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Abstract 

Magnetite nanoparticles coated with quaternized poly(diethylamino)ethyl methacrylate (PDEAEMA) 

(PQDEA@MNP) and functionalized with bisphenol A (BPA)-specific peptide aptamer (CKSLENSYC) 

were synthesized and used as nano-adsorbents for selective adsorption with BPA. The polymer coated on 

the particles provided their good stability and dispersibility in water, and the aptamer provided selective 

adsorption with BPA targets. Fourier transformed infrared spectrophotometry (FTIR), thermogravimetric 

analysis (TGA) and vibrating sample magnetometry (VSM) techniques confirmed the presence of the 

polymer on the particle surface. From transmission electron microscopy (TEM) study, the particle size was 

ca.6 - 10 nm in diameter with some nanoclustering (30 - 60 nm in diameter of the nanoclusters). The 

selective adsorption of BPA on the particles was predominant over the non-specific adsorption when 

performed in PBS buffer (pH 10) in the presence of NaCl and tween-20. The nano-adsorbents had a good 

linearity range for the detection of BPA between 0.04 and 0.20 ppm with limit of detection (LOD) of 0.0145 

ppm. They retained good BPA adsorption efficiency even when other interfering molecules were present. 

This simple measurement with the use of these nano-adsorbents without molecular labelling might be 

promising solid supports for use in various applications with good tolerance towards interfering molecules.  

Keywords: Magnetic, Nanoparticle, Aptamer, Bisphenol A, Nano-adsorbent 

 

Introduction 

Bisphenol A (BPA), also called 4,4′-dihydroxydiphenylpropane, is widely used as a starting reagent 

in the manufacture of polycarbonate and epoxy resins, the base materials in a variety of common consumer 

goods, e.g., water bottles, food cans and medical devices [1,2]. However, many studies showed that BPA 

caused various adverse health effects, such as male sexual dysfunction [3], heart disease [4], prostate and 

mammary gland cancers, diabetes and immune system alternations [5,6]. Under high-temperature and 

acidic condition, BPA was released into the environmental media from BPA-containing products [7,8]. It 

can enter the human body through various paths, resulting in a serious potential risk to human health. BPA 

has been banned from the use as baby bottles by the United States Food and Drug Administration in 2012 

[9]. However, polycarbonate bottles remain permitted and are in prevalent use in Thailand. Therefore, to 

prevent these undesirable effects on food safety and human health, it is important to detect trace amounts 

of BPA with high sensitivity and selectivity approaches. Various techniques have been reported for BPA 

detections, e.g. UV spectrophotometry [10], high-performance liquid chromatography (HPLC) [11,12], gas 

chromatography-mass spectrometry (GC-MS) [13,14], electrochemical sensors [15-17], fluorescence 

analysis [18,19] and many others.  

During the past few decades, the studies in magnetite nanoparticle (MNP) have gained a great 

attention as a potential nano-solid support owing to its large surface area, good biocompatibility, facile 

synthesis, and easy separation from dispersion with an assistance of a magnet. Moreover, an easy recovery 

and reuse for multiple cycles allowed it to be even more promising for further studies [20-23]. In particular, 

MNP coated with water dispersible polymers has various potential applications in a wide range of 

biomedical areas, e.g. targeted drug delivery [24-27], contrast agent for magnetic resonance imaging (MRI) 

[28], specific targeting for biosensing of cancer biomarker [29], DNA and RNA purification [30]. Because 

of its high surface-area-to-volume ratio and strong inter-particle attractive forces, such as Van der Waals 

force, magnetic force and gravitational force, it tended to aggregate and essentially form uncontrollable 

large cluster, leading to the loss in their desirable unique properties and limiting its applications [21,31,32]. 
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Therefore, coating MNP with functional polymers, e.g., poly(acrylic acid) [33] and 

poly(diethylamino)ethyl methacrylate (PDEAEMA) [20] and thermo-responsive polymers, e.g. poly(N-

isopropylacrylamide) [34], is one of efficient strategies to prevent this undesirable agglomeration. Long 

chain polymers coating on MNP surface provided its steric stabilization and this can be designed to improve 

its stability and dispersibility in the media [23,35-39]. In addition, the polymers coating on the particle 

surface can also serve as a platform for functionalization with bio-entities, e.g. creatinine [40], peptide and 

DNA [41-43]. For example, positively charged polymers such as poly(dimethylamino)ethyl methacrylate 

(PDMAEMA) and PDEAEMA grafted from MNP surface can be adsorbed with negatively charged DNA 

via electrostatic interaction and used for DNA extraction/isolation [44]. 

