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A B S T R A C T   

Organic-inorganic hybrid monolithic columns, due to the comprehensive advantages, have been applied as 
promising solid-phase separation matrices for pretreatment of complex samples in biomedical and environmental 
analyses, however, a tremendous time and efforts are cost to optimize the preparation methods of hybrid 
monolithic columns with different functional groups for various target analytes. Herein, we proposed a strategy 
to develop basic hybrid monolithic column materials for flexible and facile post-functionalization. Three kinds of 
single-functionalized (amine, thiol, and carboxyl) and two kinds of bi-functionalized (amine and thiol, and amine 
and carboxyl) hybrid monolithic columns were immobilized with gold nanoparticles (GNPs) as intermediary 
bridge to construct the universal substrates. The GNPs adsorption capacities of the five hybrid monoliths were 
compared through qualitative characterization and quantitative analysis. Thioglycolic acid (TGA) and an 
aptamer against human α-thrombin were respectively used for further functionalizing the substrates to select the 
most suitable hybrid monolith for optional post-functionalization. It was reported for the first time that the 
coverage density of TGA on functionalized monolithic column modified by GNPs was 168.41 nmol μL− 1. Notably, 
the coverage density (2205.8 pmol μL− 1) of the aptamer decorated on the hybrid monolithic column was 
significantly higher than most other similar materials in published works. After that, the aptamer functionalized 
hybrid monolithic column screened out was applied for the solid-phase microextraction of thrombin, which 
possessed excellent adsorption selectivity in interference experiment. Consequently, the developed GNPs 
modified amine- and thiol-bi-functionalized hybrid monolithic column is an attractive universal substrate to 
realize easy and efficient post-modification of separation materials for other target analytes in complex samples 
avoiding a lot of time and labor consumption in the optimization of process preparation.   

1. Introduction 

Because of the controllable morphologies, uniform structures and 
convective mass transfers [1], capillary monolithic columns prepared in 
situ within fused silica capillaries have received extensive attention in 
the field of environmental and biological analysis as solid phase 
microextraction (SPME) matrices for sample pretreatment [2–7]. Espe
cially, organic-inorganic hybrid monolithic columns possess a series of 
remarkable advantages, like good biocompatibility, large specific sur
face area and high mechanical stability, etc. [8–10], compared with 

organic polymer and inorganic silica monolithic columns. Due to the 
great diversity in the properties of various analytes, monolithic columns 
with different function groups were necessary for selective separation 
and efficient enrichment of target analytes in complex samples. Usually, 
there are two main methods to introduce desired functional groups on 
capillary monolithic columns. The first method is to bring the groups 
into the skeleton of monolith directly during in-column preparation 
process [11,12], which can make the monolith more uniform and 
easy-to-operate. However, monolithic columns owning different func
tion groups more or less have some differences in skeletal structures and 
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attaching to capillaries. Therefore, due to the limit of monolithic col
umns’ per se characters, it still needs to take lots of time and efforts to 
optimize the reaction conditions for the column with new function 
groups, even though that has some similarities with the one being 
referenced [2,13]. The other method is to post-modify the functional 
groups onto the surface of prepared active group-functionalized mono
lith within capillary tube, which does not require re-optimization of the 
synthesis method of monolithic skeleton. The common 
post-modification methods included chemical modification [14,15], 
grafting of functional molecules [16,17], and modification with nano
particles, such as gold nanoparticles (GNPs), as intermediary [3,6], etc. 

GNPs as intermediate ligands for post-modifying high specific sur
face area extraction matrices not only possess lots of good characteristics 
like excellent biocompatibility and stability, and high surface-to-volume 
[18], but also can accommodate a variety of subsequent 
chemical-surface modification, mostly through Au–S or Au–N chemistry, 
to be applied in separation and enrichment of biomolecules [19], which 
has been exploited in the past decade. However, most of the previous 
reports focused on inorganic silica [20,21] and organic polymer 
monolithic columns [15,16,22–25], and only a few were about GNPs 
immobilized organic-inorganic hybrid monolithic columns. Lin and 
co-workers prepared two aptamer functionalized hybrid monolithic 
columns (GNPs@Apt), mercaptosiloxane-based [26] and 
POSS-polyethylenimine [27] hybrid monolithic columns, for the selec
tive recognition of ochratoxin A. Zhao et al. in our group achieved the 
sensitive detection of human α-thrombin with GNPs@Apt modified 
amine-functionalized hybrid monolithic column based SPME coupled 
with enzymatic chromogenic assay [3]. Therefore, it is of important 
significance to develop more kinds of high-capacity GNPs modified 
hybrid monolithic columns as substrates for post-functionalization to 
meet diversified experimental requirements. 

