
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

NJC

www.rsc.org/njc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

ARTICLE 

This journal is ©  The Royal Society of Chemistry 20xx  J. Name. , 2013, 00 , 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 College of chemistry and Chemical Engineering, Central South University, 

Changsha, Hunan 410083,China. Fax: +86 8887 9616; Tel: +86 8887 9616; E-mail: 

zhongshian@aliyun.com  
 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

One-pot preparation of boronic acid and PEG bi-functionalized 

silica particles for separation and purification of catecholamine 
from rat serum  

Yan Wang
a
, Lei Sun

a
, Bingqing Yu

a
, Shaotong Li

a
, Shian Zhong

a
* 

A facile one-pot preparation of aminophenyboronic acid (APBA) and poly(ethyleneglycol) (PEG) bi-functionalized silica 

particles named SiO2@APBA@PEG by the aid of epoxy silanes was described in this work. The as-prepared particles could 

not only selectively extract the catecholamine through boronate binding but also effectively resist protein adsorption with 

PEG brushes, FT-IR spectra and contact angle measurements proved that APBA and PEG groups were successfully 

introduced to the surface of silica. The maximum adsorption capacities towards dopamine (DA) and levodopa (L-DOPA) 

were found to be 254.45 and 104.71 μmol/g, respectively. The as-prepared material was used as a solid phase extraction 

(SPE) sorbent for extraction of catecholamine in rat serum. The recoveries of DA and L-DOPA were 95 ± 3.21% and 93 ± 

3.57%, in the meanwhile, proteins were eliminated. The obtained results indicated the SiO 2@APBA@PEG particles were 

qualified for efficient purification of catecholamine from complex biological samples. 

Introduction 

Catecholamines, such as dopamine (DA), levodopa (L-DOPA), 

epinephrine (E) play a major role in the central nervous system. 

