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• In-situ sol-gel synthesis of bi- 
functionalized hybrid monolith inside 
pipette tips. 

• Using flexible and porous melamine 
sponge as the supporting skeleton 
material. 

• The coverage density of the aptamer of 
thrombin reached as high as 818.5 
pmol μL− 1. 

• The thrombin concentration was deter
mined with the limit of detection of 2 
nM.  
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A B S T R A C T   

Background: The convenient preparation and application of functionalized organic-inorganic hybrid monolithic 
materials have obtained substantial interest in the pretreatment of complex samples by solid-phase extraction 
(SPE). Compared to the in-tube solid-phase microextraction in fused-silica capillaries, micro SPE in plastic 
pipette tips have fascinating merits for the easily operated enrichment of trace target analytes from biological 
samples. However, the poor compatibility of organic-inorganic hybrid monoliths with plastics leads to the rare 
appearance of commercial hybrid monolithic pipette tips (HMPTs). Therefore, how to synthesize the organic- 
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inorganic hybrid monolithic materials with better extraction performance in plastic pipette tips becomes a 
challenge. 
Results: We develop a facile and cheap strategy to immobilize organic-inorganic hybrid monoliths in pipette tips. 
Melamine sponge was employed as the supporting skeleton to in situ assemble amine- and thiol-bifunctionalized 
hybrid monolithic material via “one pot” in a pipette tip, and gold nanoparticles (GNPs) and thiol-modified 
aptamer against human α-thrombin were sequentially attached to the hybrid monolith within the HMPTs. The 
average coverage density of the aptamer with GNPs as an intermediary reached as high as 818.5 pmol μL− 1. The 
enriched thrombin concentration was determined by a sensitive enzymatic chromogenic assay with the limit of 
detection of 2 nM. The extraction recovery of thrombin at 10 nM in human serum was 86.1 % with a relative 
standard deviation of 6.1 %. This proposed protocol has been applied to the enrichment and determination of 
thrombin in real serum sample with strong anti-interference ability, low limit of detection and high recovery. 
Significance: The amine- and thiol-bifunctionalized HMPTs prepared with sponge as the skeleton frame provided 
a novel substrate material to decorate aptamers for efficient enrichment of proteins. This enlightens us that we 
can take advantage of the tunability of sponge assisted HMPTs to produce and tailor a variety of micro SPE 
pipette tips for broader applications on the analysis of trace targets in complex biological, clinic and environ
mental samples.   

1. Introduction 

The functionalized monolithic materials have been widely used as 
solid-phase extraction (SPE) or solid-phase microextraction (SPME) 
matrices in sample preparation because of uniform structure, control
lable morphology, convective mass transfer, large adsorption capacity, 
abundant active sites, low back pressure, easy automation and so on 
[1–5]. Monolith is often produced on the inside of a column for 
convenient in-tube SPE or SPME operation without the need to use frits, 
decreasing the void volume of the column and increasing the perfor
mance of extraction. There are three main types of monolithic columns 
prepared, including inorganic silica, organic polymer and 
organic-inorganic hybrid monolithic columns [6]. Among them, 
organic-inorganic hybrid monolithic columns obtained substantial in
terest for their strengths such as strong mechanical stability, good site 
homogeneity, organic solvent tolerance, and pH stability in wide pH 
range, large surface area and high permeability [6–8]. In addition, 
various organic functional groups can be introduced into the pores of 
hybrid monolithic columns, which not only provide specific action sites 
for separation, but also provide suitable active functional groups for 
further modification [9,10]. Therefore, the preparation and application 
of functionalized monolithic SPE/SPME adsorbents based on organ
ic–inorganic hybrid monoliths have become a research hotspot. 
Recently, hybrid monolithic columns have been frequently reported in 
the field of pretreatment of complex samples for biological and envi
ronmental analyses [11–15]. 

