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Abstract
In this study, reduced graphene oxide (rGO) hybridized high internal phase emulsions were developed and polymerized 
as porous carriers for aptamer (5’/5AmMC6/-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3’) modification to 
enrich human α-thrombin from serum. The structure and properties of the materials were confirmed by scanning electron 
microscope (SEM), Fourier transform infrared spectroscope (FT-IR), and X-ray photoelectron spectra (XPS). The adsorption 
ability and selectivity were studied and the thrombin was detected with liquid chromatography-mass spectrometry (LC–MS). 
The adsorption of thrombin onto the sorbent was achieved within 30 min and the desorption was realized using 5.0 mL of 
acetonitrile/water (80/20, v/v). The thrombin was quantified by LC–MS according to its characteristic peptide sequence of 
ELLESYIDGR.

Keywords High internal phase emulsion · Thrombin · Aptamer · Sample preparation

Introduction

Solid phase extraction (SPE) has been broadly used for 
sample pretreatment in biological and pharmaceutical 
analysis [1] and a wide variety of materials have been stud-
ied and applied for SPE column preparation. High internal 
phase emulsion (HIPE) is a kind of paste liquid containing 

continuous phase and dispersed phase with extremely high 
viscosity, and the droplets approached  to a polyhedral 
shape [2, 3]. The porous, interoperable, and highly perme-
able materials will be formed after HIPEs are successfully 
polymerized (polyHIPEs) [4]. In recent years, polyHIPEs 
had been approved as an ideal carrier in SPE column for 
separation and purification procedure [5, 6]. Unfortunately, 
the organic monomers and crosslinking reagents in emul-
sions made the polyHIPEs fragile and easy to be collapsed 
in most cases. In order to overcome the shortage, some inor-
ganic and organic particles like graphene oxide (GO) have 
been used and doped into emulsions to form a more robust 
structure and endowed the materials with a large number of 
functional groups [7].

In another aspect, polyHIPE-based SPE columns gener-
ally suffer from poor selectivity towards the target analytes. 
To date, antibodies [8], molecularly-imprinted polymers [9], 
nickel oxide nanoparticle-deposited silica [10], and aptamer 
(Apt) [11] modifications have been developed to improve the 
selectivity of SPE columns. Benefitting from the abundant 
activate functional groups, Apt has attracted great attention 
of scientists because of its specific capture capability for 
the targets [12, 13]. The modification of Apt on substrates 
including electrospinning material [14], organic–inorganic 
hybrid silica material [15], nanospheres [16], and graphene 
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oxide [17], and thus could be tentatively used in biological 
sample pretreatment and proteomic analysis.

Thrombin is the main effector protease in blood coagula-
tion cascade reaction and it is a special serine protease with 
the function of promoting coagulation and anticoagulant 
[18]. At present, most of the methods for thrombin analysis 
were achieved by anchoring aptamers on multifunctional 
substrates such as gold nanoparticles [19, 20], 2D titanium 
carbides (MXenes) [21], silica nanoparticles [22], and cel-
lulose paper [23]. In comparison with other materials for 
thrombin enrichment, the unique morphology and hierar-
chical porosity of polyHIPEs endow the material with good 
permeability and reusability when used as an SPE separation 
for separation. Here, GO hybridized polyHIPEs (polyGO/
HIPEs) were firstly fabricated by polymerizing the continu-
ous and dispersed phases, and then polyGO/HIPEs was ami-
nated and reduced with NaClO, NaOH and ethylenediamine 
(polyrGO-NH2/HIPEs). Finally, the Apt was modified on 
the Apt-polyrGO-NH2/HIPEs by glutaraldehyde activation. 
The Apt-modified polyHIPEs SPE column was applied for 
the specific adsorption of thrombin from serum sample. In 
this work, we described and evaluated the improved per-
formance of Apt-polyrGO-NH2/HIPEs for selective extrac-
tion of thrombin from serum sample and followed by the 
determination by liquid chromatography coupled to mass 
spectrometry.