They have been used as specific markers for some diseases in 

clinical diagnostics. So it is of great significance to determine 

catecholamine in biological fluids (serum, plasma or urine).1 In 

the literatures, a few analytical method such as high-

performance liquid chromatography (HPLC),2, 3 fluorescence 

measurements4 and electrochemical analysis5 have been 

reported for the determination of catecholamine in biological 

fluids. In all cases, sample preparation is essential, because 

there are many coexisting proteins in biological fluids, which 

generate interferences for further analysis.6 Generally, 

techniques such as solid-phase extraction (SPE),7 liquid-liquid 

extraction (LLE),8 and protein precipitation (PPT)9 are 

employed in sample preparation. However, when PPT is  used 

during sample preparation, part of the analytes co-precipitate 

with the protein sediment, causing the loss of the analytes.10 In 

LLE procedures, large amounts of toxic solvents are needed. So,  

compared to the above methods. SPE is preferred. Because it is 

simpler, more convenient, and easier to automate.11 In the SPE 

procedures, the analytes are retained on column, while 

interfering substances are washed away. Then the analytes are 

eluted for further analysis. The adsorbents routinely used in 

SPE usually lack specificity, such as Sephadex G10,12 cation 

exchange adsorbents,13 C18 matrix14 and alumina.15 Recently, 

boronic acid-functionalized materials as the sorbents for the 

extraction of catecholamine have been successfully used in 

some researches.16-18 Boronic acid can form boronate ester with 

cis-diol group in alkaline conditions. This complex formation is 

reversible. When the medium is adjusted to an acidic pH, the 

complex dissociates.19, 20 Boronate affinity materials with high 

affinity and selectivity toward cis-diol-containing compounds 

have gained great attention.21, 22 However, in a practical 

biological sample, non-specific adsorption of contaminants 

such as proteins or cells on the boronate affinity materials is a 

serious problem, which causes poor sensitivity and selectivity 

of the SPE technique. Hydrophobicity and electrostatic 

interaction are the main causes contributed to the nonspecific 

adsorption of proteins.23 Therefore, to resist or reduce protein 

absorption, the two factors should be taken into account. Poly 

(ethylene glycol) (PEG) with neutral and hydrophilic 

characteristics exhibits excellent biocompatibility. For this 

reason, PEG-based materials have been widely used in 

biological samples to resist protein adsorption and cell 

adhesion.24-27 Several strategies have been reported to 

immobilize PEG onto the substance surfaces, such as self-

assembly,28 physisorption,29 surface polymerization30, 31 and 

covalent grafting.32 Among these strategies, covalent grafting 

of PEG onto the activated surfaces is considered to be the most 

effective method to prepare stable PEG surfaces.33 However, 

the PEGylated materials are only used to resist protein 

adsorption in these literatures and there are few reports on the 

coupling of PEG with other active groups on the surface of 

materials.  

In this study, we report a facile one-pot preparation of 

boronic acid and PEG bi-functionalized silica particles named 

SiO2@APBA@PEG by the aid of epoxy silanes. To the best of 
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our knowledge, there have been no reports on synthesis of 

boronic acid and PEG bi-functionalized silica materials through 

one-pot method. The novel boronate sorbent have been 

successfully used in solid phase extraction for selectively 

isolation of   DA and L-DOPA from rat serum. The obtained 

results indicate that SiO2@APBA@PEG particles are 

promising sorbents for sample preparation. 

Experimental 

Materials 

Silica purchased from Suzhou Nanomicro Technology 

Company (UniSil10-300, 10 μm) was activated by refluxing for 

6 h in 20% HCl, and then dried at 150 oC under vacuum 

overnight. 3-aminophenylboric acid (APBA, 98%) and Sodium 

Pyrosulfite were purchased from Energy chemical (Shanghai, 

China) and used without further purification. 

Methoxypolyethylene glycol amine (mPEG-NH2, MW = 2000) 

3-glycidoxypropyltrimethoxysilane (GOPS), dopamine (DA) 

and levodopa (L-DOPA) were all purchased from Aladdin 

(Shanghai, China). Lysozyme (Lyz), bovine serum albumin 

(BSA), ovalbumin (OVA) and trypsin (Try) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Other reagents 

were at least of analytical grade. Ethanol (99.7%, AR) was 

dried with magnesium turnings and iodine. Triethylamine (TEA, 

≥99.0%, AR) was dried by potassium hydroxide. Deionized 

water was prepared with a Milli-Q water Purification system 

(Millipore, Milford, MA).Rat serum was obtained from SLAC 

laboratory Animal Co. Ltd. (Hunan, China) and stored at − 20 
oC until use after gentle thawing. Catecholamine solution was 

prepared with 0.01 M phosphate buffer solution (pH = 8.5) 

containing 0.15 mg/mL antioxidant sodium metabisulfite to 

prevent the oxidation of analytes. Proteins solution were 

prepared with 0.01 M phosphate buffer solution (pH = 8.5).  

Instrumentation and characterizations 

Fourier transform infrared (FT-IR) spectra of the functionalized 

silicas were measured by a Nicolet-6700 FT-IR spectrometer 

using KBr pellets in the 4000-400 cm -1 region with a resolution 

of 4 cm -1, by accumulating 32 scans. Samples (0.014±0.06 g) 

were intimately mixed with previously dried KBr (1.176±0.05 g) 

by gentle grinding so as to minimize particle break up. Static 

contact angle measurements were carried out on a JC2001C 

contact angle measurement system with DI water drops of 3 μL 

on the surface of the materials at room temperature. All as-

prepared materials were tabletted and dried at least 36 h prior to 

measurements. The morphology of the pure SiO2 and 

SiO2@APBA@PEG were examined by a MIRA3 TESCAN  

Field-emission scanning electron microscopy (SEM) at an 

accelerating voltage of 20kV.  UV-vis adsorption spectra were 

recorded on the SHIMADZU UV-2450 spectrophotometer. 

