
Analyst

PAPER

Cite this: Analyst, 2016, 141, 4961

Received 25th April 2016,
Accepted 3rd June 2016

DOI: 10.1039/c6an00957c

www.rsc.org/analyst

Preparation of an aptamer based organic–
inorganic hybrid monolithic column with gold
nanoparticles as an intermediary for the
enrichment of proteins†

Jin-cheng Zhao, Qing-yun Zhu, Ling-yu Zhao, Hong-zhen Lian* and
Hong-yuan Chen

A novel strategy for the preparation of an aptamer based organic–inorganic hybrid affinity monolithic

column was developed successfully using gold nanoparticles (GNPs) as an intermediary for a sandwich

structure to realize the functional modification of the surface of the monolithic matrix. This monolithic

matrix was facilely pre-synthesized via one-step co-condensation. Due to the high surface-to-volume

ratio of GNPs and the large specific surface area of the hybrid matrix, the average coverage density of

aptamers on the hybrid monolith reached 342 pmol μL−1. With the combination of an aptamer based

hybrid affinity monolithic column and enzymatic chromogenic assay, the quantitation and detection limits

of thrombin were as low as 5 nM and 2 nM, respectively. These results indicated that the GNPs attached

monolith provided a novel technique to immobilize aptamers on an organic–inorganic hybrid monolith

and it could be used to achieve highly selective recognition and determination of trace proteins.

1. Introduction

Aptamers have shown an increased exploration in life science
because of their advantages over antibodies such as easier
modification and immobilization, better stability and higher
reproducibility.1–4 In separation science, aptamers have
already been used as affinity ligands on stationary phases such
as capillary columns to achieve the separation and determi-
nation of target analytes.

To date, three types of capillary columns, including packed
columns,5,6 open tubular capillaries7 and monolithic
columns,8–14 have been developed for aptamer immobilization.
Among monolithic columns, organic–inorganic hybrid mono-
lithic columns prepared by a sol–gel reaction were preferred in
some fields because of some advantages, such as large specific
surface area, good biocompatibility and high mechanical stabi-
lity in comparison with classical inorganic silica and organic
polymer monolithic columns.11,14,15

However, there exists some limitations for immobilization
on monoliths, such as the lack of monomers with certain func-
tional groups, key functional groups being buried within the
monolithic matrix and the re-optimization of reaction con-
ditions for new monomers.16 To break through these limit-
ations, two main methods had been applied to monolithic
columns. They were chemical modification8,11–14 and grafting
of functional molecules9,10 on the surface of the monolithic
column. Via these ways, different surface chemical properties
could be obtained on the same monolithic matrix.

Moreover, a new method of surface modification was modi-
fication with nanoparticles such as gold nanoparticles
(GNPs).17 GNPs have been studied for a long period of time,
due to their good characteristics such as high surface-to-
volume ratio, good biocompatibility, good stability, ease of
modification and ease of preparation.18 Paull et al. developed
GNPs modified with a poly(butyl methacrylate-co-ethylene
dimethacrylate) porous polymer monolith via grafted polymer
chains terminated with amine groups19 and GNPs modified
ethylene dimethacrylate (EDMA) based porous polymer mono-
lith functionalized with lectin to achieve glycoprotein iso-
lation.20 They also prepared a GNP modified EDMA based
polymer monolith to realize the reduction of hexacyano-
ferrate.21 Svec et al. developed a GNP modified poly(glycidyl
methacrylate-co-ethylene dimethacrylate) monoliths with
various functional modifications to achieve separation of
different peptides and proteins16,22,23 and to make reusable
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bioreactors.24 They also prepared another type of nanoparticle
modified monolith, a GNP modified poly(4-methylstyrene-co-
vinylbenzyl chloride-co-divinylbenzene) monolith, functiona-
lized with zwitterionic cysteine for the separation of nucleo-
sides and peptides.25 Almost at the same time, Ye et al.
developed a GNP modified silica monolith functionalized with
octadecanethiol for capillary electrochromatography (CEC),
which exhibited typical reversed-phase electrochromatographic
behavior towards neutral solutes.26 They also prepared a GNP
modified silica monolith functionalized with bovine serum
albumin for the CEC enantioseparation of numerous phenyl-
thiocarbamyl amino acids.27 In addition, they proposed a
GNP modified silica monolith functionalized with ionic
liquids (1-methyl-2-mercapto-3-butylimidazolium bromide) for
the separation of polar compounds.28 Recently, Zhang et al.
developed a GNP modified poly(glycidyl methacrylate-co-poly
(ethylene glycol) diacrylate) monolith for glycoprotein enrich-
ment by attaching 4-mercaptophenylboronic acid with
2-mercaptoethylamine.29