Materials and methods

Chemicals and reagents

Ethylhexyl acrylate (EHA, 99%), divinylbenzene (DVB, 
98%), sorbitan monooleate (Span 80), acrylamide (AAm, 
99%), ethylenediamine (EDA, 99%), TPCK-trypsin (BAEE 
(N-benzoyl-L-arginine ethyl ester) > 10,000 Unit/mg), 
cytochrome C (≥ 95%), graphite powders (99.95%), and 
azobisisobutyronitrile (AIBN) were obtained from Alad-
din Chemistry Co. Ltd (Shanghai, China). Polyvinylpyr-
rolidone (PVP, K-30) was purchased from Sinopharm 
Chemical Reagent Co. Ltd (Shanghai, China). Myoglo-
bin, human serum albumin, hemoglobin, and myoglobin 
were supplied by Solarbio Science & Technology Co. Ltd 
(Beijing, China). Human α-thrombin was purchased from 
Haematologic Technologies Inc (Vermont, America). The 
aptamer targeting human α-thrombin with an amine termi-
nal group (5’/5AmMC6/-AGT CCG TGG TAG GGC AGG 
TTG GGG TGA CT-3’) was purchased from Sangon Bio-
tech Co. Ltd (Shanghai, China). Anonymized serum sam-
ples were donated from Kingmed Diagnostics Group Co. 
Ltd (Guangzhou, China). Signal polypeptide of thrombin 
ELLESYIDGR was purchased from China Polypeptides Co. 
Ltd (Shanghai, China). Acetonitrile and methanol used in 

this work were HPLC grade and purchased from Dikma Cor-
poration (Guangzhou, China). All reagents and chemicals 
were of analytic or HPLC grade without further purification.

Human α-thrombin was dissolved with  NH4HCO3 buffer 
solution (25 mM, pH 7.4) and stocked at –20 °C. The stock 
solution was thawed at 0 °C before use. The water used in 
this work was purified by ultrapure water system (Yuechun 
Technology Co. Ltd, Chengdu, China).

Characterization

The morphology and microstructure of the materials were 
observed by SU5000 field emission SEM (Hitachi Ltd, 
Japan). The Fourier transform infrared (FT-IR) spectra were 
obtained with IS10 FTIR spectrometer (Thermo Fisher Sci-
entific Co., USA). X-ray photoelectron spectra (XPS) were 
studied with an Axis Ultra DLD (Kratos Ltd, U.K.) paired 
with a monochromatic Al Kα X-ray source (1486.6 eV).

Preparation of Apt‑polyrGO‑NH2/HIPEs SPE column

Preparation of GO referred to Hummer’s method [24], 
detailed steps on the preparation and modification of GO 
and synthesis of polyGO/HIPEs skeleton materials were 
mentioned in Electronic Supplementary Material (ESM). 
After polyGO/HIPEs were prepared, amide groups were 
transformed with the assistance of Hoffman reaction [25]. 
Briefly, 1.0 g of polyGO/HIPEs was initially dispersed into 
10 mL of ice water, 2.0 mL of NaClO (5.5% effective chlo-
rine), and 2.0 mL of NaOH (1.0 mol/L) were added to the 
solution with reacting for 6.5 h in 0 °C, and then the mixed 
solution was gently shaken for another 1.5 h at 70 °C. After 
being cooled to room temperature, the excess NaClO and 
NaOH were removed with ultrapure water, then the poly-
mer was lyophilized at − 50 °C and < 10 Pa for 24 h with 
a freeze dryer (Beijing Boyikang Laboratory Instruments 
Co., China). To ensure the polymer was more stable and 
further aminated, the GO that embedded in polyGO/HIPEs 
was reduced by EDA (GO/EDA = 1/5, w/w) at 85 °C for 
12 h to obtain rGO. Finally, the monolithic polyrGO-NH2/
HIPEs was achieved.

After the monolithic polyrGO-NH2/HIPEs were gently 
crushed, 15 mg of them filled a blank SPE column and cov-
ered with porosity frits. The SPE column was activated by 
10% glutaraldehyde (100 mM PBS solution, pH 8.0, v/v) for 
1 h, 5.0 mL of  NaBH4 (5.0 mg/mL) was circulated through 
the SPE column for 1 h, and followed by cleaning with 
5.0 mL of  NH4HCO3 buffer solution (25 mM, pH 7.4) [15]. 
For Apt modification, 10 nmol of Apt solution  (NH4HCO3, 
25 mM, pH 7.4) was circulated through the SPE column for 
1 h at room temperature, and the unreacted Apt was flushed 
with 25 mMof  NH4HCO3 buffer (pH 7.4). Schematic illus-
tration of the preparation process of Apt-polyrGO-NH2/
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HIPEs and enrichment of the thrombin are shown in ESM 
Fig. S1.