Aptamer is single-strand DNA, RNA or peptide that can bind specifically to target ions or molecules. 

It has recently attracted great attention in biosensor fabrications with high selectivity and high sensitivity 

for target detections [18,19,43,45,46]. Once approaching to the target, it folded into spatially stable 

structure, making it suitable for target binding by either complementary pairing, electrostatic interaction, 

Van der Waals force, hydrogen bonding or stacking [47]. In particular, there are many advantages using 

peptide as aptamer, e.g. high specificity to the target to mimic a hormone-receptor interaction, low-cost and 

easy to be synthesized as compared with other biomolecules. However, the research involving the use of 

peptide aptamer for specifically binding with BPA has barely been reported [18,46]. These reports indicated 

that peptide aptamer had high selectivity and sensitivity for BPA detection. 

In this work, aptamer-immobilized magnetic nano-adsorbents were synthesized and used for selective 

adsorption with BPA (Figure 1). The magnetic nano-adsorbents, called PQDEA@MNP, comprised MNP 

that well responded to an external magnet to facilitate the particle separation, and quaternized PDEAEMA 

coating on MNP to improve its stability and dispersibility in water. Importantly, this positively charged 

polymer served as a platform for immobilization with negatively charged aptamer through ionic interaction. 

The peptide having CKSLENSYC sequence was used as BPA-specific aptamer in this work because it has 

been previously reported to be able to specifically interact with BPA [48,49]. Various characterization 

techniques, e.g. fourier transformed infrared spectrophotometry (FTIR), thermogravimetric analysis 

(TGA), vibrating sample magnetometry (VSM) and transmission electron microscopy (TEM), were used 

to investigate the properties of the particles. Adsorption condition of BPA on the aptamer-free particles was 

investigated aiming to minimize the undesirable non-specific adsorption between BPA and the particle 

surface. Adsorption performance of aptamer-immobilized particles with BPA, e.g. detection of limit 

(LOD), selectivity and tolerance to interfering molecules, was also investigated. 

 

 

 

Figure 1 The proposed mechanism for selective adsorption of BPA with aptamer-immobilized 

PQDEA@MNP as nano-absorbents. 
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Materials and methods 

Materials 

Otherwise stated, all reagents were used as received; iron(III) chloride (FeCl3. 6H2O) (98 %, Acros 

Organics), iron (II) chloride tetrahydrate (FeCl2.4H2O) (99 + %, Acros Organics), ammonia solution 30 % 

(NH4OH) (Carlo Erba), oleic acid (Carlo Erba), 3-(trimethoxysily)propyl methacrylate (TMSPMA) (98 %, 

Aldrich), 2-2′-azobis(2-methylpropionitrile) (AIBN) (98 %, Sigma-Aldrich), 2-(diethylamino)ethyl 

methacrylate (DEAEMA) (Aldrich), iodomethane stabilized with silver (CH3I) (Merck), 2,2-bis(4-

hydoxyphenyl)-hexafluoropropane (BPAF) (TCI), 4,4′-dihydroxybiphenyl (DHBP) (TCI), bis(4-

hydroxyphenyl) Sulfone (BPS) (TCI), bisphenol A (BPA) (99 %, Aldrich), n-hexane (Carlo Erba), 

triethylamine (TEA) (Merck), tetrahydrofuran (THF) (RCI labscan), acetonitrile (ACN) (RCI labscan), 

acetone (RCI labscan), toluene (RCI labscan), tris(hydroxymethyl)-aminomethane (tris-HCl) (99.5 %, 

Carlo Erba), sodium Chloride (NaCl) (99 % RCI Labscan), potassium dihydrogen orthophosphate 

(KH2PO4) (99.7 %, Fisher Scientific), potassium phosphate dibasic (K2HPO4) (Carlo Erba). Peptide 

aptamer (CKSLENSYC, 97.6 %, Lot: U373GFG160-3) was synthesized by GenScript Biotech Corporation 

(Nanjing, China). Dioxane (RCI Labscan) was dried in molecular sieves prior to use. 