A variety of organic-inorganic hybrid monoliths synthesized via sol- 
gel process in fused-silica capillaries have been extensively developed 
for in-tube SPME or capillary microextraction (CME) [16–21]. However, 
the fabrication conditions of capillary monolithic columns are not easy 
to optimize in a narrow space. Moreover, the monolithic materials need 
to be characterized after removal from the capillary, during which the 
capillary column would be broken and the monolith backbone structure 
would be destroyed, and some characterization data are not accurate 
enough [22]. 

In addition to the fused-silica capillaries, the solid adsorption ma
terials also can be placed in plastic pipette tips for miniaturized 
extraction, which have fascinating merits such as less sample amount 
and solvent consumption, simple operation, easy for on-site sampling 
and feasibility for automation by coupling with an instrument [23,24]. 
At present, some commercial pipette tips, such as Zip Tip®, Nu Tip®, 
Top Tip®, Prep Tip® and Mono Tip C18®, have been used in the field of 
micro SPE [24]. However, the limited kinds of accessible extraction 
matrices cannot meet the demand of various analytical purposes. Most 
of the adsorbents are packed in tips with frits or adhesive agents to 
stabilize the packings. Importantly, the general blank pipette tips 
brought from market are made of plastic such as polyethylene and 
polypropylene, based on which the assembling of organic polymer 

monolithic columns is relatively easy [25–30]. However, the poor 
compatibility of organic-inorganic hybrid materials with plastics leads 
to the rare appearance of commercial hybrid monolithic pipette tips, and 
therefore how to synthesize organic-inorganic hybrid monolithic mate
rials with better performance in plastic pipette tips becomes a challenge. 
If hybrid monolithic materials can be tightly fixed inside the pipette tips, 
there is an excellent prospect in the field of sample pretreatment. 

Polymer sponges like melamine and polyurethane sponges have 
received increasing attention in the field of oil-water separation 
[31–34]. The flexible framework is able to keep its shape during use. 
Moreover, they have the advantages of three dimensional skeleton 
structure, good elasticity, low density, high porosity, recyclable times 
and so on. Melamine sponges can provide a powerful assistance for 
sample preparation applications at a very low cost and have increasing 
potential value in the field of complex sample analysis. Not only organic 
polymer monolith [35] but also hybrid monolith [36] can be fabricated 
onto the sponge for adsorptive extraction. Maya group [35] cut mel
amine sponge directly into individual squares (1 cm × 1 cm × 1 cm) as 
supports and immersed them with the prepolymerization mixture con
taining divinylbenzene as functional monomer, toluene and 1-dodeca
nol as porogenic solvents, and 2,2′-azobisisobutyronitrile (AIBN) as 
initiator to prepare polymer monoliths for the nested monolith sorptive 
extraction (NMSE) procedure. The extraction of bisphenol A, 4-tert-bu
tylphenol and 4-tert-octylphenol was carried out by placing the mono
liths in centrifuge tubes in an orbital shaker, with a good performance 
for pre-concentration of phenolic compounds from water samples. 
However, this separation mode requires manual reloading the adsor
bents each time for further cycles. On the other hand, organic polymer 
monoliths are not immune to swelling problems during long-time use. Li 
group [36] prepared a vinyl functionalized silica monolith nested in 
sponge (SiMNS) by in situ gel formation of tetramethoxysilane (TMOS) 
and vinyltrimethoxysilane (VTMS) within the pores of melamine 
sponge, and functionalized the surface of the vinyl-silica monolith with 
3-mercapto-1-propanesulfonic acid sodium salt (MPS) via thiol-ene click 
reaction. Then identification and quantification of three dipeptides from 
raw water were achieved by means of the sulfonate (-SO3