The adsorption and desorption of thrombin

Apt-polyrGO-NH2/HIPEs SPE packed column was rinsed 
with 5.0 mL of  NH4HCO3 buffer (25 mM, pH 7.4), and then 
a suitable amount of standard thrombin was cyclically trans-
ported through SPE columns. After incubation for 30 min 
at room temperature, the column was washed 3 times with 
5.0 mL of ultrapure water to remove unbounded thrombin. 
The bonded thrombin was eluted with 5.0 mL of acetoni-
trile/water (80/20, v/v), and the eluent was collected and 
dried with nitrogen gas at room temperature. Thereafter, 
900 µL of  NH4HCO3 buffer (25 mM, pH 7.4) and 80 µL of 
trypsin solution (2.5 mg/mL,  NH4HCO3, 25 mM, pH 7.4) 
were added to dissolve the residual, and hatched in water 
bath at 37℃ for 20 min for protein digestion. Then, 20 µL 
of acetonitrile/formic acid solution (9/1, v/v) was used to 
terminate the enzymatic reaction. For real sample analysis, 
healthy human serum was diluted 40-fold with  NH4HCO3 
(25 mM, pH 7.4), and 2.0 mL of serum diluent was loaded 
and enriched with SPE procedure. After digestion with 
trypsin, the resulting solution was filtered by a 0.22-µm 
membrane and analyzed by LC–MS.

LC–MS analysis

The thrombin analyses were conducted by LCMS-8050 
mass spectrometer (Shimadzu, Japan) with a Shim-pack 
XR-ODS III (2.2 μm, 2.0 mmi.d × 200 mm, Shimadzu) at a 
flow rate of 0.4 mL/min. A 25℃ column temperature and a 
positive mode were adopted for this work. The mobile phase 
was composed of 0.1% formic acid aqueous solution (A) 
and acetonitrile (B). The elution gradient was as follows: 
0–2 min: 5–10% B; 2–5 min: 10–40% B; 5–6 min: 40–40% 
B; 6–12 min: 40–5% B. Additionally, nebulizing gas flow: 3 
L/min, heating gas: 10 L/min, DL temperature: 250˚C, heat 

block temperature: 400˚C, driving gas flow: 10 L/min. The 
concentration of thrombin was obtained according to the 
intensity of signal polypeptide which was proportional to 
the concentration of thrombin in the calibration equation.

Qualitative and quantitative analyses of thrombin were 
set as follows: precursor mass/charge ratios (m/z) was 597.8, 
and product m/z was 215.15 and 232.25. Precursor ion 
splitting process was monitored as ELLESYIDGR to GR 
which came from m/z of 215.15. In this study, structures of 
α-thrombin (No. NP_001298186.1) are listed in ESM Fig. 
S2; we employed characteristic peptide m/z of 597.80 with 
sequence ELLESYIDGR to quantify thrombin.

Results and discussion

Characterization of composites

To understand the porous characteristic and surface mor-
phology of Apt-polyrGO-NH2/HIPEs, SEM image of the 
polymer was investigated. As shown in Fig. 1a, Apt-pol-
yrGO-NH2/HIPEs show an interconnected open-cell struc-
ture with high porosity, which is an obvious character of 
polyHIPEs materials [26]. The smooth wall of the Apt-pol-
yrGO-NH2/HIPEs material is observed with almost uniform 
pores with diameter of 2.0 µm, which guarantees a rapid 
mass transfer speed.

Chemical characters of the material were testified 
though FTIR analysis. The FT-IR spectrum (Fig. 1b) of 
polyrGO-NH2/HIPEs (II) revealed the C-H stretching 
(2950–2865   cm−1) and bending (1457–1370   cm−1) in 
alkyl chains. The absorption at 1731  cm−1 corresponded 
to C = O stretching vibration. The adsorption at 2721  cm−1 
revealed the presence of aldehyde groups, demonstrat-
ing the successful modification of glutaraldehyde. The 
FT-IR spectrum of polyrGO-NH2/HIPEs also showed 
strong absorption bands from 1003 to 1152  cm−1, which 
belonged to the C-N stretching in the amine groups and 

Fig. 1  Characters of synthesized 
materials. a SEM image of Apt-
polyrGO-NH2/HIPEs; b FT-IR 
spectra of Apt-polyrGO-NH2/
HIPEs (I) and polyrGO-NH2/
HIPEs (II)
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C-O stretching in the hydroxyl groups. After the Apt 
modification, the aldehyde groups induced absorption at 
2721  cm−1 disappeared and the absorption ranging from 
1003 to 1152  cm−1 became much weaker in the FT-IR 
spectrum of Apt-polyrGO-NH2/HIPEs because of the for-
mation of amide groups and the change of nitrogen con-
tent in the material. We tried to use the P-O, P = O, and 
O = P-OH induced absorption bands to give more direct 
evidence for illustrating the Apt modification; however, 
the overlap of these absorption bands with other functional 
groups in the FT-IR spectra made it difficult to provide 
convincing results.