To achieve the immobilization of GNPs, the material substrates al
ways have functional groups interacting with GNPs on the skeleton 
surfaces, such as amine [3,27,28], thiol [20,22,25,26], and carboxyl 
groups [18], etc. Most of reported materials for GNPs modification were 
only single-functionalized, while multi-functionalized ones were very 
few, especially for monolithic columns. As was well known, the struc
turally similar monoliths functionalized with different groups have some 
differences in the aspect of adsorbing GNPs. Since the further-functional 
groups are connected to the intermediary, GNPs, higher GNPs coverage 
means higher degree of post-functionalization to some extent. However, 
the available function groups were chosen randomly, and rarely after 
detailed assessment [23,29]. Connolly et al. [23] and Vergara-Barberán 
et al. [29] successively compared the adsorption capacities between 
amine and thiol functionalized polymer monolithic columns toward 
GNPs. To the best of our knowledge, there have been not any studies 
evaluating the capacities of differently functionalized organic-inorganic 
hybrid monolithic columns, especially with bi-functionalized ones found 
in the existing reports up to date. 

In this work, a comprehensive comparation of the capacities 
adsorbing GNPs was deeply conducted through qualitative character
ization and quantitative analysis, among three single-functionalized 
(amine, thiol, and carboxyl) and two bi-functionalized (amine and 
thiol, and amine and carboxyl) hybrid monolithic columns. The aptamer 
of α-thrombin, an important and common protein catalyzing many 
coagulation-related reactions for blood clotting [2,3,14,30], as well as 
thioglycolic acid (TGA) was used to further functionalize the hybrid 
monoliths immobilizing GNPs (monolith@GNPs) to screen out the most 
suitable monolithic column to construct universal substrates. Further
more, the feasibility of the screened-out monolith substrate was verified 
by the selective separation and enrichment experiment of α-thrombin. 

2. Materials and methods 

2.1. Reagents and materials 

The fused-silica capillary with 530 μm i.d. and 690 μm o.d., used for 
preparing monolithic columns, was supplied by Reafine Chromatog
raphy Ltd. (Hebei, China). Tetramethoxysilane (TMOS), tetraethox
ysilane (TEOS) and 3-mercaptopropyltrimethoxysilane (MPTMS) were 
purchased from Alfa Aesar (Tianjing, China). Carboxyethylsilanetriol 
sodium salt (CES), 25 wt% solution in H2O and N-(2-aminoethyl)-3- 
aminopropyltriethoxysilane (AEAPTES) were from J&K (Shanghai, 
China) and Ourchem (Shanghai, China), respectively. Cetyl
trimethylammonium bromide (CTAB) and thioglycolic acid (TGA) were 
obtained from TCI (Tokyo, Japan). Polyethylene glycol 6000 (PEG6000) 
and acetic acid (HAc) were from Ourchem (Shanghai, China). 
HAuCl4∙4H2O, trisodium citrate dihydrate, sodium borohydride 
(NaBH4) and potassium carbonate (K2CO3) were all of analytical grade 
provided by Ourchem (Shanghai, China). All other chemicals were at 
least of analytical reagent grade and used without further purification. 
Deionized water used throughout the experiment (18.25 MΩ cm) was 
prepared by a Milli-Q water system (Millipore, Bedford, MA, USA). 
Human serum samples were from healthy volunteers in the First Affili
ated Hospital of Nanjing Medical University according to their standard 
clinical procedures. Human α-thrombin and its chromogenic substrate 
N-p-tosyl-Gly-Pro-Arg p-nitroanilide acetate (T1637) were brought from 
Sigma Aldrich (Shanghai, China). Human serum albumin (HSA), lyso
zyme (Lys) and cytochrome C (Cyt C) were from Sangon Biotech. Co. 
(Shanghai, China). The aptamer against human α-thrombin (5′-AGT 
CCG TGG TAG GGC AGG TTG GGG TGA CT-3′, Apt29) with 5′-end 
modified by –SH (Apt29-SH) through a C6-carbon spacer arm, was 
synthesized and purified by Sangon Biotech. Co. (Shanghai, China). The 
Apt29-SH stock solution (100 μM) was prepared in 10 mM Tris-HCl 
buffer solution (1 mM KCl, 140 mM NaCl, pH 7.4). Human α-thrombin 
(Trb) was prepared into 5.0 μM aqueous stock solution, and other pro
teins were respectively prepared into 1.0 mg mL− 1 aqueous working 
solutions. All the oligonucleotide and proteins stock solutions were 
stored in − 20 ◦C refrigerator prior to use. 