- )-grafted 
monolith anchored in the sponge, which demonstrated a good applica
tion prospect of the hybrid monolithic material in the field of SPE. 
However, they cut the resulting SiMNS into cylindrical membranes with 
desired internal dimension of empty syringe cartridges with pre-fixed 
frits, and subsequently post-modified the SiMNS surface with sulfonate 
groups via thio-ene click reaction after an additional VTMS treatment to 
increase the vinyl density. This multistep preparation scheme is a little 
laborious and time-consuming. Consequently, we consider utilizing the 
melamine sponge as a skeleton in the pipette tip to in situ immobilize the 
hybrid monolithic material for micro SPE, not only saving the prepa
ration labor and time, but also preventing the monolith from distortion 
during experiments without frits installed or adhesives coated. 
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The detection of protein is of great significance in biomedicine, 
signal transduction, proteomics and clinical applications. Thrombin has 
become a key biomarker for some diseases such as coagulation abnor
malities, lung metastasis, synovial inflammation and so on [37]. 
Therefore, it is meaningful to accurately determine the concentration of 
trace thrombin in human blood [37–43]. Since the level of active 
thrombin in serum is often extremely low, a gentle sample pretreatment 
such as SPE, SPME or micro SPE is required to separate and enrich the 
thrombin from complex biological fluids. Because of facile modification, 
good stability, and strong binding to molecular targets with high 
selectivity and affinity, aptamers have been used to achieve the sepa
ration and quantification of thrombin by means of aptamer-capture 
based strategies [11,23,44–47]. There are two common types of 
thrombin aptamers, Apt15 and Apt29, which contain 15 and 29 specific 
bases respectively. Apt15 binds specifically to thrombin’s fibrinogen 
recognition site (Kd~100 nM) [48], while Apt29 interacts with throm
bin’s heparin recognition site with a higher affinity (Kd~0.5 nM) [49]. 
Moreover, taking advantages of gold nanoparticles (GNPs) as an inter
mediary to immobilize aptamers to the separation matrices such as 
monolithic columns is an important and facile modification technique 
[45,47]. 

In this present study, the pieces of melamine sponge were stuffed into 
plastic pipette tips. The amine- and thiol-bifunctionalized organic- 
inorganic hybrid monolith (ATHM) was synthesized by “one pot” 
method in the spaces of sponge by in-situ sol-gel reaction between N-(2- 
aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), 3-mercaptopro
pyltrimethoxysilane (MPTMS) and tetraethoxysilane (TEOS), which 
inlaid into the melamine sponge, forming a reinforced concrete-like 
structure in the hybrid monolith pipette tip (HMPT). Afterward, GNPs 
was used as an intermediary bridging the aptamer targeting human 
α-thrombin with both amino and thiol groups of the ATHM. This 
aptamer modified HMPT was utilized as the affinity solid-phase 
extraction material to specifically and conveniently enrich thrombin in 
combination with spectrophotometry based sensitive enzymatic chro
mogenic assay. This proposed protocol has been applied to the enrich
ment and determination of thrombin in real serum sample with strong 
anti-interference ability, high recovery and low limit of detection (LOD). 

2. Materials and methods 

2.1. Reagents and materials 

Empty polypropylene (PP) pipette tips (10 μL) were purchased from 
Nantong Shunfeng Medical Devices Co. (Nantong, China). Melamine 
sponges (LD-1539) were purchased from Ledian Co. (Baoding, China). 3- 
Mercaptopropyltrimethoxysilane (MPTMS) and tetraethoxysilane 
(TEOS) were purchased from Alfa Aesar (Tianjin, China). N-(2-Amino
ethyl)-3-aminopropyltriethoxysilane (AEAPTES) and polyethylene gly
col 8000 (PEG-8000) were purchased from Ourchem (Shanghai, China). 
Cetyltrimethylammonium bromide (CTAB), sodium citrate and sodium 
borohydride (NaBH4) were purchased from TCI (Tokyo, Japan). Chlor
oauric acid (HAuCl4⋅4H2O) and sodium perchlorate (NaClO4) were 
purchased from Lingfeng Chemical Reagent (Shanghai, China) and 
Sinopharm Chemical Reagent Co. (Nanjing, China), respectively. Tris(2- 
carboxyethyl) phosphine hydrochloride (TCEP, 99 %) and potassium 
carbonate (K2CO3) were purchased from Aladdin (Nanjing, China). 1 M 
Tris-HCl (pH 7.4) was purchased from Beyotime Biotechnology 
(Shanghai, China). All other chemicals were at least of analytical grade 
and used without further purification. Pure water (18.25 MΩ cm) ob
tained from a Milli-Q water system (Millipore, Bedford, MA, USA) was 
used throughout the experiment. 