HPLC apparatus (Dionex Ultimate 3000, USA) and a reversed 

phase Water Spherisorb ODS2 (250 mm×4.6 mm, Water, 

Milford, MA, USA) column were employed for analysis. The 

chromatographic separation was carried out using a mixture of 

acetonitrile (A) and water containing 0.4% (v : v) (B). The 

gradient program was used according to the following profile:  

5% A (0-20 min), 5%-20% A (20-30 min). The flow rate was 

1.0 mL/min while the ambient temperature was controlled at 

30 ℃ . Spectra were recorded from 190 to 400 nm while the 

chromatogram was acquired at 280 nm. 

Synthesis of SiO2@APBA@PEG 

The synthesis route of SiO2@APBA@PEG particles is 

illustrated in Scheme 1. The particles were synthesized 

according to previous method with some modifications.34 

Typically, silica particles (0.2 g) were dispersed in 10 mL of 

dry ethanol in a one-neck round-bottom flask (100 mL) 

equipped with a condenser, followed by the addition of APBA 

(0.1 g), mPEG-NH2 (0.025 g), GOPS (40 μL), TEA (20 μL). 

The reaction mixture was stirred for 24 hours at 90 ℃ . The 

obtained product was separated by centrifugation, washed by 

ethanol and dried at 60 °C under vacuum for 8 h for further use. 

For comparison, SiO2@APBA was also prepared under the 

identical conditions without the addition of mPEG-NH2. 

 

Scheme1. Synthetic strategy for the SiO2@APBA@PEG particles 

Binding studies 

Effect of medium pH on the binding capacity was explored in 

the pH ranged from 7 to 9. The adsorption kinetics was 

investigated by changing the adsorption time from 0 to 30 min 

while adopting the same initial concentration of DA or L-

DOPA at 0.05 mg/mL. Isothermal adsorptions were performed 

through changing the concentrations of DA or L-DOPA from 

0.01 to 0.16 mg/mL while keeping the incubating time constant 

for 30 min. Specific adsorption tests were verified using a 

solution of quinol or phenol at a concentration of 0.05 mg/mL. 

Protein adsorptions were studied by using glycoprotein (OVA) 

and non-glycoproteins (Lyz, BSA, Try) with a known initial 

concentration (1 mg/ml). In all of the above experiments, the 

mass of SiO2@APBA@PEG or SiO2@APBA particles was 20 

mg, the volume of the adsorption solution was 10 mL, the 

SiO2@APBA@PEG or SiO2@APBA particles were separated 

by centrifuging at 10000 rpm for 5 min, and the concentration 

of catecholamine or proteins in the supernatant was determined 

by UV-vis spectrometer at the wavelength of 280 nm. At least 

three replicates of each experiment were performed. 

The adsorption capacities of the catecholamine and proteins 

were calculated according to the following equation (1) and (2):  

                                                                          (1)     3

0 10tC C V
Q

WM

 

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Where C0 and Ct (mg/mL) are the initial catecholamine 

concentrations and the catecholamine concentrations after 

adsorption, V (mL) is the volume of catecholamine solution, W 

(g) is the weight of the as-prepared silica particles, and M is the 

molecular weight of catecholamine. 

                                                                          (2) 

Where C0 is the initial proteins concentration (mg/mL), Ct is 

the proteins concentration in the remaining supernatant, V (mL) 

is the volume of the initial solution, and W (g) is the weight of 

the SiO2@APBA@PEG or SiO2@APBA particles. 

SPE procedure 

100 mg of the SiO2@APBA@PEG particles were packed into 1 

mL SPE column. Frits were placed at the bottom and on the top 

of the column. 2 mL of PBS (pH = 8.5) was passed through the 

column in order to equilibrate it. Then 2 mL of catecholamine 

or protein solution was loaded into the column at a flow rate of 

0.1 mL/min. After loading, column was washed with 1 mL of 

PBS (pH = 8.5) and a full of vacuum was applied through the 

column for 2 min, followed by 2 mL of 5% acetic acid elution. 

Finally, 20 μl of the catecholamine elute was injected into 

HPLC system for analysis after filtering through a 0.45 μm 

membrane filter. All experiments were carried out in triplicate.  