High-resolution  P2p XPS analysis was performed to pro-
vide more insight on the chemical composition of Apt-pol-
yrGO-NH2/HIPEs. Peaks of  P2p assigned to the phosphate 
groups from Apt were found in the Apt-polyrGO-NH2/
HIPEs (Fig. 2a), whereas  P2p peak could not be found in 
polyrGO-NH2/HIPEs (Fig. 2b). This observation illus-
trated that the Apt had been successfully immobilized to 
the polymer material. The survey scan in Fig. S3 shows 
that the presence of elemental peaks for C, N, O, and P. 
High-resolution  C1s,  N1s, and  O1s spectra for polyrGO-
NH2/HIPEs and Apt-polyrGO-NH2/HIPEs are illustrated 
as ESM Figs. S4, S5, and S6. The nitrogen in polyrGO-
NH2/HIPE was mainly assigned to amine nitrogen and 
amide nitrogen (399.7 eV). The peaks at 398.7 eV and 
400.6 eV were reasonably assigned to pyridinic-N and pyr-
role-N, respectively, which presumably derived from rGO 
(PVP modification and reduction by ethylenediamine). The 
nitrogen in Apt-polyrGO-NH2/HIPE was still dominated 
by amine nitrogen and amide nitrogen, and the increase in 
the component at lower binding energy might be caused 
by the increase of pyridine- and lactam-N contents in Apt 
[27, 28].

Improvement and specific adsorption of thrombin 
on Apt‑polyrGO‑NH2/HIPEs

The adsorption of thrombin on Apt-polyrGO-NH2/HIPEs 
was mainly attributed to the specific adsorption between 
Apt and thrombin because of specific 3D folded structure 
of Apt, as previously described [29]. In this work, polyrGO-
NH2/HIPEs, Apt-polyHIPEs, and Apt-polyrGO-NH2/HIPEs 
were arranged to perform adsorption experiments under the 
same conditions and the adsorption efficiencies were 10.7%, 
65.2%, and 85.6%, respectively (Fig. 3a). The adsorption 
efficiency increased by more than 70% after modification 
of Apt, which demonstrated that one strand of doped Apt 
has high binding affinity to a thrombin fragment because 
of homologous sequence [30]. On the other hand, the rGO 
doped material could improve the adsorption efficiency as 
compared with non-rGO in the presence of Apt. One expla-
nation for this difference was that the carboxyl groups on the 
pristine GO provided additional active sites for Apt modifi-
cation and thrombin adsorption (ESM Fig. S1). In a word, 
the rGO doping and Apt modification greatly improve the 
extraction efficiency of thrombin.

The abundant matrixes in biological sample generally 
greatly interfered the specific adsorption of thrombin; 
thus, we monitored the effect of anti-interference abil-
ity on the adsorption of thrombin by Apt-polyrGO-NH2/
HIPEs. Several proteins including myoglobin (pI 7.07), 
human serum albumin (pI 4.7 ~ 4.9), hemoglobin (pI 7.23), 
and cytochrome C (pI 4.47 ~ 4.57) were selected and stud-
ied. Herein, the interference of myoglobin, human serum 
albumin, hemoglobin, and cytochrome C was evaluated by 
directly testing the adsorption efficiency of thrombin in the 
coexistence of these substrates. As shown in Fig. 3b, the 
adsorption efficiency to thrombin decreased by 17.01% in 

Fig. 2  XPS spectra of Apt-polyrGO-NH2/HIPEs (a) and polyrGO-NH2/HIPEs (b)
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the presence of these interferents compared with the control 
experiment. The result indicates the slight influence of myo-
globin, human serum albumin, hemoglobin, and cytochrome 
C on selective capture of thrombin to Apt-polyrGO-NH2/
HIPEs. The relatively lower adsorption efficiency of the Apt-
polyrGO-NH2/HIPEs in the interference experiment was 
ascribed to the interaction of the charges between thrombin 
and the extraneous proteins [31].