Human α-thrombin and its chromogenic substrate N-p-tosyl-Gly-Pro- 
Arg p-nitroanilide acetate (T1637) were both purchased from Sigma 
Aldrich (Shanghai, China). Human serum albumin (HSA), human 
immunoglobulin (IgG) and lysozyme (Lyz) were purchased from Sangon 
Biotech. Co. (Shanghai, China). Human serum sample treated with 

standard clinical procedures from healthy volunteers was approved by 
the Medical Ethical Committee of the First Affiliated Hospital of Nanjing 
Medical University. The aptamer with higher affinity to human 
α-thrombin (5′-AGTCCGTGG TAGGGCAGGTTGGGGTGACT-3′, Apt29) 
and DNA oligo control poly A29 (5′- 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3′, A29), both with 5′-end 
modified by thiol group (-SH) through a C6-carbon spacer arm, were 
synthesized and purified by Sangon Biotech. Co. (Shanghai, China). The 
oligonucleotides stock solutions (100 μM) were respectively prepared in 
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 into 2.0 μM aqueous 
stock solution and stored at − 20 ◦C. HSA, IgG, and Lyz were respectively 
prepared into 1.0 mg mL− 1 aqueous working solutions. 

2.2. Preparation of aptamer based monolithic pipette tips 

The one-pot preparation of amine- and thiol-hybrid monolith 
(ATHM) to be nested in sponge within pipette tip was based on our 
previous work [50] with some adjustments. As shown in Fig. 1-upper, 
Briefly, 250 μL ethanol, 100 μL water, 80 μL TEOS, 10 mg CTAB, 10 mg 
PEG-8000, 10 μL AEAPTES and 10 μL MPTMS were mixed together in a 
1.5 mL Eppendorf vial followed by vortexing at room temperature for 1 
min and then ultrasonicating at 0 ◦C for 1 min. Meanwhile, the mel
amine sponge was cut into thin strips and stuffed into 10 μL pipette tips. 
A pipette was used to aspirate 6 μL above mixture and the knob of the 
pipettor was turned to make the mixture completely sucked by the 
sponge pre-filled in the tips. After sealing both ends with parafilm, the 
tips were allowed to further react at 40 ◦C for 24 h. The as-prepared 
hybrid monolithic pipette tips (HMPTs) were washed three times with 
water and ethanol in order to remove the porogen and unreacted re
agents, and then dried for later use. According to the same procedure, 
pure ATHM was synthesized without involving sponge in the reaction, as 
a comparison during characterization of the HMPTs. 

GNPs were prepared according to our previous reports [12,45] with 
minor modifications. Briefly, 0.4 mL 1 % HAuCl4 was mixed with 0.2 mL 
0.2 M K2CO3 and diluted to 40 mL. The freshly prepared 0.5 mg mL− 1 

NaBH4 was added to reduce HAuCl4 and then 2 mL 1 % sodium citrate 
solution was added. 176 μL of 10 μM Apt29 working solution prepared 
from the stock solution (100 μM) in 10 mM Tris-HCl buffer solution and 
44 μL of 15 mM TCEP solution was mixed followed by incubating at 
room temperature for 60 min. Then, 20 μL of the GNPs solution and 20 
μL of the Apt29 working solution were pipetted into the HMPT in 
sequence. The interaction between ATHM and GNPs was utilized to 
prepare Apt29 modified HMPT (Apt-HMPT), and the same procedure 
was used to obtain A29 modified HMPT (A-HMPT) by replacing Apt 29 
with A29 [45]. 