2.2. Preparation of functionalized hybrid monolithic columns 

Before the preparation of monolithic column, the fused-silica capil
lary was activated to make sure the enough silanol groups existing on 
the inter-wall of capillary. Briefly, the capillaries were allowed to be 
dried under nitrogen flow overnight at room temperature after succes
sively washed with 1.5 M NaOH (10 h), water (30 min), 1.5 M HCl (10 
h), water (30 min) and methanol (30 min) [31]. 

Amine, thiol, carboxyl, amine and thiol, and amine and carboxyl 
functionalized organic-inorganic hybrid monolithic columns respec
tively denoted as A-monolith, T-monolith, C-monolith, A&T-monolith 
and A&C-monolith were chosen to comparing the abilities to immobilize 
GNPs in this work. These five kinds of hybrid monolithic columns were 
synthesized in capillaries referencing our previous works [13,31–34], 
and the detailed preparation procedures were listed in Section S1 of the 
supplementary material. The prepared capillary monolithic columns 
were cut into 2.0 cm after rinsed with methanol and water to remove 
porogens and unreacted compounds, sealed with silicone rubber at both 
ends and stored in 4 ◦C refrigerator before GNPs modification. 

2.3. Preparation of GNPs 

In this experiment, GNPs were synthesized by the method of sodium 
borohydride reduction [35] with minor modification. Briefly, 1.0 mL 
0.2 M K2CO3 solution was transferred into a 500 mL round bottom flask 
containing 200 mL of pre-prepared 0.01% HAuCl4 aqueous solution, and 
stirred thoroughly. Then, under the mixture continuing stirred, 8.0 mL 
0.5 mg mL− 1 NaBH4 solution was added into the mixture slowly and 
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dropwise. After the color of mixture turned from yellow to purple and 
finally to orange red, the resulting GNPs solution was kept being stirred 
at room temperature for 30 min. Subsequently, 8.0 mL 1% (m/v) sodium 
citrate solution was introduced to prevent the aggregation effect of 
GNPs, and the obtained GNPs solution was transferred into a brown 
reagent bottle and stored in 4 ◦C refrigerator. 

2.4. GNPs modification of hybrid monolithic columns 

GNPs solution was pumped through 2.0 cm-length functionalized 
hybrid monolithic column under a flow rate of 20 μL min− 1 by a syringe 
pump (LSP04-1A, LongerPump, Hebei, China), until the total capillary 
turned into black red and the effluent turned into pinky, which meant 
that the monolith adsorbed GNPs almost entirely. Afterwards, the col
umn was washed with water to remove the nonspecific adsorbed GNPs, 
and the five different functionalized monoliths immobilizing GNPs were 
marked as A@GNPs, T@GNPs, C@GNPs, A&T@GNPs and A&C@GNPs, 
respectively. 

2.5. Characterization of monolithic columns before and after GNPs 
modification 

For qualitatively and quantitatively comparing the immobilization 
capacities of different hybrid monoliths to GNPs, a series of character
izations and analyses of monolithic columns were carried out before and 
after modified by GNPs. A JEM-2100 transmission electron microscope 
(TEM) (JEOL, Japan) was employed to measure the morphology and 
dimension of GNPs. A JSM-7800F thermal field emission scanning 
electron microscope (SEM) (JEOL, Japan) was used for taking SEM and 
element mapping images, and energy dispersive X-ray (EDX) spectra. 
Fourier-transform infrared (FT-IR) spectra were recorded using a NEXUS 
870 FT-IR spectrometer (Nicolet, USA) using KBr pellets. The elemental 
analysis (EA) results of the hybrid monoliths were collected through an 
Elementar Vario EL II elemental analyzer (Elementar, German) with 
oxygen as the combustion gas. The surface areas of materials were 
calculated with the Brunauer-Emmett-Teller (BET) method basing on 
the N2 adsorption-desorption measurement with a Micromeritics ASAP 
2020 BET surface analyzer system (Micromeritics, Shanghai, China). X- 
ray photoelectron spectroscopy (XPS) analyses were performed on a 
PHI5000 Versa Probe photoelectron spectrometer (ULVAC-PHI, Kana
gawa, Japan). The Au contents of modified monoliths with GNPs were 
determined after digested in aqua regia with an Optima 5300 induc
tively coupled plasma-optical emission spectrometer (ICP-OES) (Perki
nElmer SCIEX, USA). 