 

Instrument 

Fluorescence intensity was obtained using high performance liquid chromatography with 

fluorescence detector (HPLC-FLD), (1260 series, Agilent), equipped with an autosampler, a quaternary 

pump and a thermostat column compartment. The excitation and emission wavelengths were 229 and 315 

nm, respectively [43]. A Vertical UPS C18 column (250×4.6 nm2, 5 µm) and a guard-column were used 

for all HPLC analyses. The column temperature was kept at 25 ºC and the injection volume was 20 µL. For 

all analyses, a gradient condition was used at the flow rate of 1.0 mL/min, by combining solvent A (water) 

and solvent B (acetonitrile): 50 % B from 0 to 9 min (isocratic elution for the sample analyses); 50 - 100 % 

B from 9 to 12 min (for cleaning the column); 100 - 50 % B from 12 to 15 min (for equilibrating the 

column). All samples were diluted with 30 % acetonitrile to enhance the fluorescence intensity. TEM 

analysis (Tecnai 12, Philips TEM) was operated at 120 kV and equipped with a Gatan model 782 CCD 

camera. The particles were redispersed in ethanol and sonicated prior to deposition on a TEM grid. FTIR 

was performed via fourier transform infrared spectrometer (FTIR) (Spectrum GX, Perkin Elmer). The FTIR 

samples were dried in vacuo and used ATR mode as the sample preparation method. Size and zeta potential 

values were measured via Zetasizer, Nano ZS4700, Malvern. Magnetic properties were performed via 

vibrating sample magnetometer (VSM) using a magnetic moment in range of ±10,000 G of the applied 

magnetic fields. Thermogravimetric analysis (TGA) was operated at the temperature ranging between 25 

and 600 ºC and a heating rate of 20 ºC/min under nitrogen atmosphere. 

 

Synthesis of PQDEA@MNP 

The mixture of FeCl3. 6H2O (1.66 g, 6.14×10–3 mol)  and FeCl2. 4H2O (1.00 g, 5.03×10–3 mol)  in 

deionized water (20 mL) was stirred at room temperature for 30 min. Black precipitate was observed once 

25 % NH4OH (20 mL) was added into the solution (Figure 2). After stirring for 30 min, MNP was 

magnetically separated and washed with deionized water. An oleic acid solution (2.0 mL in 20 mL toluene) 

was added into the MNP dispersion while stirring for 30 min to obtain oleic acid-coated MNP. The particles 

were re-precipitated in acetone and then dried in vacuo. Zero point five g of the dried particles was 

redispersed in toluene (20 mL), followed by an addition of TEA in a round bottom flask. TMSPMA (5.15 

mL, 2.1×10–2 mol) was then added dropwise to the mixture and it was stirred for 24 h at room temperature 

under N2 atmosphere to obtain methacrylate-coated MNP (MA@MNP). The particles were precipitated in 

hexane, magnetically separated, and washed with hexane and then dioxane. MA@MNP (0.02 g dispersed 

in 4.4 mL of dioxane) was copolymerized with DEAEMA (1.22 mL, 6.1×10–3 mol) using an AIBN radical 

initiator (0.01 g, 6.1×10–5 mol in 1.0 mL of dioxane). The reaction was performed at 70 ºC for 30 min under 

N2 atmosphere. After magnetic separation, washing with dioxane and drying, PDEAEMA-coated MNP 

(PDEA@MNP) was obtained. In the quaternization step, methyl iodide (1.0 mL, 6.4×10–2 mol) was added 

to the particle dispersion (20.0 mg in 1.0 mL of THF) and the mixture was sonicated for 3 h in the dark at 

25 ºC. The quaternized PDEA@MNP (PQDEA@MNP) (45 % yield) was magnetically separated, washed 

with water, and stored as the dispersion in deionized water (20.0 mL). 

