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 ABSTRACT 

Adsorbents are widely employed in both fundamental and applied research

areas such as separation technology, biotechnology, and environmental science.

Selectivity and reusability are two most important requirements for adsorbents.

Aptamers exhibit perfect selectivity and easy regeneration, which make them 

uniquely effective adsorption materials. Herein, we have rationally designed

novel aptamer-based adsorbents and investigated their performance in extraction/

separation of targets from an aqueous solution. These adsorbents can selectively 

extract targets from complicated sample matrices containing background com-

pounds. Moreover, they can also be easily recycled without a significant loss of

adsorption capacity. Notably, the adsorbents did not affect the activity of isolated

biological samples, revealing their potential for the purification/separation of

biomolecules. Composite adsorbents were constructed using aptamer-based 

adsorbents and a porous polymer, displaying highly efficient target separation

from aqueous solution. Finally, separation columns were constructed, and targets

in the aqueous solution were efficiently separated by these columns. The aptamer-

based adsorbents described here exhibit great promise for potential applications

in separation technology, biotechnology, and environment-related areas. 

 
 

1 Introduction 

Adsorption is one of the most commonly encountered 

phenomena in our daily life that has attracted broad 

interest during the past decades [1–6]. Undoubtedly, 

it is a very useful technique, with first practical 

applications dated to ancient times. Nowadays, the 

rapidly developing adsorption techniques are widely 

employed in separation technology [7], biotechnology 

[8], environmental science [9–16], and catalysis [17]. 

Separation technology, e.g., solid-phase extraction, 

usually employs adsorbents to extract targets from 
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complicated sample matrices or pre-concentrate them 

from dilute solutions to improve detection sensitivity 

[18]. Biotechnology uses adsorbents to purify 

biomolecules such as proteins, nucleic acids, and even 

intact cells directly from crude samples [8]. Besides, 

adsorption is one of the most convenient methods of 

environmental science for removing pollutants from 

wastewater [10]. Obviously, adsorption is of great 

importance for both fundamental and applied research. 

Although adsorbents are utilized in different application 

areas, they share some key requirements, i.e., good 

selectivity and reusability [2, 18]. 

Over the past several years, single-stranded DNA 

and RNA (aptamers) have emerged as a novel class 

of molecules that attract extensive attention, since they 

are capable of recognizing a broad range of substances 

with high affinity and specificity, ranging from metal 

ions and small molecules to tissues [19–25]. Compared 

to other functional biomolecules such as antibodies 

and enzymes, aptamers offer the advantages of design 

flexibility, synthetic accessibility, easy modification, 

and chemical stability [26–30]. Several particularly 

important features of aptamers make them uniquely 

efficient components of adsorption materials, namely 

perfect selectivity and easy regeneration. According 

to previous studies, aptamers specifically bind their 

targets with pico- to nanomolar dissociation constants 

by folding into unique secondary or tertiary structures 

that accommodate the molecular structure of the targets 

[31–37], revealing their ability to extract even low 

concentrations of targets in the presence of background 

compounds from sample matrices. Furthermore, the 

unique structures of aptamers can be efficiently 

denaturized by changing pH or increasing the tem-

perature to release the captured targets into desired 

media and the functional aptamers can be easily 

regenerated within minutes [38, 39], indicating their 

good reusability as adsorbents. 

Herein, we have rationally designed a novel class 

of adsorbents with good selectivity and reusability by 

employing aptamers as binding groups. Specifically, 

these adsorbents were constructed by immobilizing 

aptamers on the surface of superparamagnetic magnetic 

nanoparticles (MNPs). These adsorbents feature good 

selectivity due to the special binding pockets of 

aptamers and good reusability due to the rational 

integration of their easy regenerability with magnetic 

separation. It is worth noting that adsorbents for 

inorganic metal ions, organic molecules, and even 

intact living cells can be easily obtained by simply 

changing the types of aptamers used. In addition, 

unmodified MNPs can also be used as adsorbents to 

separate phosphate from aqueous solution. Composite 

adsorbents and separation columns were further 

constructed to investigate the potential applications 

(e.g., affinity chromatography) of these adsorbents 

in device fabrication. The strategy described here 

may therefore not only serve as a promising method 

for the design of novel adsorbents, but also expand 

the application of aptamers in separation technology, 

biotechnology, and environmental science. 