2.6. Post-functionalization of aptamer on monolith@GNPs 

To investigate the binding ability of monolith@GNPs to small mol
ecules and aptamers containing thiol groups, TGA or Apt29-SH solution 
was passed through GNPs modified hybrid monolithic columns under a 
flow rate of 20 μL min− 1 by the syringe pump. The concentrations of 
TGA and Apt29-SH in solution before and after modification were 
determined [3] from the absorbance at 230 nm (A230) and 260 nm 
(A260), respectively, by UV–vis spectrophotometry (NanoDrop 2000, 
Thermo Fisher, USA). 

2.7. SPME of thrombin with aptamer decorated monolith@GNPs 

A&T@GNPs functionalized with Apt29 (A&T@GNPs@Apt) was 
applied for the specific extraction of human α-thrombin with Lys, HSA 
and Cyt C as co-existing proteins and 50-fold diluted human serum as 
complex real sample. Thrombin can be captured on the chosen affinity 
monolithic column with high specificity and eluted by NaClO4 solution. 
T1637 was used as the sensitive chromogenic substrate of thrombin. The 
SPME condition and analytical procedure were referring our previous 
work [2]. Briefly, 250 μL of thrombin (0.15 μM) or each interfering 

protein solution (1.0 mg mL− 1) was introduced through the 
A&T@GNPs@Apt hybrid monolithic column at 10 μL min− 1, rinsed by 
30 μL 10 mM Tris-HCl, and eluted by 50 μL 1.0 M NaClO4 at 5 μL min− 1. 
The collected effluent (5 μL) was mixed with 2.5 μL 0.5 mM T1637 so
lution, and A405 of the mixture solution was measured. Moreover, these 
interfering proteins were respectively tested along with 0.15 μM 
thrombin. 

3. Results and discussion 

3.1. Comparation of five monoliths modifying GNPs 

3.1.1. Qualitative characterization 
Because GNPs are the bridge to combine target further- 

functionalized monomer with hybrid monoliths, different functional 
groups of the basic monoliths have different capacities to adsorb GNPs. 
The more effectively the GNPs immobilized on monoliths, the better to 
obtain material containing abundant target monomers. In view of this, 
qualitative characterizations were conducted to screen out the most 
suitable hybrid monolith among A-monolith, T-monolith, C-monolith, 
A&T-monolith and A&C-monolith to immobilize GNPs. 

TEM and SEM were employed to examine the modification of hybrid 
monoliths with GNPs. Fig. S1 shows the TEM images of synthesized 
GNPs and the grain diameter of GNPs was about 3.0–5.0 nm. From the 
SEM images in Fig. 1-A1 to E1 and Fig. 1-A2 to E2, the morphology and 
surface structure of five monoliths before and after immobilizing GNPs 
were revealed more intuitively. To enhance the electrical conductivity of 
materials and further improve the definition of obtained SEM images, 
the traditional operation was to spray the samples with conductive 
metal, such as Pt, which might go against to observe such small-size 
GNPs adsorbed on the materials in this work. In view of this, the un
modified monoliths with GNPs were not sprayed with Pt prior to taking 
SEM images, which resulted in somewhat blurry images of the materials 
before immobilizing GNPs due to their weak electrical conductivity. The 
clearer SEM images of five unmodified hybrid monolithic columns were 
reported in our previous works [13,31–34]. After the monoliths were 
immobilized by GNPs, their electrical conductivities were improved 
greatly, due to the ample GNPs existing on the surfaces of monoliths. 
Thanks to the improvement of materials’ conductivity, their SEM images 
(Fig. 1-A2 to E2) turned very clear. In addition, it can be seen apparently 
that GNPs adsorbed were evenly distributed over the skeleton of mate
rials without coalesced, and abundant GNPs existed on the surfaces of 
investigated functionalized monoliths except carboxylated monolith, 
which implied that carboxyl groups have weak interaction with GNPs. 
The weight percentages of Au were of the order of C@GNPs < T@GNPs 
< A@GNPs < A&T@GNPs < A&C@GNPs as subsequently measured by 
EDX (Fig. S2), suggesting the same order of GNPs coverage. The Au 
element mapping images were taken for further comparing the coverage 
of GNPs on different hybrid monoliths. It was easily observed from 
Fig. 1-A3 to E3, that the adsorption capacities of monoliths to GNPs were 
increased successively from carboxyl-to thiol- and to 
amine-functionalized monolith, then to amine- and thiol-, and finally to 
amine- and carboxyl-bi-functionalized hybrid monoliths. Moreover, the 
surface Au coverages in Fig. 1-D3 and E3 were significantly much more 
than those in Fig. 1-A3 to C3, which reminded that the bi-functionalized 
monoliths adsorbed more GNPs than the single-functionalized ones 
under the same condition. Not only that, comparing the element map
ping images of A&T@GNPs and A&C@GNPs, the red spots of Au in 
Fig. 1-E3 were brighter and more intense than those in Fig. 1-D3, indi
cating that A&C-monolith can immobilize more GNPs on its surface than 
A&T-monolith and the detailed reason would be discussed later. 