2.3. Characterization of Apt-HMPT 

Scanning electron microscopy (SEM), energy dispersive X-ray spec
troscopy (EDS), elemental analysis (EA), Raman spectroscopy and 
Fourier-transform infrared spectroscopy (FT-IR) were employed for the 
characterization of the prepared monolithic materials. SEM images of 
melamine sponge and HMPTs were taken with a Hitachi S-4800 N SEM 
(Hitachi, Japan). SEM and element mapping images of ATHM were 
taken with a JSM-7800F thermal field emission scanning electron mi
croscope (JEOL, Japan). The composition of ATHM was analyzed by an 
EDS spectroscopy (Hitachi, Japan) and an Elementar Vario EL II 
elemental analyzer (Elementar, German). FT-IR spectra of sponge, 
ATHM and HMPTs were collected on a NEXUS 870 FT-IR spectrometer 
(Nicolet, USA) using KBr pellets. Raman spectrum of ATHM was recor
ded on a WITec alpha 300R confocal Raman system. Transmission 
electron microscopy (TEM) was employed for the characterization of the 
prepared GNPs. TEM images of GNPs was taken with a JEOL JEM-2100 
equipped with a Gatan 832 CCD. 
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2.4. Standard curve and enrichment of thrombin 

Because the UV–Vis absorbance of thrombin itself is very low, a 
simple and rapid spectrophotometric method was used with the chro
mogenic substrate T1637 to strength the absorbance signal. First, the 
stock solution of thrombin was diluted with 10 mM Tris-HCl buffer so
lution into standard thrombin solutions of different concentrations 
(0.001–0.030 μM). Then, 2 μL of 0.030 μM thrombin solution was 
individually mixed with 4 μL 0.5 mM T1637 solution and incubated at 
37 ◦C for 0.5, 1, 2, and 5 h. The absorbance of each mixed solution was 
measured at 405 nm on a NanoDrop 2000C UV–Vis spectrophotometer 
(Thermo Fisher Scientific, Pittsburgh, PA, USA). Next, a proper reaction 
time was chosen and 2 μL of 0.001–0.025 μM thrombin solution was 
individually mixed with 4 μL 0.5 mM T1637 solution and incubated 
under the optimized conditions, and then the standard curve of 
thrombin was drawn. 

The separation and enrichment process of thrombin was as follows 
(Fig. 1-lower). Apt-HMPT was rinsed and activated twice with 50 μL 10 
mM Tris-HCl buffer solution. Then, 50 μL solution containing thrombin 
was repeatedly pipetted so that the thrombin could be captured by 
aptamer, and 150 μL 10 mM Tris-HCl buffer solution was used to wash 
Apt-HMPT three times to remove non-specifically adsorbed components 
as much as possible. Subsequently, 25 μL of 1 M NaClO4 was pipetted to 
elute the adsorbed thrombin. Finally, 2 μL effluent from the tip was 
mixed with 4 μL 0.5 mM T1637 to react for 2 h and UV–Vis absorbance 
was measured at 405 nm. 

3. Results and discussion 

3.1. Preparation and characterization of Apt-HMPT 

In our previous work, it was found that amine- and thiol- 
bifunctionalized hybrid monolithic column prepared in fused-silica 

capillary absorbed much more GNPs than amine-functionalized hybrid 
monolithic column and thiol-functionalized hybrid monolithic column 
[12]. This is why we tried to synthesize this bifunctionalized monolith in 
pipette tips for in-tip post-functionalization of aptamer with GNPs as the 
intermediary. The EDS results in Fig. S1 show that there were C, O, Si 
and S present in the prepared ATHM monolithic material. The accurate 
contents of C, H, N and S were determined by EA as 12.02 %, 3.15 %, 
2.49 % and 4.71 %, respectively. The existence of N and S meant the 
decoration of –NH2 and –SH. Fig. 2 exhibits that there are stretching 
vibration peaks of C–H at 2975 and 2923 cm− 1, N–H at 1640 cm− 1, C–N 
at 1380 cm− 1 and Si–O at 1070 cm− 1 in the FT-IR spectra of ATHM and 
HMPT. The stretching vibration peak of –SH at 2576 cm− 1 can be 
recognized in the lower inset. There is also an obvious –SH peak near 

Fig. 1. Scheme for the preparation of Apt-HMPT (upper) and workflow of selective enrichment and separation of thrombin (lower).  