2 Experimental 

2.1 Synthesis of mesoporous TiO2 (mTiO2)-coated 

Fe3O4 nanoparticles (Fe3O4@mTiO2 MNPs) 

To synthesis the nanoparticles, FeCl3·6H2O, trisodium 

citrate, and sodium acetate were first dissolved in 

ethylene glycol. The solution was then transferred 

into a Teflon-lined stainless steel autoclave and heated 

at 200 °C for 10 h. Subsequently, the as-prepared Fe3O4 

nanoparticles, concentrated ammonia solution, and 

tetrabutyl titanate were added to ethanol, and the 

mixture was ultrasonicated for 15 min. The solution 

was allowed to react at 45 °C for 24 h under continuous 

mechanical stirring. The resulting products were dried 

and calcined at 500 °C for 2 h to obtain Fe3O4@mTiO2 

MNPs. 

2.2 Fabrication of aptamer-based adsorbents 

MNPs were immersed in an acetone solution of 

3-aminopropyltriethoxysilane (APTES) (5%) for  

10 h to introduce amino groups onto their surface. 

Subsequently, a bifunctional cross-linker (Sulfo-SMCC) 

was used to functionalize MNPs with aptamers. 

MNPs (10 mg) and cross-linker (succinimidyl 4-(N- 

maleimidomethyl)cyclohexane-1-carboxylate, Sulfo- 

SMCC) (4 mg) were reacted in 2-(N-morpholino)- 

ethansulfonic acid (MES) buffer (20 mM, pH 6.8) for 

4 h. The resulting product was collected and washed. 

The obtained MNPs and aptamer (20 nmol) were 
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added to a phosphate buffer saline (20 mM, pH 7.2), 

and the solution was shaken at room temperature for 

24 h. The as-prepared aptamer-functionalized MNPs 

were magnetically separated and washed with distilled 

water for subsequent use. 

2.3 Selectivity tests 

Briefly, Apt-Hg-MNPs (1 mg) were dispersed in Tris- 

nitrate buffer (1 mL, 10 mM, pH 8.0) containing Hg2+ 

(1 ppm), Na+ (10 ppm), Ca2+ (10 ppm), Cu2+ (10 ppm), 

Cd2+ (10 ppm), Zn2+ (10 ppm), and Ag+ (10 ppm). The 

above solution was allowed to react for 2 h at room 

temperature. The adsorbents were isolated, and the 

resulting solution was collected to determine the 

residual concentrations of each ion. Additionally, Apt- 

BPA-MNPs (1 mg) were suspended in Tris-nitrate 

buffer containing bisphenol A (BPA, 60 ppm), bisphenol 

F (BPF, 60 ppm), benzoic acid (60 ppm), phenol (60 ppm), 

and hydroxybenzoic acid (60 ppm). The solution was 

treated with Apt-BPA-MNPs obtained above. Further, 

Apt-SA-MNPs (1 mg) were mixed with ~105 CFU/mL 

Staphylococcus aureus (S. aureus) in 1 mL of stroke- 

physiological saline solution and incubated for 2 h. 

The supernatant was collected to determine the residual 

number of S. aureus by plate count. An Escherichia coli 

(E. coli) sample (~105 CFU/mL) was also treated with 

Apt-SA-MNPs using the same procedure. 

2.4 Cyclic separation of Hg2+, BPA, and S. aureus 

Taking the cyclic separation of Hg2+ as an example, 

Apt-Hg-MNPs (1 mg) were dispersed in a solution  

of Hg2+ (1 mL, 1 ppm, pH 8.0, Tris-nitrate buffer), and 

the mixture was allowed to react for 2 h at room tem-

perature. Subsequently, Apt-Hg-MNPs were separated, 

and the amount of residual Hg2+ was determined. 