 



Trends Sci. 2023; 20(4): 6145   4 of 17 

  

 

Figure 2 The scheme for the synthesis of PQDEA@MNP nano-adsorbent. 

 

 

Preparation of BPA and aptamer stock solutions  

A BPA stock solution was prepared to obtain the BPA concentration of 200 ppm in deionized water. 

BPA was sonicated for 1 h at 70 ºC using ultrasonic frequency of 37 kHz (Elmasonic S 70) to allow the 

complete solubility of BPA in water. The BPA standard solutions having various concentrations including 

0.02, 0.04, 0.08, 0.12, 0.16 and 0.20 ppm were prepared by sequential dilution of the BPA stock solutions 

with various buffer solutions, such as phosphate buffer (PBS, 10 mM) and tris-HCl buffer (50 mM) with 

and without 150 mM NaCl and 0.1 % tween-20. The aptamer stock solution (CKSLENSYC) was prepared 

to have the aptamer concentration of 4000 ppm in deionized water and stored at –20 ºC in a refrigerator. 

 

Measurement of adsorbed BPA on the particles 

The mixture of PQDEA@MNP (0.25 mg) and the aptamer stock solution (10 µL) was added to a 50 

µL of the BPA stock solution, and then the total volume was adjusted to 500 µL with buffer solution (Figure 

S1 in Supporting information). After stirring for 5 min, the mixture was placed on a magnet to separate 

PQDEA@MNP from the dispersion. Finally, the fluorescence intensity of the supernatant was 

quantitatively analyzed via HPLC-FLD from the standard curves. The adsorbed BPA on the particles was 

calculated from the difference of the loaded and the unadsorbed BPA remaining in the supernatant. 

 

Results and discussion 

Characterization of MNP 

FTIR spectra of MNP in each step of the reactions are shown in Figure 3. FTIR spectrum of bare 

MNP exhibits the characteristic peak at 548 cm–1 of Fe-O bond (Figure 3(A)). Those of MA@MNP show 

the signals of C=O stretching (1696 cm–1), C=C stretching (1630 cm–1), C-O stretching (1168 cm–1) and Si-

O bond (968 cm–1) (Figure 3(B)) [22,50,51]. The spectrum of PDEA@MNP shows the strong signals of 

C=O stretching (1721 cm–1) due to the ester linkage in PDEAEMA, as well as those of C-O stretching (1145 

cm–1), Si-O (964 cm–1) and C-N (998 cm–1) (Figure 3(C)). This information signified the coating of MNP 

with PDEAEMA. The spectrum of PQDEA@MNP was similar to those of PDEA@MNP as shown in 

Figure 3(D). The proposed mechanism of the silica layer formation on MNP surface is shown in Figure 

S2 in Supporting information. Briefly, the reaction between Fe-O– on MNP surface and TMSPMA took 

place, followed by the reaction of TMSPMA-immobilized MNP with water to form silanols, and finally the 

repetitive reactions between 2 neighboring silanols to form silica layer on MNP surface [20,22]. 

FeCl2 +   FeCl3

1. NH4OH

2. Oleic acid, toluene

3. TMSPMA, TEA

toluene, N2, rt

MA@MNP

DEAEMA, AIBN

Dioxane, N2, 70 oC

CH3I, THF

dark, rt

PDEA@MNPPQDEA@MNP



Trends Sci. 2023; 20(4): 6145   5 of 17 

  

 

Figure 3 FTIR spectra of (a) bare MNP, (b) MA@MNP, (c) PDEA@MNP and (d) PQDEA@MNP. 