However, to the best of our knowledge, the previous reports
focused on the silica and polymer monolithic columns and
very little research about nanoparticle modified organic–in-
organic hybrid monolithic columns was published. Moreover,
a GNP modified organic–inorganic hybrid monolith functiona-
lized with aptamers has not been reported to date. The
organic–inorganic hybrid monolith possesses the combination
of both silica and polymer monoliths with ease of preparation,
good mechanical stability and good pH stability, which can
broaden the application fields of GNPs attached to mono-
liths.15 GNPs can be covalently attached onto the surfaces
bearing amino, thiol or cyano functional groups due to the
strong affinity of gold for these groups.30 Usually, there were
no amino, thiol or cyano functional groups on the surface of
both silica and polymer monoliths. Therefore, before gold
nanoparticles modification, the silica and polymer monoliths
need further chemical modification.19–29 However, an organic–
inorganic hybrid monolith with amino, thiol or cyano func-
tional groups could be prepared via one-step co-conden-
sation,11,15,31,32 which could simplify the preparation process
of the GNP modified monolith.

Thrombin is a common and important protein that cata-
lyzes many coagulation-related reactions for blood clotting.
Some diseases, including pulmonary metastasis, the diseases
associated with coagulation abnormalities, and synovial
inflammation, can be diagnosed via the detection of throm-
bin.33,34 However, the content of thrombin is extremely low in
blood. Thus, a practical and efficient method for the determi-
nation of trace amounts of thrombin is necessary. To date,
many assays and biosensors based on aptamer have been deve-
loped for the detection of thrombin.35–39

In this present study, a novel protocol for enrichment and
determination of thrombin was successfully developed, which
is based on gold nanoparticles attached to an organic–in-
organic hybrid monolith prepared via one-step co-conden-
sation functionalized with the thrombin aptamer. Due to
enrichment of the monolith and enzyme amplification, this

approach showed excellent specificity and high sensitivity for
trace thrombin proteins.

2. Experimental
2.1. Chemicals and materials

Cetyltrimethylammonium bromide (CTAB, 98+%) was pur-
chased from TCI (Tokyo, Japan). (N-(2-Aminoethyl)-3-amino-
propyl)tris-(2-ethoxy)silane (AEAPTES, 98%), Chloroauric acid
(HAuCl4·4H2O) and sodium perchlorate (NaClO4) were pur-
chased from Sinopharm Chemical Reagent Co. (Nanjing,
China). Tris(hydroxymethyl) aminomethane (Tris) was pur-
chased from Biosharp Co. (Seoul, Korea). Tetraethoxysilane
(TEOS, 98%) and tris(2-carboxyethyl) phosphine, hydro-
chloride (TCEP, 99%) were purchased from J & K Technology
Co. (Shanghai, China). All other chemicals were analytical
grade. Deionized water (18.25 MΩ cm) obtained from a Milli-Q
water system (Millipore, Bedford, MA, USA) was used through-
out the experiment.

Human α-thrombin and its chromogenic substrate N-P-
tosyl-Gly-Pro-Arg-p-nitroanilide acetate (Product No. T1637,
denoted as T1637 in this work) were both obtained from
Sigma Aldrich (Shanghai, China). Human serum albumin
(HSA), human immunoglobulin (IgG), and lysozyme (Lyz) were
purchased from Sengon Biotech. Co. (Shanghai, China). The
aptamer against human α-thrombin (5′-AGT CCG TGG TAG
GGC AGG TTG GGG TGA CT-3′) with 5′-end modified by –SH
through a C6-carbon spacer arm, was synthesized and purified
by Sangon Biotech. Co. (Shanghai, China).

All the oligonucleotides solutions (100 μM) were prepared
in a 10 mM Tris-HCl buffer solution (1 mM KCl, 140 mM
NaCl, pH 7.4) and stored at −20 °C. Human α-thrombin was
prepared as a 1.0 μM aqueous solution and was subsequently
divided into 0.5 mL aliquots and then placed into 1.5 mL cen-
trifuge tubes stored at −20 °C.