Fig. 2. FT-IR spectra of ATHM, sponge and ATHM-Sponge (The bottom was 
enlarged FT-IR spectrum of ATHM). 
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2600 cm− 1 in the Raman spectrum (Fig. S2). Based on the above char
acterizations, it can be indicated that the reactive monomers AEAPTES 
and MPTMS have reacted with TEOS to get the amine- and 
thiol-bifunctionalized monolith. Moreover, comparing the three sets of 
FT-IR spectra in Fig. 2, it can be observed that when the ATHM gener
ating within sponge “nest” to form HMPT, all IR absorption peaks from 
sponge and ATHM remained and no new IR absorption peaks emerged. 
Consequently, there is no chemical reaction between ATHM and sponge 
but spatially intertwined structure, similar to reinforced concrete [36]. 

It is noteworthy that the sponge and the inner wall of pipette tips are 
very tightly closed as shown in Fig. 3, and moreover, no disconnexion 
happened during latter use. In Fig. 3-A, the blank sponge is obviously 
bulged because the sponge is elastic after being inserted into the tip. In 
Fig. 3-B, the sponge is somewhat sunken, indicating that combination 
with the ATHM strings the bouffant structure of sponge and reduces a 
part of the elasticity. However, it is still be closely integrated. Compared 
to the microporous blank sponge (Fig. 3-C), after the ATHM and the 
sponge form HMPT, there are still many macropores in the HMPT 
(Fig. 3-D), which makes it possess good permeability. The pristine sur
face of the blank sponge in Fig. 3-E is smooth. Once the ATHM is 
attached to the sponge, the surface becomes very rough owing to a lot of 
fine monolith particles adhered to the smooth surface (Fig. 3-F). 

In addition, TEM image (Fig. S3) shows that the GNPs prepared have 
a uniform particle size with a diameter of about 5 nm. It can be observed 
in Figs. S4–A that the empty pipette tips are water white, and both the 
sponge and ATHM in pipette tips are white before decoration with GNPs. 
After the pale pink GNPs solution is sucked in, the appearance of the 
solution in the empty pipette tip and the pipette tip with blank sponge 
are both unchanged because the sponge does not absorb GNPs. How
ever, the color of the solution in the proximal end of HMPT becomes 
colorless and the color of the immobilized ATHM becomes dark purple 
(Figs. S4–B). The phenomenon supported that the contained bifunc
tional ATHM in HMPT can adsorb plentiful GNPs [12]. This is also 
confirmed by comparing the UV–Vis absorbance of GNPs solution before 
and after flowing through these pipette tips. 

Furthermore, the morphology of ATHM in HMPT before and after 
coating GNPs was examined by SEM. Usually, because the conductivity 
of silane materials is not enough, it is necessary to spray a layer of 
conductive metal, such as platinum or gold, when taking SEM images. 
However, in order to eliminate the interference to EDS results and to 
obtain accurate element surface scanning maps for gold, the conductive 
metal was not sprayed here (Fig. S1-upper) [45], which caused the SEM 
image obtained to be relatively unclear. In Fig. S1-middle, the mapping 
image of ATHM on the left has only scattered gold elements owing to 
common experimental noises. As shown in the mapping image on the 
right that the surface of the monolithic material is evenly covered with 
denser gold atoms after the decoration of GNPs. Moreover, in 
Fig. S1-lower, the EDS peak of Au on the right is obviously higher than 
that on the left, which indicates that the content of gold element 
significantly increased after the assembly. The above results all verify 
that the GNPs are successfully modified on the surface of the ATHM in 
HMPT. 