Optimization of adsorption and desorption 
conditions

Extraction time was one of fundamental parameters that 
governed the efficiency of the process, and a rapid adsorp-
tion process was highly favored. As seen in Fig. 4a, the 
adsorption efficiency to thrombin increased with adsorption 
time from 10 to 30 min, and tended to plateau after 30 min. 
Therefore, 30 min was chosen as the optimum adsorption 
time for the following operations.

A reasonably designed enrichment volume could achieve 
satisfactory adsorption efficiency of material against target 
during the enrichment process. The various volumes of 
enrichment solutions that ranged from 1.0 to 10.0 mL con-
taining 200 ng of thrombin were tested. Figure 4b revealed 
that the adsorption of thrombin increased with the enrich-
ment volume from 1.0 to 5.0 mL then decreased from 5.0 
to 10.0 mL. The high concentration of thrombin at a small 
volume enhanced the electrostatic interaction and steric 
blocking between Apt-polyrGO-NH2/HIPEs and thrombin, 
which weakened the thrombin adsorption [32]. The adsorp-
tion efficiency gradually decreased after reaching the maxi-
mum, which might be because the capture of thrombin was 
more difficult for Apt-polyrGO-NH2/HIPEs in low concen-
trations of thrombin.

Eluent was a critical factor in the SPE process and polar-
ity of the solution would affect the interaction between 
aptamers and proteins. The elution efficiency of the throm-
bin was investigated using different volume ratios of ace-
tonitrile/water eluents (Fig. 4c). As the concentration of 
acetonitrile increased, the desorption efficiency of thrombin 

gradually increased and then approached to plateau beyond 
80% acetonitrile (v/v). The effect of desorption volume was 
studied by comparing the desorption efficiency for the same 
content of analytes in 1.0, 2.0, 4.0, 5.0, and 6.0 mL ace-
tonitrile/deionized water (80/20; v/v). Figure 4d shows that 
the desorption efficiency increased with the increase of the 
eluent volume that ranged from 1.0 to 5.0 mL, and the des-
orption efficiency showed little changes when the volume 
was greater than 5.0 mL. To achieve a better desorption of 
thrombin from Apt-polyrGO-NH2/HIPEs column, the eluent 
used for the subsequent experiments was 5.0 mL of acetoni-
trile/deionized water (80/20; v/v).

In this study, the concentration and time for thrombin 
hydrolysis were studied because they directly affected 
the determination of thrombin. As plotted in Fig. 4e, the 
peak area of characteristic polypeptides decreased with the 
increase of trypsin concentration (0.3–1.0 mg/mL). The 
reason for this trend was that polypeptides after hydroly-
sis were further digested under the high concentration of 
trypsin; hence, the target could not be detected by LC–MS. 
In addition, the peak area was enhanced by extending the 
time for thrombin hydrolysis (from 5 to 20 min) when the 
concentration of trypsin was 0.2 mg/mL, and there were no 
apparent changes after 20 min. According to the experimen-
tal results, we concluded that thrombin shall be hydrolyzed 
under 0.2 mg/mL of trypsin for 20 min prior the detection 
by LC–MS.

Method validation and confirmation

Serum samples were pretreated with Apt-polyrGO-NH2/
HIPEs every day for 1 month to research the stability of 
the material, the recoveries of thrombin remained between 
65.1 and 70.5%, and the RSD was 8.7%. The recovery 
of thrombin maintained at around 68% even after 30 
times recycling. These results demonstrated that the 
Apt-polyrGO-NH2/HIPEs have good stability and intrin-
sic selectivity of aptamers to thrombin. In addition, the 
calibration curves for different concentrations of throm-
bin are depicted in ESM Table S1. The peak area was 

Fig. 3  The effect of different 
materials on adsorption rate 
of polyrGO-NH2/HIPEs, Apt-
polyHIPEs, and Apt-polyrGO-
NH2/HIPEs, respectively (a). 
Selectivity of Apt-polyrGO-
NH2/HIPEs for thrombin (b), 
concentration of thrombin, myo-
globin, human serum albumin, 
hemoglobin, and cytochrome C 
in 2.0 mL enrichment solution 
was 100 ng/ mL and the mass of 
the material was 15.0 mg

1557Aptamer functionalized and reduced graphene oxide hybridized porous polymers SPE coupled…



1 3

directly proportional to the thrombin concentration within 
the range from 25 to 400 ng/mL with LOD of 1 ng/mL 
(R2 = 0.9997), which exhibited the high sensitivity of this 
method for quantitative detection of thrombin in serum 
sample.