2.2. Instrumentation

All the proteins and aptamers were measured on a NanoDrop
2000C UV–Vis spectrophotometer (Thermo Fisher Scientific,
Pittsburgh, PA, USA). During the extraction process, the solu-
tion was introduced into the monolith column via syringes
and a syringe infusion pump (LSP04-1A, LongerPump, Hebei,
China). Fourier transform infrared (FT-IR) spectra were
obtained using a FT-IR spectrometer (Nexus 870, Nicolet,
Madison, USA). Scanning electron microscopy (SEM) images
were obtained using a scanning electron microscope (Hitachi
S-3000N, Tokyo, Japan), a field emission (FE) scanning elec-
tron microscope (JSM-7600F, JEOL, Japan) and desktop scan-
ning electron microscope (Phenom ProX, Phenom World,
Holland). Energy dispersive X-ray spectroscopy (EDS) was per-
formed via an energy dispersive X-ray detector on a desktop
scanning electron microscope (Phenom ProX, Phenom World,
Holland). Transmission electron microscopy (TEM) images
were taken on a transmission electron microscope (JEOL
JEM-200CX, Tokyo, Japan).
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2.3. Preparation of AEAPTES-silica hybrid monolithic
capillary column

The fused-silica capillary (Reafine Chromatography Ltd,
Hebei, China) with 530 μm i.d. and 690 μm o.d. was used to
prepare the monolithic column. Prior to the preparation, the
capillary was activated at room temperature with 1.0 M
sodium hydroxide for 4 h, water for 30 min, 1.0 M hydrochloric
acid for 4 h, water for 30 min and methanol for 30 min in
turn. Then, it was dried by nitrogen for 12 h at room
temperature.

The AEAPTES-silica monolithic column was prepared by the
following procedure based on the previously reported method
with minor modifications.31 First, 225 μL ethanol, 75 μL water
and 22.2 mg CTAB were mixed together. Furthermore, 160 μL
TEOS and 40 μL AEAPTES were added to the mixture. Then,
the solution was vortexed at room temperature for 30 s and
subsequently ultrasonicated at 0 °C for 30 s before being intro-
duced into the abovementioned pre-treated capillary. Then,
with both ends sealed by silicon rubber, the capillary was
placed into an oven at 40 °C for 20 h. The capillary was then
rinsed with ethanol and water to remove impurities.

2.4. Preparation of aptamer-modified gold nanoparticles

Gold nanoparticles were functionalized with the thiolated
aptamer using a modified procedure based on previous
research.40 In brief, 20 μL of thiolated aptamer (100 μM) was
added with 30 μL of 5 mM TCEP. The mixture was incubated at
room temperature for 1 h to reduce some disulfide formation
and produce more free thiol groups. This solution was then
mixed with 1 mL of the gold nanoparticle solution. The
mixture was first vortexed at room temperature for 1 min and
then preserved at 4 °C for 16 h. Then, after 50 μL of 2 M NaCl
was added, the solution was stored at 4 °C for another 24 h.
The final concentration of the aptamer-modified GNP solution
was about 8 nM, based on absorbance measured at 520 nm
(calculating the GNPs concentration via Beer’s Law and a
molar absorptivity at 520 nm of 2.7 × 108 L mol−1 cm−1). The
aptamer-modified GNP solution can be stored at 4 °C for a
long time.

2.5. Preparation of aptamer@GNP@AEAPTES-silica hybrid
monolithic column

The aptamer-modified GNP solution was pumped through the
AEAPTES-silica monolithic column (2 cm effective length) at a
flow rate of 10 μL min−1 to make an affinity monolithic
column. The process went on until the entire column became
deep red and a light red solution was observed from the end of
the capillary. The column was then rinsed thoroughly with
water and a Tris-HCl buffer solution to remove impurities. The
GNP modified monolithic column was prepared in the same
way. When not in use, the aptamer@GNP@AEAPTES-silica
hybrid monolith column and the GNP attached monolithic
column should be sealed by silicon rubber to maintain
stability.

2.6. Standard curve of thrombin based on enzymatic
chromogenic assay

Because the UV-Vis absorbance of thrombin itself is very low,
we took a simple and rapid spectrophotometric method from
our previous report,14 with the chromogenic substrate to
strength the absorbance signal. The thrombin stock solution
was first diluted with a Tris-HCl buffer solution (1 mM KCl,
140 mM NaCl, pH 7.4) into standard thrombin solutions of
different concentrations (0.025–0.25 μM). Then, 5 μL of each
solution was separately mixed with 2.5 μL of a 0.5 mM T1637
solution and incubated at 37 °C for 2 h. Finally, the absor-
bance of each solution mixture was measured at 405 nm on
the UV-Vis spectrophotometer. Based on this method, the
standard curve of thrombin was drawn.