The separated Apt-Hg-MNPs were washed with HCl 

(pH 3) and deionized water for three times to remove 

the adsorbed Hg2+ ions, and the regenerated Apt-Hg- 

MNPs were used to separate Hg2+ ions from another 

aqueous solution. Cyclic removal of BPA (60 ppm) 

and S. aureus (~105 CFU/mL) was carried out using the 

same procedure. 

2.5 Cyclic separation of PO4
3– 

Typically, MNPs (1 mg) were added to a solution of 

sodium dihydrogen phosphate (1 mL, 1 ppm), and the 

mixture was allowed to react at room temperature  

for 2 h. The MNPs were separated and washed with 

acetonitrile (50%) and trifluoroacetic acid (0.1%) before 

being used in the next cycle. The concentration of PO4
3– 

was measured using the ammonium molybdate spectro-

photometric method according to the National Standard 

of the People’s Republic of China (GB 11893-89). 

2.6 Preparation of composite adsorbents 

Briefly, Apt-Hg-MNPs (1 mg) were dispersed in acetic 

acid solution (5 mL, 0.1 M), followed by the addition of 

chitosan powder (100 mg). Subsequently, a solution of 

β-glycerol 2-phosphate disodium salt hydrate (β-GP) 

(500 μL, 0.26 M) was added upon cooling in an ice- 

water bath. Finally, the mixture was heated to 37 °C in 

an oven to produce the composite adsorbents. The 

related adsorbents for BPA and PO4
3– were fabricated 

using the same protocol. 

2.7 Separation of Hg2+, BPA, and PO4
3– using com-

posite adsorbents 

In a typical experiment, the composite adsorbent for 

mercury was added to a Tris-nitrate buffer containing 

Hg2+ ions (1 ppm). The solution was incubated at room 

temperature for 2 h under continuous mechanical 

stirring. Subsequently, the composite adsorbent was 

separated, and the solution was used for the following 

color reactions. Separation of BPA and PO4
3– was 

achieved using the same method. Dithizone, ferric 

trichloride, and ammonium molybdate were utilized 

to form colored complexes with Hg2+, BPA, and PO4
3–, 

respectively. 

2.8 Fabrication of separation columns 

Separation columns were fabricated using plastic 

medical syringes (10 mL) as containers for the composite 

adsorbents. The acidic suspension was prepared 

employing the abovementioned methods, followed by 

addition of the β-GP solution. The composite hydrogel 

was formed by transferring the above solution into 

plastic syringes, and the resultant filters were heated 

to 37 °C in an oven. Separation columns for Hg2+, 

PO4
3–, BPA, and S. aureus were fabricated separately, 

using the corresponding adsorbents. 
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2.9 Removal of Hg2+, BPA, and PO4
3– by the separation 

columns 

Briefly, the aqueous solution containing Hg2+ (1 mL,  

1 ppm) was allowed to pass through the syringe 

filters under the action of gravity, and the filtrate was 

collected to determine the residual Hg2+ concentration. 

The separation of BPA (60 ppm), PO4
3– (1 ppm), and 

S. aureus (~105 CFU/mL) was performed using the 

same procedure. 

3 Results and discussion 

The approach used to construct aptamer-based 

adsorbents is illustrated in Fig. 1(a). Core–shell MNPs 

were prepared by coating Fe3O4 nanoparticles with  

a layer of mesoporous titanium dioxide [40]. The 

TiO2 shell can adsorb phosphate due to the classic 

coordination reaction between titanium ions and 

PO4
3–, with the amount of available active binding 

sites greatly increased by the mesoporous structure of 

TiO2. More importantly, the abundant hydroxy groups 

on the surface of TiO2 can be used to introduce amino 

groups via hydrolysis of 3-aminopropyltriethoxysilane 

[41]. Thiol groups at the 3’-end of aptamers and the 

amino groups on the MNP surface were further linked 

by a bifunctional cross-linker (Sulfo-SMCC) to obtain 

the final adsorbents [42]. In this study, three kinds  

of aptamers binding Hg2+ (designated as Apt-Hg) [43], 

bisphenol A (designated as Apt-BPA) [44], and     

 

