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Hierarchical imprinting was developed to prepare the protein imprinted materials, as the artificial antibody,
for the selective depletion of HSA from the human serum proteome. Porcine serum albumin (PSA) was
employed as the dummy template for the fabrication of the recognition sites. To demonstrate the advantages
of the hierarchical imprinting, molecularly imprinted polymers prepared by hierarchical imprinting
technique (h-MIPs) were compared with those obtained by bulk imprinting (b-MIPs), in terms of the
binding capacity, adsorption kinetics, selectivity and synthesis reproducibility. The binding capacity of
h-MIPs could reach 12 mg g21. And saturation binding could be reached in less than 20 min for the h-MIPs.
In the protein mixture, h-MIPs exhibit excellent selectivity for PSA, with imprinting factors as about 3.6,
much higher than those for non-template proteins. For the proteomic application, the identified protein
group number in serum treated by h-MIPs was increased to 422, which is 21% higher than that obtained
from the original serum, meanwhile the identified protein group number for the Albumin Removal kit was
only 376. The results demonstrate that protein imprinted polymers prepared by hierarchical imprinting
technique, might become the artificial antibodies for the selective depletion of high abundance proteins in
proteome study.

R
ecently, molecular imprinted polymers (MIPs), a kind of artificial synthetic materials with specific recog-
nition capacity for target molecules, have attracted much attention1–3. Although MIPs for small molecules
recognition have been successfully applied in solid-phase extraction (SPE), chiral separation, chemical

sensor, enzyme-like catalysis, drug delivery and library screening, the preparation of biomacromolcule, such as
proteins, imprinted polymers are rather difficult4–8. The traditional molecular imprinting polymers were pre-
pared by bulk imprinting. However, some obstacles, such as poor mass transfer and recognition sites destruction
due to grinding after polymerization, still existed, and hindered the application of MIPs7,9,10. In order to overcome
these disadvantages of traditional monolithic imprinting materials, recently, surface imprinting technique has
been employed for protein imprinting, by which recognition sites were formed on the material surface11.

Hierarchical imprinting is a new kind of surface imprinting technique that has been successfully applied in
small molecules imprinting12. Through polymerization in porous silica, regular sized MIPs particles were pre-
pared, and showed superiority of good selectivity, fast mass transfer and improved binding capacity12. However,
the preparation of protein imprinted polymers by such a technique was limited in the proteomics study due to the
lack of pure proteins, especially low-abundance proteins in proteomics, as templates13,14.

With the recent development of proteome techniques, the interest in finding biomarkers from human plasma
for clinical diagnosis has gained new momentum15–17. However, the wide dynamic range of proteins in abund-
ance, over 1010, brings great challenges to discover low abundance proteins with significant biological functions18.
Among known high abundance proteins, HSA occupies approximately 60% of the total protein mass in serum.
Therefore, the selective depletion of HSA has been paid much attention. Among various developed methods,
antibody technique has been proven the most effective one18. With the consideration of wonderful selectivity of
MIPs, we explored the possibility of removing high abundance protein, HSA, by MIPs.
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Herein, with porcine serum albumin (PSA), an analog to human
serum albumin (HSA), with 80% sequence homology, as well as
similar three-dimensional structure, active sites and binding
domains, as the template, protein imprinted materials were prepared
by hierarchical imprinting technique, and successfully applied for the
selective depletion of HSA from human serum. To demonstrate the
advantages of hierarchical imprinting, MIPs prepared by hierarchical
imprinting technique were compared with those obtained by in bulk
imprinting, in terms of the binding capacity, adsorption kinetics,
selectivity and synthesis reproducibility.

Experimental Section
Reagents and instrumentation. Porcine serum albumin (PSA), ribo-
nuclease B (RNB), cytochrome C (CYC), b-lactoglobulin (LACT) and
TPCK-treated trypsin (bovine pancreas) were purchased from Sigma
(St. Louis, MO, USA). Methacrylamide (MA), methacrylic acid
(MAA), piperazine diarylamide (PDA), N,N,N9,N9-tetramethyleth-
ylenediamine (TEMED) and ammonium persulfate (APS) were
obtained from Acros Organics (Fair Lawn, NJ, USA). Sodium
dodecyl sulfate (SDS) was obtained from Promega (Madison, Wis-
consin, USA). HPLC-grade acetonitrile was purchased from Merck
(Darmstadt, Germany). Silica microshperes (5 mm, 1000Å) were
bought from Fuji Sodium Silicate (Kasugai, Japan). Water was
purified by a Milli-Q system (Millipore, Molsheim, France). 1,4-
Dithio-DL-threitol (DTT) and iodoacetamide (IAA) were pur-
chased from Amresco (Solon, OH, USA). All inorganic reagents
were analytical-reagent grade, and all the other solvents were
HPLC grade. Chromatographic measurements were performed
using an LC-20AD Series HPLC instrument equipped with a
binary high-pressure pump, a vacuum degasser, and a UV-VIS detec-
tor and wavelength was set at 214 nm (Shimadzu, Kyoto, Japan).
Surveyor MS pump and LTQ linear ion trap mass spectrometer
were obtained from Thermo-Fisher (San Jose, CA, USA).

Preparation of bulk imprinted polymers. For both the bulk
imprinted polymers and hierarchical imprinted microspheres, MA
and MAA, were chosen as the functional monomers, while PDA,with
favorable hydrophilicity and biological compatibility, was chosen as
the crosslinker14. The MA and MAA provide carboxyl group, amide
group and hydroxyl group, which could interact with the functional

groups, such as amino group, carboxyl group and hydroxyl group, on
the template proteins through the hydrogen interactions to form the
recognition sites7, as shown in Fig. 1a.