2.7. Enrichment of thrombin on aptamer@GNP@AEAPTES-
silica hybrid monolithic column

The aptamer@GNP@AEAPTES-silica hybrid monolithic
column was utilized for enriching thrombin proteins. The
whole thrombin-enrichment procedure was as follows: first,
the thrombin solution was diluted with a Tris-HCl buffer solu-
tion into different concentration thrombin solutions
(0.005–0.025 μM). Furthermore, the column was precondi-
tioned by injecting 100 μL of the Tris-HCl buffer solution.
Then, 1.0 mL of the thrombin solution of the different concen-
trations were introduced into the column at 5 μL min−1. Then,
100 μL of the Tris-HCl buffer solution was injected into the
monolithic column to remove the impurities. Finally, 200 μL
of a NaClO4 solution (1 M) was pumped into the column to
elute thrombin. All the effluent solutions were collected in cen-
trifuge tubes respectively and then the thrombin in these solu-
tions was detected via the mentioned enzymatic chromogenic
assay.

To detect the maximum adsorption capacity, a 0.25 μM
thrombin solution was introduced into both the aptamer
based hybrid column and the GNP attached column at
5 μL min−1. The effluent solutions were collected and then
thrombin was detected via the mentioned enzymatic chromo-
genic assay.

2.8. Specificity test and recovery of human α-thrombin in
human serum

We chose three proteins, human HSA, human IgG and Lyz, as
interfering proteins and used a similar procedure for the
extraction and determination of thrombin. These interfering
proteins, whose concentrations were all 1.0 mg mL−1, were
tested both independently and along with 0.05 μM thrombin.
First, 500 μL of these proteins and then the mixed solutions
were introduced through the aptamer affinity column at
5 μL min−1. Then, the column was rinsed by 200 μL of the
Tris-HCl buffer solution to remove the non-specific proteins.
Finally, it was eluted by 200 μL of NaClO4. The effluent solu-
tions were collected and then thrombin was detected via the
mentioned enzymatic chromogenic assay.
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To test the applicability of the aptamer@GNP@AEAPTES-
silica hybrid monolithic column in a complex sample, a 50-
fold diluted human serum with buffer solution spiked with
0.05 μM thrombin was used as a sample and tested by the
same procedure for the extraction and determination of throm-
bin. The mixed solution was introduced into the column at
5 μL min−1, rinsed by 200 μL of the Tris-HCl buffer solution,
and eluted by 200 μL of NaClO4. The effluent solutions were
collected and then thrombin was detected via the mentioned
enzymatic chromogenic assay.

3. Results and discussion
3.1. Preparation and characterization of
aptamer@GNP@AEAPTES-silica hybrid monolithic column

As shown in scheme Fig. 1A, the organic–inorganic hybrid
monolithic column was prepared by a sol–gel reaction in the
capillary. TEOS and AEAPTES were utilized as precursors and
CTAB was chosen as the template. Water and ethanol were
used as co-solvents. The morphology and pore size of the
hybrid monolithic column was visualized from SEM in
Fig. S-1.† It could be observed that the capillary was filled with
the homogenous monolithic matrix, well attaching to the
inner wall of the capillary. It had a porous structure with
obviously large through-pores, which was beneficial to provide
good permeability. According to the FT-IR spectrum of the
hybrid monolithic column in Fig. 2, characteristic bands of
the C–N stretching vibration at 1470 cm−1 and the N–H stretch-
ing vibration at 1630 cm−1 demonstrated the successful in-
corporation of amino groups into the matrix. According to
energy dispersive X-ray spectroscopy (EDS) measurements in
Fig. 3-A3, the nitrogen content was about 13.3% (w/w). It
means that there were enough amino sites for GNP immobili-
zation on the amine functionalized hybrid monolithic column.

Due to the free amino groups on the surface of the hybrid
monolith matrix, the aptamer-modified GNPs were attached to
the monolith surface via covalent bond. From FE-SEM in
Fig. 3-A1–C1, the surface structure of the monolith matrix was
shown clearly. After modifying with GNPs or aptamer@GNPs,
the surface structure dramatically changed. To further prove
the attachment of the GNPs, SEM images without being
sprayed with Pt were shown in Fig. 3-A2–C2. It is clear that the
surface was covered with both GNPs and aptamer-modified
GNPs (white spots). Even after long-time rinsing, the distri-
bution of GNPs was maintained, which indicates that the
attachment of the GNPs was robust and stable. According to
EDS in Fig. 3-B3 and C3 of the GNP@AEAPTES-silica monolith
and aptamer@GNP@AEAPTES-silica monolith, the Au con-
tents were 40.7% and 74.9% (w/w), respectively, which further
proved the high presence of GNPs.