FT-IR is the most common measure to characterize functional groups 
in materials. The assignments of characteristic peaks of these five hybrid 
monoliths have been given in our previous works [13,31–34]. As shown 
in Fig. 2, the transmittances of the hybrid monolithic materials after 
immobilizing GNPs reduced obviously due to the colors of 
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monolith@GNPs turning into dark, and the intensities of characteristic 
peaks of functional groups on the materials were weakened to different 
extent. Comparing the FT-IR images of five monolith@GNPs from 
Fig. 2-A to E, the weakening degrees in signal intensity were more and 
more obvious, which was likely caused by more and more GNPs existing 
on the surface of these materials. 

The XPS spectra of monolith@GNPs surfaces were also recorded. As 
shown in Fig. 3, the peak intensities of Au 4f, as well as the intensity 
ratios for Au 4f to Si 2p were increased gradually in the order of 
C@GNPs < T@GNPs < A@GNPs < A&T@GNPs < A&C@GNPs, which 
meant that the GNPs immobilizing capacities of five materials were 
definitely different. The atomic concentrations obtained from XPS 
(Table S1) also reminded that the immobilized GNPs on the surface of 
amine-functionalized monolith was more than that on the surface of 
thiol- or carboxyl-functionalized one, and the immobilizing capacities of 
bi-functionalized monoliths were much higher than those of single 
functionalized ones. Furthermore, the EDX results discussed above could 
give more visualized expression to this rule. The weight percentages of 
Au were increasing orderly, and the increasing ratios of Au to Si were 
matched absolutely with the element mapping images and XPS spectra. 
However, all above characterizations were only qualitative or at best 
semi-quantitative analysis. Both the atomic contents obtained from XPS 
and EDX are relative values, which only reflect the general distribution 

trend of elements on the surface of materials. 

3.1.2. Quantitative analysis 
In order to draw more accurate conclusions for selecting the most 

suitable hybrid monolithic column substrate, a certain quality of hybrid 
monoliths was dried and the contents of C, H, N and S were determined 
by EA, and a certain quality of monolith@GNPs was digested with aqua 
regia and the content of Au was determined by ICP-OES. Based on Au 
contents in five monolith@GNPs (Table 1) and C, H, N and S contents in 
the corresponding hybrid monoliths (Table S2), the adsorption 

Fig. 1. SEM images of monoliths (A1-E1) and monolith@GNPs (A2-E2) ( × 30k), and Au element mapping images of five monolith@GNPs (A3-E3). Functionalized 
hybrid monolithic columns, A. C-monolith; B. T-monolith; C. A-monolith; D. A&T-monolith; E. A&C-monolith. 

Fig. 2. FT-IR spectra of five hybrid monoliths before and after immobilizing GNPs.  

Fig. 3. XPS spectra of five monoliths immobilizing GNPs.  

Table 1 
Adsorption capacity of hybrid monoliths and amine and/or thiol groups to GNPs.  