Compared with previous reports on the aptamer function-
alized adsorbent for thrombin enrichment and determination 
(summarized in Table 1) [14, 22, 33–35, 36], our method 
presented an excellent performance in shortening the extrac-
tion time in virtue of the hierarchical structure and good 
permeability of Apt-polyrGO-NH2/HIPEs. The combination 
of high selectivity of Apt-polyrGO-NH2/HIPEs to thrombin 

and the low detection limit of LC–MS served as an efficient 
method for thrombin assay.

Application of complex sample and LC–MS analysis

In order to locate the target quickly and conveniently, 
extracted ion chromatograms were obtained for quan-
titative and qualitative identification of the target. The 
extracted ion chromatograms of signal peptides at different 
concentrations are illustrated in Fig. 5. The MS/MS spec-
tra of [M +  2H]2+ of ELLESYIDGR (m/z 597.80) from 
database searching and the chromatogram of hydrolyzed 

Fig. 4  Effect of adsorption time 
(a) and enrichment volume (b) 
on adsorption efficiency. Effect 
of acetonitrile concentration 
(c) and desorption volume (d) 
on desorption of thrombin. 
Peak areas of enzyme hydroly-
sis solution under different 
concentrations of trypsin and 
time of enzyme hydrolysis (e). 
The mass of the material was 
15.0 mg
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products by enzyme (50.0 ng/mL) are shown in ESM Fig. 
S7 and Fig. S8, respectively.

The inhibitors in serum could lead to a low recovery of 
spiked thrombin. Appropriate dilution of serum solution 
could reduce the complex background and enhance the 
recovery rate [37]. In order to examine if the developed 
method was suitable for analysis of a complicated sam-
ple, several amounts of thrombin were added into 40-fold 
diluted human serum for standard addition experiments. 
The spiked recoveries of thrombin were within the range 
of 53.8–66.0% (as presented in Table 2), which declared 
that this assay might have great potential for clinical use. 
Anyway, the recoveries were not the best; we would con-
tinue to optimize experimental factors such as the doping 
ratio of rGO and the type of eluent solvent in future exper-
iments to achieve more efficient desorption of thrombin 
from the sorbent.

Conclusions

In this work, we have successfully developed Apt-mod-
ified polyrGO-NH2/HIPEs SPE adsorbent coupled with 
LC–MS for adsorption and determination of thrombin 
in human serum. The rGO doping and Apt modification 
enhanced the adsorption efficiency as well as the selectiv-
ity of Apt-polyrGO-NH2/HIPEs packed column to throm-
bin. The 3D macroporous structure of Apt-polyrGO-NH2/

Table 1  Analytical performances of various methods for the determination of thrombin

In this work, Mthrombin = 36 kDa

Adsorbent Analytical technique Extraction 
time (min)

Linear range
(ng/mL)

Detection limit 
(ng/mL)

Ref

Aptamer-electrospun microfibers LC–MS/MS 60 18–1800 10.8 [14]
Aptamer-mesoporous silica nanoparticles Fluorescence 40 50–1000 28.5 [22]
Magnetic graphene/Au nanoparticles-aptamer MALDI-TOF–MS 60 100–10,000 85 [33]
Mass barcode-dual aptamer-Au nanoparticles LC–MS/MS 120 1.8–360 25.2 ×  10–2 [34]
Magnetic nanobeads-aptamer-signal probe Colorimetric-electrochemical 120 36–360,000 12.6 [35]
Aptamer-silver nanoparticles-graphene oxide Electrochemical 60 1.8–180 1.08 [36]
Aptamer-polyrGO-NH2/HIPEs LC–MS 30 25–400 1 this work

Fig. 5  Extraction ion chromato-
grams of the signal polypeptide

Table 2  The recovery results for thrombin (N = 3)

Original 
(ng/mL)

Spiked (ng/
mL)

Found (ng/mL) Recovery (%) RSD (%)

46.0 20.0 59.2 66.0 4.50
40.2 50.0 69.4 58.4 2.81
43.9 80.0 86.9 53.8 3.48

1559Aptamer functionalized and reduced graphene oxide hybridized porous polymers SPE coupled…



1 3

HIPEs enabled the fast mass transfer and facilitated the 
rapid adsorption of thrombin. In short, we have proposed 
a method coupling the selective enrichment by Apt-
polyrGO-NH2/HIPEs and the highly sensitive determi-
nation by LC–MS for effective analysis of thrombin in 
human serum. We envision that this assay will meet the 
requirements of clinical medicine and contribute to the  
disease diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 021- 03776-9.
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