infrared spectroscopy, energy spectroscopy, Raman 
spectroscopy, X-ray diffraction, scanning electron microscopy, trans
mission electron microscopy, and thermogravimetry. Under the opti
mized experimental conditions, the TeW6 @ZIF composite showed a 
high selective adsorption capacity for cytochrome C. Thus, it provided 
practical feasibility for the selective isolation of cytochrome C from the 
porcine heart and obtained cytochrome C with high purity. The estab
lishment of this method can accurately identify cytochrome C under 
different physiological conditions, which is of great significance for 
further exploring the mechanism and prevention of heart diseases. 
Therefore, the development of metal-organic frameworks based on 
different types of polyoxometalates, such as the Anderson-Evans type 
POM/MOF composite, can achieve the separation and purification of 
certain proteins with far-reaching applications. 
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