Fig. 1 Scheme for the preparation of AEAPTES- (A) and aptamer@GNP@AEAPTES- (B) silica hybrid monolithic capillary columns.

Fig. 2 FT-IR spectra of the hybrid monolith, GNP@AEAPTES-silica
hybrid monolith and aptamer@GNP@AEAPTES-silica hybrid monolith.
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Herein, as illustrated in the scheme in Fig. 1B, GNPs were
used as an intermediary for a sandwich structure to realize the
functional modification of the monolithic matrix surface, because
it could be covalently attached to the monolith via the amino
group and covalently attached to the aptamer via thiol group.30,40

The presence of the bonds are demonstrated by the weakening of
the characteristic peaks of the amino group at 1470 cm−1 in Fig. 2
and the red-shift of the aptamer-modified GNP UV-Vis spectrum
compared with the GNP solution in Fig. S-2.†

From the FT-IR spectrum of the aptamer@GNP@AEAPTES-
silica monolith in Fig. 2, a characteristic peak at 2854 cm−1,
corresponding to heterocycle of aptamer, was stronger than
the other two. EDS also revealed the presence of the element P
(approx. 0.1% (w/w)) and S (approx. 0.1% (w/w)), which should
come from the HS-aptamer. Furthermore, after modification
on the monolith matrix, the absorbance of the effluent solu-
tion at 260 nm (0.013 ± 0.002) was much lower than the origi-
nal one. Those results demonstrated that the aptamer was
successfully immobilized on the hybrid monolith via the
GNPs. Moreover, the absorbance of the aptamer at 260 nm had
a good linear relationship with the concentration (y = 0.029x −
0.0013, 0.1 μM ≤ x ≤ 0.4 μM, R2 = 0.9999) according to
Fig. S-3A.† As a result, by calculating the concentration of
aptamer in solution before and after modification and the
volume of the solution (approx. 0.5 mL GNPs solution per cm),
the coverage density of the aptamer modified on the monolith
was 342 pmol μL−1, which was higher than other normal modi-
fication methods, 290 pmol μL−1 (ref. 8) and 164 pmol μL−1,10

although slightly lower than the “thiol–ene” click chemistry
method, 420 pmol μL−1.14

In summary, it provided a novel and effective proposal for
the preparation of an aptamer based affinity monolithic
column.

3.2. Evaluation of the aptamer@GNP@AEAPTES-silica hybrid
monolithic column on thrombin enrichment and
determination

The enzymatic chromogenic assay helped to lower the detec-
tion limit (DL) via UV-Vis spectrophotometer. According to the
standard curve (Fig. S-3B†), the absorbance had a good linear
relationship with the concentration of thrombin (y = 0.89x −
0.0027, 0.025 μM ≤ x ≤ 0.25 μM, R2 = 0.9974), which is the
basis of the whole determination method. The quantitation
limit (QL) of this assay, based on 10 times the signal-to-noise
ratio, was 0.025 μM.

To achieve trace determination, an aptamer@GN-
P@AEAPTES-silica hybrid monolithic column was used to
enrich thrombin. Based on this enrichment procedure, we
could further increase the determination sensitivity. More
importantly, according to Fig. 4, we could find that the absor-
bance of thrombin after enrichment also had a good linear
relationship with its concentration (y = 3.84x − 0.0028,
0.005 μM ≤ x ≤ 0.025 μM, R2 = 0.9977). This means that the QL
was as low as 5 nM. Moreover, by this method, the DL, based
on 3 times the signal-to-noise ratio, was reduced to 2 nM,
which was lower than other similar methods based on UV
spectrophotometer, 3.4 nM (ref. 11) and 140 nM.9 Moreover,
the overall recovery of this method was more than 80% and
the enrichment coefficient was up to 5.

The maximum adsorption capacity of thrombin on the
aptamer based monolith was calculated to be about 91 pmol
μL−1 from the Fig. S-4,† whereas the adsorption on the
GNP@AEAPTES-silica hybrid monolithic column was very low,
which implies that nonspecific adsorption could be ignored.