Figure 1 Characterization of adsorbents. (a) Schematic preparation of aptamer-based adsorbents. TEM (b), HAADF-STEM (c), and 
elemental mapping (d) images of adsorbents. (e) Aqueous dispersion of adsorbents and the separation test using a permanent magnet. 
(f) Magnetization field dependence plot of the adsorbents. (g) Zeta potentials of MNPs, amino-functionalized MNPs, Apt-Hg-MNPs, 
Apt-BPA-MNPs, and Apt-SA-MNPs. 
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S. aureus (designated as Apt-SA) [45] were immobilized 

on the surface of MNPs to construct the corresponding 

adsorbents (designated as Apt-Hg-MNPs, Apt-BPA- 

MNPs, and Apt-SA-MNPs). The sequences of these 

aptamers were as follows: 

Apt-Hg: 5’-CTT CTT TCT TCC CCT TGT TTG TTG 

CCC CCC CCC-SH-3’ 

Apt-BPA: 5’-CCG GTG GGT GGT CAG GTG GGA 

TAG CGT TCC GCG TAT GGC CCA GCG CAT CAC 

GGG TTC GCA CCA TTT TTT TTT-SH-3’ 

Apt-SA: 5’-TCC CTA CGG CGC TAA CCC CCC CAG 

TCC GTC CTC CCA GCC TCA CAC CGC CAC CGT 

GCT ACA AC TTT TTT TTT-SH-3’ 

Transmission electron microscopy (TEM), high-angle 

annular dark-field scanning transmission electron 

microscopy (HAADF-STEM), and magnetization and 

zeta potential measurements were performed to 

characterize aptamer-based adsorbents. TEM imaging 

showed that the adsorbents having an average particle 

diameter of ca. 250 nm were well dispersed (Fig. 1(b)). 

HAADF-STEM images (Fig. 1(c)), elemental mapping 

(Fig. 1(d)), and line scan analysis (Fig. S6 in the 

Electronic Supplementary Material (ESM)) show that 

a thick layer of TiO2 was grown on the surface of the 

Fe3O4 nanoparticles. The image in Fig. 1(e) suggests 

that aptamer-based adsorbents can be well dispersed 

in solution and be completely collected within minutes 

(<2 min) using a permanent magnet, implying the 

possibility of efficient extraction/separation. Magne-

tization measurements were performed to characterize 

the magnetic properties of adsorbents and evaluate 

their magnetic separation effectiveness. As shown  

in Fig. 1(f), the magnetization saturation value was 

determined to be 34.4 emu/g, and the magnetic 

hysteresis loops clearly showed that MNPs exhibited 

no remanence, revealing the superparamagnetic 

character of these adsorbents. This superparamagnetism 

can allow the combination of different adsorbents 

with good dispersibility in aqueous solution due to 

the absence of magnetic interactions between them. 

Besides, these superparamagnetic adsorbents can also 

rapidly respond to external magnetic fields, since they 

can quickly generate a higher magnetic flux density 

compared to ferromagnetic materials. Zeta potential 

measurements were performed to verify the successful 

immobilization of aptamers on the surface of MNPs. 

As shown in Fig. 1(g), the MNPs were negatively 

charged (15.9 mV) due to the presence of surface 

hydroxyl groups, developing a high positive charge 

(26.0 mV) after the introduction of amino groups. 

Finally, the MNPs became negatively charged after 

immobilization of aptamers, with the zeta potentials 

determined to be 25.9 mV for Apt-Hg-MNPs, 21.9 mV 

for Apt-BPA-MNPs, and 27.0 mV for Apt-SA-MNPs, 

indicating that aptamers were successfully grafted 

onto the surface of MNPs. 