 

 

TGA technique was used to determine the percentages of the polymer coating on the particles with 

an assumption that the weight residue was MNP core, and the weight loss was organic composition 

including polymer. Fourteen % weight loss of bare MNP in Figure 4(a) was probably due to the organic 

residue presenting on the thin layer of the particles, e.g. oleic acid (thermogram (1) in Figure 4(a)) 

[35,36,37]. The weight loss of PDEA@MNP was ca.27 % and those of PQDEA@MNP was ca.29 % (ca.71 

- 73 % of MNP core in the nanocomposites). The slight increase in the weight loss in PQDEA@MNP when 

compared with PDEA@MNP was attributed to the additional methyl groups presenting in the polymer 

structure after the quaternization (thermogram (2) and (3) in Figure 4(a)). These results corresponded well 

to those obtained from VSM technique (Figure 4(b)). The slight decrease in the saturation magnetization 

values (Ms) from 55 emu/g of PDEA@MNP (curve (2) in Figure 4(b)) to 46 emu/g of PQDEA@MNP 

(curve (3) in Figure 4(b)) signified the increase of the non-magnetic components in the particles after the 

quaternization. It should be noted that Ms values of bare MNP was 69 % as shown in curve (1) in Figure 

4(b). 
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Figure 4 (a) TGA thermograms and (b) M-H curves of (1) bare MNP, (2) PDEA@MNP and (3) 

PQDEA@MNP. 

 

 

The particle size and its distribution of MA@MNP and PQDEA@MNP were investigated via TEM 

technique (Figure 5). It should be noted that bare MNP cannot be observed via TEM due to the lack of 

particle dispersibility in water. MA@MNP showed the particle size of ca.6 - 10 nm with some 

nanoclustering with the size range of 50 - 150 nm. After the polymerization and then quaternization, 

PQDEA@MNP exhibited some improvement in their water dispersibility as indicated by the smaller size 

of the nanoclusters (30 - 60 nm in diameter), and this was attributed to the coating of the hydrophilic 

polymers on the MNP surface. 

 

 

 

Figure 5 TEM images of (a) MA@MNP and (b) PQDEA@MNP. 

 

 

The particles with good dispersibility and high stability in water while retaining their good magnetic 

responsiveness were much desirable. However, the response to magnetic field of the individual particles 

was so low that they were troublesome for magnetic separation from the dispersion. The formation of the 

nanoclusters with controllable degrees of clustering was necessary because this can increase the magnetic 

responsiveness of the particles, while their good water dispersibility was retained. The ratio of MA@MNP 

to DEAEMA used in the polymer coating step was crucial. In this work, the reaction between 0.02 g of 

MA@MNP and 1.22 mL of DEAEMA (100:1 equivalent ratio of DEAEMA:AIBN initiator) in 4.4 mL of 

dioxane was used in the polymer coating step and this condition gave rise to those with desirable properties. 

After the quaternization of these particles, PQDEA@MNP were obtained and their stability in water and 

magnetic separation ability are shown in Figure S3 in Supporting information. They were well dispersible 

in water without visually noticeable aggregation after 5 h of standing and can be magnetically separated 

within 3 - 5 min. 
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Investigation of the proper adsorption condition of BPA on aptamer-free PQDEA@MNP to 

minimize non-specific adsorption 

The objective of this work was to study the adsorption selectivity of BPA with aptamer-immobilized 

PQDEA@MNP. Therefore, non-specific adsorption of BPA on the particle surface is undesirable and 

needed to be minimized, and this can facilitate the selective adsorption of BPA and aptamer immobilized 

on the particles. This non-specific adsorption was assumed due to the physical adsorption of hydrophobic 

moiety between BPA and the coating polymer [52,53]. This experiment was designed to determine the 

proper condition such that BPA adsorption owing to non-specific interaction on aptamer-free MNP was 

minimized, whereas those of aptamer-immobilized MNP was enhanced. In this work, 2 important 

parameters in adsorption conditions were investigated; 1) The amounts of PQDEA@MNP used and 2) pH 

and types of buffer solutions. 

Various weights of PQDEA@MNP were used to determine the amounts of the particles that can 

minimize BPA adsorption, indicating the minimized non-specific interaction. Increasing the weights of 

PQDEA@MNP seemed to enhance %BPA adsorbed. On the contrary, decreasing the weights of 

PQDEA@MNP from 1.00 mg to 0.10 mg tended to lower %BPA adsorbed (Figure S4 in Supporting 

information). However, the use of PQDEA@MNP below 0.25 mg was troublesome in the separation step 

due to insufficient amounts of the particles in the magnetic separation process. Therefore, 0.25 mg of 

PQDEA@MNP was used in the later experiments. 