Solid phase extraction of catecholamine from the rat serum 

2 mL of rat serum spiked with 2 mL of DA and L-DOPA 

solution to provide working concentration of 0.01 mg/ml. Then 

the mixture was vortexed for 1 min. The SPE procedure applied 

to rat serum involved the same conditions mentioned above in  

the SPE procedure, except that the loading fraction, washing 

fraction and eluting fraction were measured by biuret reaction 

to guarantee the complete washing of the nonspecific 

adsorption of protein. For this, 1 mL sample solution was added 

into 4 mL biuret reagent (CuSO4·5H2O 1.5 g/L, 

NaKC4H4O6·4H2O 6g/L, NaOH 30 g/L). The mixture was 

shaken for 15 min, and kept to room temperature for 30 min. 

The absorbance was recorded at 540 nm. 

Results and discussion 

Characterizations of the materials 

The as-prepared materials were characterized by FT-IR and 

static water angle experiments. Fig. 1 showed the FT-IR spectra 

of APBA (a),   SiO2@APBA@PEG (b), pure silica (c). In the 

FT-IR spectrum of SiO2@APBA@PEG (Fig. 1b), the peaks at 

1572, 1492, 1450 and 714 cm-1 contributed to benzene ring 

stretching vibrations and m-benzene ring distorting vibrations, 

and the band of B-O adsorption at 1360 cm-1 was observed, 

corresponding to the FT-IR spectrum of APBA (Fig. 1a), which 

demonstrated the successful functionlization of APBA onto the 

surface of silica. The typical bands of PEG were the stretching 

vibrations of C-H (2800-3000 cm-1) and C-O-C (1100 cm-1), 

which were easily influenced by other factors. So there was not 

sufficient evidence to indicate the PEGlation onto the surface of 

silica. 

Compared with the static water contact angle of 52° for 

SiO2@APBA, the angle fell down to 41° for the as-prepared 

SiO2@APBA@PEG, which verified the successful grafting of 

PEG on the surface of the materials.  

SEM images of pure SiO2 and SiO2@APBA@PEG were 

shown in Fig. 2. From the SEM images, the pure SiO2 and the 

as-prepared particles had uniform, well-dispersed and spherical 

morphologies with the average diameters of approximately 

10μm.  There was no distinct change in shape and size after 

modification, which suggested that there was a very thin 

molecular layer coating on the silica particles.  

 

Fig. 1 (A) FT-IR spectra of APBA (a), SiO2@APBA@PEG (b), pure silica (c). (B) Enlarged 

image of the marked region in (A).  

 

Fig. 2. SEM images of the pure silica (A), SiO2@APBA@PEG (B).  

 0 tC C V
Q

W




Page 3 of 8 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name. , 2012, 00 , 1-3 This journal is ©  The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

The selection of the mass ratio of APBA to mPEG-NH2    

The mass ratio of APBA to mPEG-NH2 was a critical factor in 

the synthesis of SiO2@APBA@PEG particles. The influence of 

different mass ratios of APBA to mPEG-NH2 on the synthesis 

of   SiO2@APBA@PEG particles was investigated. The mass 

ratios of APBA to mPEG-NH2 were ranged from 1:1 to 32:1. 

The results showed that the adsorption amounts of 

catecholamine had a fast increase, while the values for protein 

maintained constant with increasing the mass ratio of APBA to 

mPEG-NH2 from 1:1 to 4:1. When the mass ratio reached more 

than 4:1, the adsorption amounts of catecholamine kept 

unchanged, while the resistance to protein was gradually 

weakened, this phenomenon might be explained that APBA and 

mPEG-NH2 were competitively reacted with the epoxy groups 

on the surface of SiO2. So the mass ratio of 4:1 was selected for 

the synthesis of SiO2@APBA@PEG particles. 

Effect of pH on the binding capacity 

 Effect of medium pH on the binding capacity was explored in 

the pH ranged from 7 to 9. As shown in Fig. 3, the binding 

amounts of DA and L-DOPA increased when increasing pH. In 

the pH range of 8.5-9, the binding capacity reached Maximum, 

which was related to the pKa of the APBA (pKa 8.7). However, 

the catecholamine was easily oxidized in the alkaline medium, 

so 8.5 was selected as the optimum pH. 