Substrates Weight percentage of 
GNPs (%) 

GNPs adsorption capacity 

Au/monolith (mg 
g− 1) 

Au/(N and/or S 
element) 
(g mol− 1) 

C@GNPs 0.48±0.05 4.9±0.5 – 
T@GNPs 3.22±0.69 33.3±0.7 10.06±0.22 
A@GNPs 13.93±2.64 162.6±35.1 46.53±10.03 
A&T@GNPs 52.40±5.06 1115.9±211.9 317.99±60.39 
A&C@GNPs 34.03±2.13 516.9±48.9 428.61±40.51  
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capacities of hybrid monoliths and functional groups to GNPs were 
calculated and summarized in Table 1, respectively. 

Firstly, as shown in Table 1, only 4.9 mg GNPs was adsorbed by 1.0 g 
C-monolith, while 162.6 mg GNPs by 1.0 g A-monolith, which meant 
that C-monolith adsorbed GNPs barely compared with A-monolith 
adsorbed ones. It could be inferred from this, that for A&C-monolith, the 
carboxyl group made little contribution for immobilizing GNPs, and the 
high adsorption capacity of A&C-monolith for GNPs (516.9 mg g− 1) was 
predominantly ascribed to the amine groups on the surface of hybrid 
monolith. In the meantime, based on the EA results (Table S2), the 
weight percent of N element in A-monolith was much more than that in 
A&C-monolith. Therefore, under the condition of ignoring the influence 
of carboxyl groups in A&C-monolith, the ratio of GNPs adsorption ca
pacities of A&C-monolith to A-monolith calculated using the values of 
Au/N was more than 3 times as that calculated using the values of Au/ 
monolith. This illustrated that the effective amine groups on the surface 
of A&C-monolith were much more than those of A-monolith, which was 
mainly due to the absolutely large specific surface area of A&C-monolith 
(Table S3) caused by the co-existence of amine and carboxyl groups 
[34]. 

The GNPs adsorption capacities of T-monolith, A-monolith and A&T- 
monolith were also compared. It was clearly seen that, no matter for 
hybrid matrices or the corresponding functional groups, the GNPs 
adsorption capacity of T-monolith was lower than A-monolith. Very 
interestingly, although the total number of functional groups (thiol and 
amine groups) was basically unchanged, the adsorption capacity of 
A&T-monolith increased significantly. Different from A&C-monolith 
mentioned above, the BET specific surface area of A&T-monoliths did 
not play positive role for the advantage (Table S3). Therefore, this 
phenomenon was presumedly attributed to the synergistic effect of the 
amine and thiol groups in A&T-monolith [31], which could enhance the 
ability of the hybrid monolith to immobilize GNPs. 

Furthermore, it is noteworthy that the comparison result of A&C- 
monolith and A&T-monolith in the aspect of GNPs adsorption capacity 
was completely different by calculated using the values of Au/monolith 
and Au/element. The main reason might be the different mechanism for 
improving the abilities of hybrid monoliths to immobilize GNPs. Not 
only that, the morphological structures of these two hybrid monolithic 
matrices were starkly different (Fig. S3). The skeleton of A&C-monolith 
was thick and consisted of interconnecting spheres with extremely 
rough surface like rambutan, which could facilitate more functional 
groups exposed on the surface rather than inside, so as to further 
improve the utilization rate of functional groups. This inference has 
been supported by the above qualitative analysis results (Fig. 1 and S2). 
However, A&T-monolith did the opposite. Its skeleton was very thin and 
the interconnecting spheres were much smaller than other hybrid 
monoliths investigated, thus compared with A&C-monolith, the func
tional groups were more evenly distributed. 

3.2. Effective rate of immobilized GNPs 

High GNPs adsorption capacity is just one aspect to screen the most 
suitable material as universal monolithic substrate, while the avail
ability of immobilized GNPs is also one of the important and non
negligible factors. To investigate the effective rate, TGA and Apt29-SH 
were applied for post-functionalizing the above monolith@GNPs can
didates respectively. As a result, after passing through these five mon
olith@GNPs capillaries, the concentrations of TGA and Apt29-SH in the 
effluents were all much lower than the original ones, which demon
strated that TGA and Apt29 had been successfully decorated on the 
monolith@GNPs respectively. Moreover, the coverage densities of TGA 
and Apt29 post-functionalized on the monoliths were calculated as 
shown in Fig. 4, respectively. The bi-functionalized monoliths can bind 
much more TGA and Apt29 than the single-functionalized ones with 