The effect of pH and types of buffer solutions on BPA adsorption was then studied. Adsorption 

percentages of BPA on PQDEA@MNP were highly dependent on pH of buffer solutions because this can 

affect the surface charge of the particles, which essentially either improved or lessened their adsorption 

efficiency. Various pH (pH 7 - 10) and 2 types of buffer solutions (phosphate buffer and tris-HCl) with and 

without NaCl and tween-20 were used in the BPA adsorption experiments. It has been reported that the 

addition of sodium chloride and tween-20 was able to promote the selective adsorption of BPA on the solid 

support, so they were thus used in this work [48,49]. The results show that the adsorption of BPA on the 

particles in PBS buffer (pH 10) in the presence of NaCl and tween-20 seemed to favor the selective 

adsorption of BPA rather than the non-specific interaction, and this condition would be used in the later 

experiments (Figure 6). It was hypothesized that tween-20 might somewhat diminish the non-specific 

interaction between BPA and aptamer-free MNP, leading to the promotion of the selective adsorption of 

BPA with aptamer-immobilized MNP. Examples of the calculation of BPA adsorbed on the particles in 

different variations are shown in Figures S5 - S7 in Supporting information. 
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Figure 6 Adsorption percentages of BPA (0.25 ppm) on PQDEA@MNP (0.25 mg) in various pH in (a) 

tris-HCl buffer, (b) tris-HCl buffer with NaCl and tween-20, (c) PBS buffer and (d) PBS buffer with NaCl 

and tween-20. Noted that 150 mM NaCl and 0.1 %v/v tween-20 were used in these experiments. 

 

 

Adsorption performance of aptamer-immobilized PQDEA@MNP 

The CKSLENSYC peptide aptamer used in this work has been reported to specifically interact with 

BPA target [48,49]. To immobilize the aptamer on the particles, PQDEA@MNP and the aptamer were 

thoroughly mixed in deionized water to facilitate the ionic adsorption between the cationic polymer coated 

on the particle and the negative charge of the aptamer owing to the existence of the pendant carboxylate 

groups of glutamic acid (E) and cysteine (C) at 1 terminal of the aptamer. The chemical structure of BPA-

specific peptide aptamer (CKSLENSYC) used in this work is shown in Figure S8 in Supporting 

information. In addition, some other attractions between these 2 materials might exist, e.g. hydrogen 

bonding between unprotonated PDEAEMA units on MNP surface and the functional groups (-SH, NH2, 

OH) presenting in the aptamer structure. Aptamer-immobilized PQDEA@MNP was then used for the 

adsorption experiments with BPA. Figure S9 in Supporting information exhibits the linear relationship 

between the loaded concentration of BPA and the adsorbed BPA on the nano-adsorbents in the range of 

0.04 - 0.20 ppm. Increasing the concentration of the loaded BPA led to the increase of those adsorbed on 

the particles. The adsorption percentages of BPA were in the range of 15 - 20 % of the loaded concentration. 

The narrow error bars with acceptable correlation coefficient (R2 = 0.9927) signified the high 

reproducibility of the BPA adsorption efficiency of the nano-adsorbents. LOD of this study was 0.0145 

ppm. The analytical performance of the particles was compared to those reported in previous works. It was 

apparent that the developed nano-adsorbents had comparable analytical performance to these reported 

works (Table 1). 
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Table 1 The comparison of the analytical performance of the particles from this work with those from other 

works. 