 

Fig. 3 Effect of pH on the binding capacity of DA and L-DOPA 

Adsorption kinetics and isotherms  

The adsorption kinetics of 0.05 mg/mL DA and L-DOPA 

solution onto SiO2@APBA@PEG particles were introduced in 

Fig. 4 A. The binding amounts of DA and L-DOPA had a fast 

increase within 10 min, and then slowed down as the time 

increased. After 20 min, the adsorption almost reached 

equilibrium. The adsorption rate of catecholamine on the as-

prepared materials was faster than that on other boronic acid -

functionalized adsorbent.16  

Isothermal adsorptions were carried out at different initial 

concentrations of DA and L-DOPA from 0.01 to 0.16 mg/mL. 

As can be seen from Fig. 4 B, the adsorption amount of DA and 

L-DOPA increased with the increase of the initial 

concentrations. The maximum equilibrium binding capacities 

were found as 112 μmol/g and 38 μmol/g for DA and D-DOPA 

respectively. The as-prepared SiO2@APBA@PEG particles had 

much higher adsorption than other boronic acid-functionalized 

adsorbents reported in literature.18 We can learned from the 

adsorption kinetics and isotherms results that the PEGylation on 

the surface of boronic acid-functionalized materials did not 

had  adverse effects on the adsorption rate and capacity of the 

materials, while the biocompatibility of materials was improved 

at the same time.   

 

 

Fig. 4 Adsorption kinetics (A) and adsorption isotherms (B) of DA and L-DOPA on the 

SiO2@APBA@PEG particles. 

Langmuir adsorption equation was used to estimate the 

experimental data of adsorption isotherms. The equation is 

expressed as below: 

                       
1e e

e m m

C C

Q Q KQ
                           (3) 

Where Ce  (mg/mL) is the equilibrium concentration of DA or 

L-DOPA , Qe (μmol/g) is the adsorption amount at equilibrium, 

Qm (μmol/g) is the theoretical maximum adsorption capacity 

and K (g/mg) is the Langmuir constant. The Qm  and K can be 

calculated from the slope and intercept of the linear plot Ce/ Qe 

versus Ce. The results were given in Table. 1. The results in the 

table indicated that the Langmuir equation was well fitted for 

catecholamine adsorption within the concentration range 
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studied. It might be concluded that the adsorption of 

catecholamine on the as-prepared materials may be all 

monolayer adsorption, indicating catecholamine was adsorpted 

by covalent binding. 

Table.1 Equations and parameters of Langmuir model 

Analyte Equation K (g/mg) Qm(μmol/g) R2 

DA Ce/Qe = 0.00393Ce +0.541 7.27×10-3 254.45 0.996 

L-DOPA Ce/Qe = 0.00955Ce +2.27 4.21×10-3 104.71 0.971 

 

Extraction specificity of SiO2@APBA@PEG 

 0.05 mg/ml of DA , L-DOPA, quinol or phenol solution was 

used to text the specificity of the SiO2@APBA@PEG (Fig. 4), 

It was seen from Fig. 5 the adsorption amounts of DA and L-

DOPA were 49.3 and 15.2 μmol/g, respectively, much higher 

than quinol and phenol. Therefore, the as-prepared material 

exhibited well specificity to the catecholamine. 

 

 Fig. 5 Adorption of DA, L-DOPA, Quinol, Phenol on SiO2@APBA@PEG particles. 

 

Fig. 6 Adsorption of four proteins (BSA, Lyz, OVA, Try) with concentrations of 1 mg/mL 

on SiO2@APBA and SiO2@APBA@PEG particles. 