In addition, after comparative analysis, the flow rate was
ultimately chosen to be 5 μL min−1. According to Fig. 5A,
when the flow rate was greater than 5 μL min−1, the adsorption
ratio, i.e., the proportion of thrombin adsorbed on the mono-

Fig. 3 SEM images of the structure of the hybrid monolith,
GNP@AEAPTES-silica hybrid monolith and aptamer@GNP@AEAPTES-
silica hybrid monolith respectively on the field emission scanning elec-
tron microscope (×20 000) (A1, B1, C1.) and on the desktop scanning
electron microscope (×20 000) (A2, B2, C2); EDS of the hybrid monolith,
GNP@AEAPTES-silica hybrid monolith and aptamer@GNP@AEAPTES-
silica hybrid monolith (A3, B3, C3).

Fig. 4 UV-Vis absorbance at 405 nm of thrombin solutions at different
concentrations after the enrichment process via the enzymatic chromo-
genic assay. Flow rate: 5 μL min−1; effective column length: 2 cm;
sample volume: 1 mL; elution volume: 200 μL.
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lith to the overall thrombin pumped into the column,
decreased and the column back-pressure increased, which
would reduce the efficiency and the stability of the method.
When the flow rate was less than 5 μL min−1, the operation
would take too long. The volume of the elution solution
(NaClO4) was selected to be 200 μL. According to Fig. 5B, when
the elution volume was less than 200 μL, the recovery was too
low to meet the requirement. When it was greater than 200 μL,
the enrichment effector and the determination sensitivity were
reduced.

In summary, a novel strategy for the enrichment and deter-
mination of trace thrombin was successfully developed using a
UV-Vis spectrophotometer in combination with an aptamer
based hybrid column and enzyme reaction.

3.3. Specificity test and recovery of human thrombin in
serum sample

To test the specificity of the assay for thrombin, three proteins,
including HSA, IgG and Lyz, were chosen as interfering pro-
teins. As shown in the Fig. 6, the absorbance signals of HSA,

IgG and Lyz were all so weak that they were almost as weak as
that of the blank. Moreover, the absorbance signal in the pres-
ence of the interfering proteins was almost the same as with
the buffer solution. These phenomena indicated that the
chosen proteins could not be captured by the column and did
not cause obvious interference for the enrichment and deter-
mination of thrombin.

We also tried the recovery of thrombin in a more complex
real sample, 50-fold diluted human serum. As shown in the
Fig. 6, the recovery of the human α-thrombin at the experi-
mental conditions was 89.9% with a relative standard devi-
ation of 6.1%. It showed the applicability of this assay for
human α-thrombin in complex samples.

4. Conclusion

A facile and efficient protocol was proposed to immobilize
aptamers targeting human α-thrombin on an organic–
inorganic hybrid silica monolithic capillary column. The most
interesting aspect of this study is the use of GNPs as an inter-
mediary for the sandwich structure. Another one is the one-
step preparation of the monolithic matrix, which largely facili-
tated the preparation of the GNP modified monolith. With the
combination of the aptamer based hybrid affinity monolithic
column and enzymatic chromogenic assay, the enrichment
effector was improved and the determination sensitivity was
increased. The proposal was easily accepted because the appar-
atus and materials were common and easily accessible during
the experimental process. This study provides a new type of
application for GNPs with the functionalization of an organic–
inorganic hybrid monolithic column, including an aptamer
affinity monolithic column, which is relatively small to be pub-
lished. Furthermore, it provides possibilities for the prepa-
ration of different types of nanoparticles attached to

Fig. 5 Adsorption ratio of thrombin on the aptamer based hybrid
monolith (left y-axis) and column back-pressure of the aptamer based
hybrid monolith and hybrid monolith (right y-axis) with different flow
rates of elution (A); recovery of thrombin with different elution volumes
(B). Effective column length: 2 cm.

Fig. 6 Specificity test using HSA, IgG and Lyz proteins and the recovery
of human α-thrombin in human serum by using the aptamer based
hybrid column. Flow rate: 5 μL min−1; effective column length: 2 cm;
sample volume: 500 μL; elution volume: 200 μL.

Paper Analyst

4966 | Analyst, 2016, 141, 4961–4967 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

16
/0

6/
20

17
 1

0:
26

:5
7.

 
View Article Online

http://dx.doi.org/10.1039/C6AN00957C


monolithic columns for applications in analytical science and
life science.
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