Method 
Analytical 

technique 
Binding Unit LOD Reference 

Label-free aptamer-

functionalized MNP coated 

with cationic polymer 

HPLC-FLD 
Peptide 

aptamer 

63.58 nM 

(0.0145 ppm) 
This work  

Aptamer-functionalized MNP HPLC-DAD DNA aptamer 
4.38 and 8.76 nMa 

(1.0 and 2.0 ng/mL) 
[43] 

Label-free aptamer-

functionalized molybdenum 

carbide nanotubes 

Fluorescence DNA aptamer 2 nM [18] 

β-cyclodextrin-functionalized 

ZnO QDs 
Fluorescence β-cyclodextrin 

180 nMa 

(0.18 µM) 
[54] 

A nitrocellulose paper strip 

using molecularly imprinted 

nanoparticles 

Fluorescence 

Molecularly 

imprinted 

nanoparticles 

192.299 nMa 

(43.9 µg/L) 
[55] 

Note: a the unit of LOD was converted from original papers to nM. 

 

 

The selectivity towards BPA is an important parameter for aptamer-immobilized PQDEA@MNP. 

Many hypotheses have been proposed for the recognition of the aptamer towards the target, e.g. Van der 

Waals force, hydrogen bonding, electrostatic interaction, or stacking [47]. Therefore, to evaluate the 

selectivity to BPA of these particles, other compounds having similar molecular structure to BPA, including 

DHBP, BPS and BPAF, were used as interfering molecules. Figure 7 shows the relative BPA signals of 

the dispersion when having only BPA in the solution (A) and those when mixing BPA with interfering 

compounds (B). The 1st bar exhibited the result of those when solely BPA used (without mixing with any 

interfering compounds), and the others were those when mixing BPA with the competitive compounds. 

The BPA signals in all cases were not significantly different, indicating that the presence of these BPA 

analogs did not disturb BPA adsorption on the particles. This result signified that these developed nano-

adsorbents had high selectivity to BPA and good tolerance to interfering molecules. An example of the 

calculation of this result is shown in Supporting information. 

 

 

 

Figure 7 The effect of interfering molecules on BPA adsorption efficiency, where (A) is the BPA signals 

of the dispersion when having only BPA in the solution and (B) is those when mixing BPA with interfering 

compounds. 
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Conclusions 

Magnetic nano-adsorbents coated with quaternized PDEAEMA and immobilized with BPA-specific 

peptide aptamer (CKSLENSYC) were developed. The particles were stable and well dispersible in water 

due to the polymer coating and showed high selectivity in adsorption with BPA due to the presence of the 

aptamer. The formation of MNP nanoclusters (30 - 60 nm in diameter) facilitated the magnetic separation 

process. Interestingly, these aptamer-immobilized particles retained their good BPA adsorption efficiency 

even when other compounds having similar chemical structures were present, indicating their good 

tolerance towards interfering molecules. This simple analysis with the use of the nano-adsorbents and no 

complicated molecular labelling step seems to be a promising approach for BPA analysis and might be 

applied for the analysis of other substances of interest. 
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Appendix 
 

 
 

Figure S1 BPA adsorption experiments using aptamer-immobilized PQDEA@MNP and the determination 

of the adsorbed BPA on the particle via HPLC-FLD. 

 

 

 
Figure S2 The proposed mechanism of the silica layer formation on MNP surface 1) the reaction between 

Fe-O- and TMSPMA, 2) the reaction of TMSPMA-immobilized MNP with water to form silanol, 3) the 

reaction between two neighboring silanols to form silica layer on MNP surface. 
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Figure S3 (a) The stability in water and (b) magnetic separation ability of PQDEA@MNP. 

 

 

 
Figure S4 Adsorption percentages of BPA using various weights of PQDEA@MNP. Noted that 1.0 ppm 

of BPA in PBS buffer with NaCl and tween-20 was used in all these experiments. 

 

 

 
 

Figure S5 The standard curve of BPA for this study. 
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Figure S6 The standard curve of BPA for this study. 

 

 
Figure S7 The standard curve of BPA for this study. 

 

 
 

Figure S8 The chemical structure of BPA-specific peptide aptamer (CKSLENSYC) used in this work. 
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Figure S9 The plot showing the linear relationship between BPA adsorbed on aptamer-immobilized 

PQDEA@MNP (0.25 mg) and the loaded concentration of BPA in the 0.04-0.20 ppm range. The 

experiments were performed in PBS buffer (pH 10) with 150 mM NaCl and 0.1%v/v tween-20. 
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