There is a good linear relationship (y = 0.02905 x – 0.01461, r2 =

0.9998) between the concentration of Apt29 and the absorbance at 260 
nm in the range of 1–40 μM (Fig. S5). Thus, by calculating the concen
tration of Apt29 in solution before and after modification and the vol
ume of the solution, the coverage density of the aptamer modified on the 
sponge assisted monolith, per volume, was 818.5 pmol μL− 1, which was 
much higher than 342 pmol μL− 1 [45] and 420 pmol μL− 1 [11] in our 
group’s reports, and 277.1 pmol μL− 1 [47] and 568 pmol μL− 1 [46] in 
other groups’ reports. This is attributed to the amine- and 
thiol-bifunctionalized monolith [50] used as the substrate for 
post-functionalization. Zhao et al. [12] in our group compared amine, 
thiol, carboxyl, amine and thiol, and amine and carboxyl functionalized 
hybrid monolithic columns, and found that the coverage density of 
Apt29 on amine- and thiol-bifunctionalized monolith with GNPs as 
intermediary bridge was 2205.8 pmol μL− 1 due to the synergistic effect 
of amine and thiol groups to immobilize GNPs. The coverage density of 
Apt29 was lower in this present work presumably because melamine 
sponge as the supporting skeleton occupied partial space including 
binding sites inside pipette tips. 

3.2. Standard curve of thrombin 

2 μL 30 nM thrombin solution was used to react with 4 μL 0.5 mM 
T1637 for different time. It can be seen from Fig. S6 that as the reaction 
time increases, the absorption peak at 320 nm gradually decreases and 
that at 405 nm gradually increases. Moreover, the absorption curves of 
2 h and 5 h almost overlap, indicating that 2 h is enough to make 30 nM 
thrombin react completely with 0.5 mM T1637. On the basis of the 2 h 
reaction time, different concentrations of thrombin solutions were pre
pared to mixed with T1637 respectively. From the absorption curve 
(Fig. S7), it can be seen that as the thrombin concentration increases, the 
maximum absorption wavelength gradually shifts to the right, indi
cating that the enzymatic reaction speeds up with the increase of 
thrombin concentration. From the standard curve (Fig. S8), it can be 
seen that the thrombin concentration and UV–Vis absorption value 
maintain a good linear relationship in the range of 2.5–25 nM (y =
0.00883 x – 0.0173, r2 = 0.9944), and the limit of quantification (LOQ) 
and limit of detection (LOD) are 2.5 and 1.0 nM, respectively, calculated 
with ten and three times the signal-to-noise ratio. 

3.3. Analytical performance 

50 μL of 2, 4, 6, 8, and 10 nM thrombin solutions were used as the 
sample solutions, enriched by Apt-HMPT and eluted with 25 μL 1 M 
NaClO4. 2 μL of the effluent and 4 μL of 0.5 mM T1637 were taken. After 
reacted for 2 h, the calibration curve was obtained as shown in Fig. S9. It 
can be seen that there is a good linear relationship in the range of 2–10 
nM (y = 0.01393 x – 0.00528, r2 = 0.9957) with LOQ and LOD of 2 and 
1 nM, respectively, which is not less sensitive than the previously 

Fig. 3. SEM images of melamine sponge (A, C, E) and HMPT (B, D, F). A, B: ×
80; C, D: × 300; E, F: × 2.00k. 
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reported methods with the LODs of 2 nM [45], 3.4 nM [46] and 10 nM 
[11]. 

In order to evaluate the reproducibility of the preparation of HMPT, 
we measured the recoveries of thrombin enriched by the Apt-HMPTs 
prepared from the same batch (n = 5) and different batches (n = 5). 
The intra- and inter-batch relative standard deviations (RSDs) of the 
recoveries were 3.5 % and 4.7 %, respectively. Moreover, we repeatedly 
used three HMPTs respectively to enrich thrombin for successive three 
times, respectively, and the recoveries obtained were all above 71 % 
with the RSDs of 8.9 %, 6.1 % and 4.3 % (Fig. S10). All above results 
demonstrated that our prepared HMPTs have good reproducibility, 
repeatability and stability. 