Unlike traditionally used organic functional groups 

such as EDTA, aptamers showed little binding affinity 

towards non-targets, which made them especially 

appropriate for the extraction of targets from complex 

matrices. As illustrated in Fig. 2(a), aptamer-based 

adsorbents were dispersed in sample matrices con-

taining targets and other substances. Once exposed 

to the targets, the aptamers on the surface of MNPs 

instantly folded into unique structures to capture the 

corresponding targets. In contrast, the background 

compounds in solution were unaffected. The adsorbents 

could subsequently be collected by an external magnetic 

field, and the loaded targets could be eluted into the 

desired medium for further usage. The selectivity of 

aptamer-based adsorbents was investigated by Hg2+ 

extraction tests, using Apt-Hg-MNPs in the presence 

of other metal ions. Similarly, Apt-BPA-MNPs were 

used to extract BPA in the presence of other organic 

molecules, and Apt-SA-MNPs were utilized to separate 

S. aureus and E. coli. As shown in Fig. 2(b), more than 

97.53% of Hg2+ ions were successfully extracted from 

the solution, that is, the residual concentration of Hg2+ 

in the sample matrices was 0.026 ppm. In contrast, 

the concentrations of Na+, Ca2+, Cu2+, Cd2+, Zn2+, and 

Ag+ were virtually unchanged (Fig. S11 in the ESM), 

suggesting that Apt-Hg-MNPs possessed little binding 

affinity to non-targets in the sample matrices. As for 

organic molecules (Fig. 2(c)), Apt-BPA-MNPs could 

efficiently extract about 99.14% of BPA, exhibiting 

negligible nonspecific adsorption towards BPF, benzoic 

acid, phenol, and hydroxybenzoic acid (Fig. S14 in the 

ESM). Similar results were obtained for large intact 

cells. As shown in Fig. 2(d), above 99.80% of S. aureus 

were removed from the original solution, while only 

small amounts of E. coli were adsorbed. The above 

results clearly demonstrate the good selectivity of 
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aptamer-based adsorbents, attributed to the fact that 

aptamers bind their targets by forming unique well- 

accommodating structures. Such selectivity makes 

these adsorbents especially suitable for the extraction/ 

separation of targets in separation technology and 

the purification of biological macromolecules from 

crude samples in biotechnology. 

Apart from good selectivity, aptamer-based adsorbents 

also possessed good reusability. The cyclic separation 

of targets is illustrated in Scheme 1. The adsorbents 

were dispersed in an aqueous solution containing  

the targets of interest, and aptamers on the surface of 

MNPs formed binding pocket structures once in contact 

with their targets, leading to specific binding. After 

capturing the targets, the adsorbents were efficiently 

isolated using a portable permanent magnet. The 

collected adsorbents were then regenerated by 

denaturation of the aptamers, resulting in the release 

of captured targets into the desired media at high 

concentrations. The regenerated adsorbents could be 

further used in the next separation cycle. 

Cyclic tests were performed to separate Hg2+ and 

BPA and test the feasibility of this design using the 

corresponding adsorbents. As shown in Fig. 3(a), Hg2+ 

was efficiently separated in all of the ten cycles with 

removal efficiencies above 90%, clearly suggesting 

that Apt-Hg-MNPs can be easily recycled without a 

significant loss of adsorption capacity. Such good 

reusability was ascribed to the easy regeneration   

of aptamers and the superior magnetic separation 

effectiveness of MNPs. Similar results were also 

obtained for BPA, which could be removed with 

efficiencies higher than 98.7% (Fig. 3(b)) in all of the 

tested cycles. The above results thus revealed that 

aptamer-based adsorbents for metal ions and organic 

molecules showed good reusability, being promising 

for practical applications in separation technology or 

environmental science. 

 

Figure 2 Selectivity tests. (a) Schematic representation of selective target extraction. Extraction efficiencies of aptamer-based adsorbents
towards targets and background compounds in selectivity tests for Hg2+ (b), BPA (c), and S. aureus (d). 