Effect of PEGylation to resist nonspecific adsorption of 

proteins 

BSA, Lyz, OVA and Try were employed as model proteins for 

nonspecific adsorption, the concentration of proteins in the 

study was 1 mg/ml. The adsorption amounts of the BSA, Lyz, 

OVA and Try onto the SiO2@APBA and SiO2@APBA@PEG 

were shown in Fig. 6. It was clearly seen that the adsorption 

amounts of BSA, Lyz, OVA and Try onto the SiO2@APBA 

were 51.7, 101.4, 83.9 and 63.5 mg/g, respectively. After 

PEGylation, they dropped to 1.2, 5.6, 9.2 and 2.4 mg/g, with 

the reduction of 97.7, 94.5, 89.0 and 96.3%. This observation 

demonstrated that PEGylation could dramatically reduce non-

specific adsorption of proteins as well as the previous report.35  

Performance of SiO2@APBA@PEG as SPE adsorbents 

The efficacy of SiO2@APBA@PEG as a selective sorbent in 

SPE of catecholamine was firstly explored by standard 

catecholamine solutions of 0.01 mg/ml. The percent recoveries 

of DA and L-DOPA were found to be 98% (RSD = 2.61% ) and 

99% (RSD = 3.02%).  

Then BSA was employed as a model protein to evaluate the 

ability to resist protein adsorption of the SPE column. 2 mL of 

BSA solution (1 mg/mL) was loaded into the SPE column, and 

the UV-vis spectra of each fraction were shown in Fig. 7. It was 

very clear that most of the protein was flowed out in the loading 

procedure, after washing and eluting procedure, almost no 

protein was existed on the SPE column.  

The reusability is one of the most important properties for the as-

prepared adsorbents in practical applications. To evaluate the 

reusability of the as-prepared adsorbents, the adsorption-desorption 

cycles of catecholamine and protein on the same 

SiO2@APBA@PEG particles were performed five times. The results 

showed that the recoveries for DA and L-DOPA decreased only 

about 5% and 3% at the end of the five reuses, while the ability to  
resist protein adsorption remained almost unchanged. The results 

indicated the as-prepared adsorbents had good reusability. 

 

Fig. 7 UV-vis spectra of BSA in the (a) initial solution, (b) loading fraction , (c) washing 

fraction, (d) eluting fraction 

Finally, the SiO2@APBA@PEG sorbents were applied to 

extraction of catecholamine from rat serum. The catecholamine 

solutions spiked in rat serum were loaded into the SPE column 

without any pretreatment. 1mL of PBS (pH = 8.5) was followed 

to wash the nonspecific adsorption of protein. The absorbances 
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at 540 nm of the loading fraction, washing fraction and eluting 

fraction after biuret reaction were shown in the Fig. 8.  As we 

can seen, there were hardly any proteins retaining onto the SPE 

column after SPE procedure. Fig. 9 showed the chromatograms 

of catecholamine in spiked rat serum after SPE protocol (A) 

and the standard catecholamine solution with the same 

concentration (0.01 mg/mL) (B), the recoveries of DA and L-

DOPA in the serum sample were 95 ± 3.21% and 93 ± 3.57%. 

The results indicated that the novel SiO2@APBA@PEG 

sorbents could successfully eliminate the contaminants in the 

rat serum, which avoided the fouling of the SPE column and 

HPLC column. 

 

Fig. 8 UV-vis spectra of rat serum after biuret reaction (a) initial rat serum, (b) loading 

fraction (c) washing fraction, (d) eluting fraction 

 

Fig. 9 HPLC chromatograms of catecholamines in rat serum after SPE procedures (A) in 

standard solution (B), Peak designation: 1, L-DOPA; 2, DA 

Conclusions 

A novel PEGylated boronate sorbent was prepared in one-pot 

method in this paper for the first time. The as-prepared material 

had the high affinity towards catecholamine and low 

nonspecific adsorption of protein. Based on the material, we 

developed a rapid, simple, selective and reproducible 

preparation method for extraction of catecholamine in rat serum, 

with the recoveries of DA and L-DOPA were 95 ± 3.21% and 

93 ± 3.57%. The results showed that the as-prepared material 

was promising to be applied for extraction of catecholamine in 

complex biological samples. 
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