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

Apt29 and A29 were used to modify HMPT to obtain Apt-HMPT and 
A-HMPT respectively. Two sets of the prepared HMPTs adsorbed 50 μL 
25 nM thrombin respectively and 2 μL the effluents were collected to 
react with 4 μL 0.5 mM T1637. As shown in Fig. S11, the effluent from 
Apt-HMPT has only an inconspicuous absorption at 405 nm after the 
reaction with T1637, and there is almost no thrombin in the effluent, 
indicating that most of the thrombin has been adsorbed by Apt-HMPT. In 
the curve of A-HMPT, however, the UV–Vis absorption peak is obviously 
shifted, and its absorption value is basically equal to that obtained by 
enzymatic chromogenic assay of T1637 by 25 nM thrombin, indicating 
that thrombin is not adsorbed by A-HMPT, and there is almost all 
thrombin left in the effluent. The comparison of the curves is sufficient 
to prove that the adsorption of HMPT to thrombin is based on the spe
cific affinity effect of the aptamer to thrombin. 

We further investigated the recoveries of thrombin on the Apt-HMPT 
in the presence of HSA, IgG and Lyz. As can be seen in Fig. 4, when blank 
solution (10 mM Tris-HCl buffer solution), 50-fold diluted serum, HSA, 
IgG or Lyz solution is used as loading solutions, the absorbance obtained 
is very low and will not cause much interference to the determination of 
thrombin. When 10 nM thrombin are mixed with HSA, IgG or Lyz, the 
UV–Vis absorbance is basically the same as that after only thrombin is 
enriched, which means that other proteins do not affect the enrichment 
of thrombin by Apt-HMPT. In order to verify the practical application of 
this proposal, we used 50-fold diluted human serum as a matrix to try 
the enrichment and determination of thrombin. It can be seen from 
Fig. 4 that the absorbance obtained after enrichment is not obviously 
different from the standard sample, and the average recovery from three 
determinations is 86.1 % with the RSD of 6.1 %, indicating that the 
method of enrichment with Apt-HMPT and color development with 
T1637 can be utilized for the separation and analysis of thrombin in real- 
world samples. 

4. Conclusions 

Melamine sponge was employed as the supporting skeleton to 
assemble amine- and thiol-bifunctionalized hybrid monolithic material 
via “one pot” in a pipette tip through easy and cheap steps. The aptamer 
targeting human α-thrombin was then immobilized to the hybrid 
monolith with GNPs as an intermediary bridge for the sandwich struc
ture. This protocol largely facilitated the preparation procedure of 
aptamer affinity hybrid monolithic materials inside pipette tips by 
saving the labor and time for optimizing the synthesis conditions. With 
the combination of micro SPE separation with the Apt29 modified 
HMPT and enzymatic chromogenic assay with T1637, the enrichment 
performance was improved and the detection sensitivity was increased. 
The applicability of the approach for specific and reliable enrichment 
and analysis of thrombin has been successfully evaluated in spiked 
human serum samples. The most interesting aspect of this study is the 
introduction of melamine sponge nesting for the in-situ polymerization 
of ATHM, which proposes a new strategy for preparing HMPT with high 
mechanical flexibility, strong structural ruggedness, excellent 

permeability, large specific surface area and strong pH stability. Another 
one is the extraordinary coverage density of the aptamer (818.5 pmol 
μL− 1) with GNPs as an intermediary, which is attributed to the syner
gistic binding of the amine and thiol groups in the ATHM toward GNPs. 
As demonstrated in this work, we can take advantage of the tunability of 
sponge assisted HMPTs to produce and tailor a variety of micro SPE 
pipette tips for broader applications on the analysis of trace targets in 
complex biological, clinic and environmental samples. 
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