 

Scheme 1 Schematic representation of the cyclic separation of targets from aqueous solution. 
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Figure 3 Cyclic extraction of Hg2+ and BPA. Cyclic separation 
efficiencies of aptamer-based adsorbents towards Hg2+ (a) and 
BPA (b) in ten cycles. 

The results of reusability tests of aptamer-based 

adsorbents for biological macromolecules are shown 

in Fig. 4(a). Apt-SA-MNPs exhibited excellent perfor-

mance in extracting S. aureus from aqueous solutions, 

with efficiencies above 96.8% in all cycles. More 

importantly, the images of cultured agar plates (cycle 

1, 3, 5, 7, 9, and 10) showed extensive growth of the 

isolated S. aureus (Fig. 4(b)), clearly indicating that the 

adsorbents do not significantly affect the activity of 

target biological molecules. Such good reusability 

and activity-friendly properties of these adsorbents 

highlight their potential for the purification/separation 

of biomolecules. 

The above results clearly show that aptamer-based 

adsorbents display good selectivity and reusability, 

suggesting their great potential for practical applications 

in separation technology, environmental science, and 

biotechnology. 

 
Figure 4 Cyclic separation of S. aureus. (a) Cyclic separation 
efficiencies of aptamer-based adsorbents towards S. aureus in ten 
cycles. (b) Culturing results of isolated S. aureus in cycle 1, 3, 5, 
7, 9, and 10. 

As mentioned above, the mesoporous TiO2 layer 

can adsorb PO4
3– from aqueous solutions. Hence, the 

cyclic phosphate separation performance of MNPs 

was also tested. The mechanism for PO4
3– adsorption 

by mesoporous MNPs is illustrated in Fig. 5(a). The 

large surface area of the mesoporous structure provides 

abundant active sites, allowing efficient phosphate 

binding to MNPs via coordination. The concentration 

of PO4
3– in aqueous solutions was determined by the 

ammonium molybdate spectrophotometric method. 

As shown in Fig. 5(b), the sample absorbance decreased 

to nearly zero after separation, indicating complete 

removal of PO4
3– by MNPs. This observation was 

ascribed to the strong binding affinity of TiO2 towards 

PO4
3– and the abundant surface active sites in the 

mesoporous structures [46]. The results of the cyclic 

removal of PO4
3– are presented in Fig. 5(c). Similar  

to the results of the former cyclic tests, PO4
3– was 

effectively separated from aqueous solutions, with 
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separation efficiencies exceeding 92% even in the 

tenth cycle, showing the great potential of the above 

adsorbents for PO4
3– separation in environmental 

applications. 

Composite adsorbents, consisting of the above 

aptamer-based adsorbents and three-dimensional (3D) 

porous polymers, were further constructed. As shown 

in Fig. 6(a), aptamer-based adsorbents were mixed 

with a solution of chitosan to form homogeneous 

dispersions, and this was followed by the addition  

of β-GP to form porous composite adsorbents [47]. 

Scanning transmission electron microscopy (STEM) was 

used to characterize the structure of these composite 

adsorbents. As shown in Fig. 6(b), the latter exhibited 

a 3D macroporous structure with interconnected open 

pores after lyophilization, offering sufficient space 

 

Figure 5 Cyclic separation of PO4
3–. (a) Schematic representation of the adsorption mechanism. (b) UV–Vis absorbance of water samples

before (black line) and after (red line) treatment. The absorbance is due to the colored complex formed by PO4
3– and ammonium 

molybdate. (c) Removal efficiencies of MNPs towards PO4
3– in ten cycles. 