Fig. 4. The coverage densities of TGA and Apt29 further-functionalized on GNPs modified hybrid monoliths calculated by per unit mass of hybrid monoliths (A and 
C), and per unit volume of hybrid monolithic columns (B and D). A and B: TGA; C and D: Apt29. 
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GNPs as the intermediate ligand, and the increasing trend of TGA and 
Apt29 adsorption capacities of five monoliths was similar with that of 
GNPs, except A&C-monolith, which indicated that most of adsorbed 
GNPs kept available and effective. The difference of A&C-monolith 
could also be explained by the special morphological structure. Even 
though extremely many GNPs were adsorbed to the rough surface, a 
portion of them were kept in the mesoporous of A&C-monolith (~3 and 
30 nm) [34], thereby losing the ability to act as intermediate ligand. It 
also illustrated this problem from the side that the surface of 
A&C@GNPs was no longer rough and tended to be smooth, as shown in 
Fig. 1-E2. In practice, extraction column of a certain monolithic bulk is 
rarely used, instead, the column length is adopted as a common speci
fication, thus TGA and Apt29 coverage density per mass (Fig. 4-A and C) 
are of less concern than per volume (Fig. 4-B and D). Because 
A&C-monolith was of low density, the superiority of A&C@GNPs went 
down, compared with A&T@GNPs, in terms of further immobilizing 
functional monomers, such as TGA and Apt29. Probably due to the small 
molecular size of TGA, its coverage density on A&T-monolith was 
168.41 nmol μL− 1. To the best of our knowledge, this is the first data 
about the coverage density of TGA on functionalized monolithic col
umns with GNPs as intermediary bridge. Furthermore, the coverage 
density of Apt29 functionalized on A&T-monolith was still as high as 
2205.8 pmol μL− 1, which was significantly higher than most other 
previously reported materials [2,3,15,17]. Therefore, A&T-monolithic 
column was the most suitable material to be modified with GNPs as 
universal hybrid monolithic substrate among the five hybrid monolithic 
columns investigated, with the ability to be further-functionalized by 
not only aptamers, but also small molecules containing thiol groups. 

3.3. Application of A&T@GNPs@Apt 

Furthermore, A&T@GNPs further-functionalized with Apt29 
(A&T@GNPs@Apt) was applied for the specific extraction of human 
α-thrombin, and the results were shown in Fig. 5. It could be seen clearly 
that after SPME process by A&T@GNPs@Apt column, the absorbance of 
HSA, Lys and Cyt C were very weak, which illustrated that other proteins 
were not captured by the column. What was more, the absorption signals 
of thrombin in presence of not only the tested interfering proteins, but 
also in human serum, were almost the same with that in the buffer so
lution, except the mixture of thrombin and cytochrome C (Trb + Cyt C). 
The main reason causing the slightly reduced absorbance of thrombin 
was that the co-existing cytochrome C, as a kind of colored protein, also 
has a little bit UV absorption at 405 nm, which might interfere to the 
determination of thrombin. However, the difference of absorbance sig
nals between thrombin in the buffer solution and the mixture (Trb + Cyt 
C) was less than 10%, which was acceptable for such a low concentration 
of thrombin. These results also indicated that other proteins did not 
cause significant interference for the enrichment and detection of 
thrombin, which further verified that the Apt29 on A&T@GNPs@Apt 
column was still active and the protocol of using A&T@GNPs monolith 
as a universal substrate can be successfully implemented. 

4. Conclusions 

A strategy employing GNPs modified hybrid monolithic column as 
universal substrate for flexible post-functionalization was proposed to 
meet different experimental demand. Through qualitative and quanti
tative comparison, among the five kinds of single/bi-functionalized 
hybrid monolithic columns, A&T-monolith had not only high GNPs 
adsorption capacity, but also good effective rate of the immobilized 
GNPs with an unusual coverage density of Apt29. Not only that, the 
A&T@GNPs@Apt column screened out can be used for the separation 
and enrichment of thrombin with good adsorption selectivity. Thereby, 
A&T-monolithic column with GNPs as the intermediary owned abun
dant active sites to be further functionalized by reagents containing thiol 
groups avoiding a lot of time consumption in the process of material 

optimization, and had the potential to be a universal substrate to realize 
specific separation and enrichment of other targets in complex samples. 
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