 

Figure 6 Characterization of composite adsorbents. (a) Schematic fabrication of composite adsorbents. (b) and (c) STEM images of 
composite adsorbents at different magnifications. 
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for the diffusion of targets to the binding sites. At 

higher magnification (Fig. 6(c)), the aptamer-based 

adsorbents were observed to be well dispersed on  

the surface of the porous structure, thus, leading to  

a rough surface morphology of the inner pores. In 

addition, MNPs were also employed to prepare com-

posite adsorbents for the separation of PO4
3– using 

the same strategy. Such 3D porous continuous bulk 

structures were more suited for practical use, e.g., as 

packing materials in affinity chromatography. 

Composite adsorbents containing Apt-Hg-MNPs, 

Apt-BPA-MNPs, and MNPs were employed to separate 

Hg2+, BPA, and PO4
3–, respectively, from aqueous 

solutions. Images of the original and treated solutions 

are presented in Fig. 7. In order to make the separation 

results more figurative, dithizone was used to form a 

colored complex with Hg2+, ferric chloride was utilized 

to form blue complexes with BPA, and molybdate 

was utilized to form navy blue complexes with PO4
3–. 

The organic phase (lower layer) of the original Hg2+ 

solution was dark brown, while the sample treated 

with the composite adsorbent was light brown, 

revealing that Hg2+ was efficiently separated from the 

solution. As for BPA, the control solutions were deep 

blue, while the sample treated with the composite 

adsorbent was almost colorless, suggesting complete 

separation. Similar results were also obtained for PO4
3–, 

where the color of the original and treated solutions 

showed a remarkable difference due to the high 

removal efficiency of the composite adsorbent. These 

results clearly indicated the robust adsorption abilities 

of the porous composite adsorbents. 

 
Figure 7 Removal of targets using composite adsorbents. Images 
of color reactions for Hg2+, BPA, and PO4

3– samples before and after 
separation. Dithizone, ferric chloride, and molybdate were used 
to form colored complexes with Hg2+, BPA, and PO4

3–, respectively. 

After investigating the separation capabilities of the 

above composite adsorbents, we constructed separation 

columns using them as packing materials. The devices 

were fabricated by transferring the chitosan solution 

and aptamer-based adsorbents into plastic columns 

to form composite adsorbents. In such columns, the 

interconnected pores within these composites allowed 

the penetration of aqueous solution, while the targets 

were captured by the adsorbents (Fig. 8(a)). As shown 

in Fig. 8(b), the residual concentration of Hg2+ in the 

filtrate was 2.46 ppb, indicating that more than 99.75% 

of Hg2+ was separated by the column. Similar results 

were observed for the separation of BPA, PO4
3–, and S. 

aureus. As shown in Figs. 8(c)–8(e), the residual con-

centrations of BPA, PO4
3–, and S. aureus in the filtrates 

were ultra-low, and the separation efficiencies of these 

three targets were above 99.39%, 99.92%, and 99.8%, 

respectively. The above results clearly displayed the 

excellent separation performance of the columns, and 

we anticipated their use for adsorption of targets or 

interferents in purification/pre-concentration stages 

of separation technology and environmental science. 

4 Conclusions 

In summary, this work highlights the fabrication of 

highly efficient adsorbents based on aptamers. These 

adsorbents were capable of selectively extracting metal 

ions, small organic molecules, and even intact cells 

from complicated sample matrices. More importantly, 

the adsorbents did not affect the activity of isolated 

cells. These aptamer-based adsorbents could easily 

be recycled several times without a significant loss of 

adsorption capacity. In addition, the separation of 

phosphate by MNPs was investigated. The MNPs 

exhibited high separation efficiencies and excellent 

reusability. Furthermore, aptamer-based adsorbents 

and MNPs were incorporated into a 3D porous 

polymer in order to investigate their potential practical 

applications in device fabrication, and separation 

columns were constructed. Both the composite hydrogel 

and the columns displayed excellent separation of 

targets from aqueous media, revealing the excellent 

potential of the adsorbents for practical applications. 

To conclude, the above strategy paves a way for the 

development of multiple-use aptamer-based adsorbents, 
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not only promoting the development of materials 

science, but also providing efficient tools for separation 

technology, biotechnology, and environmental fields. 
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