For bulk polymerization, PSA (19.2 mg), MA (270.6 mg), MAA
(9.5 mg), PDA (432.0 mg), ammonium sulfate (234.0 mg) and
Tween-20 (20 mg) were dissolved in the mixture of 4 mL of phos-
phate buffer (10 mM, pH 6.5) deoxidized with nitrogen and 1 mL of
acetonitrile. After the addition of 15 mL of TEMED and 20 mL of APS
(10% w/v), the polymerization proceeded overnight. The formed
polymer was washed with 10% (v/v) acetic acid containing 10%
(w/v) SDS to remove PSA, and then rinsed thoroughly with phos-
phate buffer until the pH of the effluent reached the value of 5.0, and
SDS was not detected upon the addition of potassium chloride. After
ground, the particles were ready for the further study. The prepared
MIPs were named as b-MIPs. In addition, non-imprinted polymers
(NIPs), named as b-NIPs, were prepared by the same protocol, but
without the addition of PSA.

Preparation of hierarchical imprinted microspheres. For hierar-
chical imprinting, as shown in Fig. 1b, 0.5 g of silica microspheres
were dispersed in phosphate buffer (10 mM; pH 6.5), and packed
into an SPE cartridge with care to avoid bubble formation. After the
residual buffer was removed under vacuum, 35 mg PSA was dis-
solved in 5 mL phosphate buffer (10 mM; pH 6.5), added into the
cartridge, and vacuumed by a pump until PSA was detected in the
filtrate. Subsequently, phosphate buffer was added to remove the
unbound PSA. Then, MA (270 mg), MAA (9.5 mg), PDA (432
mg), Tween-20 (20 mg) and ammonium sulfate (234 mg) were
dissolved in 4 mL of phosphate buffer deoxidized with nitrogen
and 1 mL of acetonitrile, followed by the addition of 20 mL 10% (w/
v) APS and 14 mL TEMED. Rapidly, 2 mL of the solution was pushed
through silica beds by a vacuum pump, and polymerized within the
pores of silica overnight at room temperature. Finally, silica beads
were etched with 3 M NH4HF2 overnight, and PSA was further
removed by flushed with 10 mL of 10% (v/v) acetic acid contain-
ing 10% (w/v) SDS. The prepared MIPs were named as h-MIPs. For
comparison, non-imprinted polymers, named as h-NIPs, were
prepared with the same protocol, but without PSA added. The
morphology, gravimetric yield and swelling ratio of the imprinted
particles were measured, as shown in the Supporting Information.

Figure 1 | Schematic illustrating the interaction between monomers and template protein (a) and the synthesis of protein imprinted polymers by
hierarchical imprinting (b).
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Binding capacity experiment. Fifty milligrams of MIPs or NIPs
were incubated with 1 mL of PSA solution (10 mM phosphate
buffer; pH 5.0) at different concentrations for 24 h. The super-
natant was collected, and the residual protein concentration was
measured by HPLC.

Competitive binding experiment. Fifty milligrams of MIPs or NIPs
were incubated with 1 mL protein mixture (10 mM phosphate
buffer; pH 5.0) for 24 h, which was composed of PSA, RNB, CYC
and LACT, with each protein concentration as 0.4 mg/mL. The
supernatant was collected, and the residual protein concentration
was measured by HPLC.

Kinetic experiments. Fifty milligrams of MIPs were incubated with
1 mL of 0.5 mg/mL PSA solution (10 mM phosphate buffer; pH 5.0)
for 24 h. With the time intervals ranging from 5 min to 24 h, the
supernatant was collected, and the residual protein concentration
was measured by HPLC.

Reproducibility experiment. Fifty milligrams of MIPs were incu-
bated with 1 mL 4-protein-mixture solution (10 mM phosphate
buffer; pH 5.0) for 24 h. The supernatant was collected, and the
residual protein concentration was measured by HPLC.

Depletion of albumin from human serum. Fifty milligram of h-
MIPs were incubated with 1 mL of 0.5 mg/mL serum solution
(diluted by 500 fold with phosphate buffer (10 mM; pH 5.0)) for
24 h. The original serum and albumin depleted were analysed with

a typical shotgun proteome analysis protocol (see Supporting
Information). The false positive rate was set to less than 1% for the
human plasma proteome analysis, while all results were obtained in
triplicate.

Results and Discussion
Preparation of the protein imprinted materials by hierarchical
imprinting. During the preparation of the protein imprinted
materials, MA was chosen as the functional monomer, because it
could interact with the template protein through the hydrogen
interactions7,14. Its structure analog, acrylamide, has also been used
in the previous hierarchical imprinting. Herein, MAA, as the charged
monomer, was also employed as the additional co-functional
monomer, due to small amount charged monomer could form the
electric interaction with the template to favor the formation of the
recognition sites. Moreover, it has been witnessed in our previous
study that better protein recognition ability could be obtained with
MA or its analogs as the principal functional monomer, accom-
panied by a small amount of a basic or acidic co-monomer.
Additionally, PDA, instead of the common methylenebisacry-
lamide, was used as the cross-linker to ensure the good hydrophi-
licity and mechanic stability for the prepared imprinted polymers13.
Herein, PSA was employed as the substitute template to HSA,
because its highly similarity to HSA on the sequence and structure.
Furthermore, the acquirement of the PSA is much easier than that of
the HSA, which would favour the large scale preparation of the
molecularly imprinted materials.

Figure 2 | Binding capacity of b-MIPs and b-NIPs (a), as well as h-MIPs and h-NIPs (b).

Figure 3 | Binding kinetics of b-MIPs (a) and h-MIPs (b).
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Evaluation of the protein imprinted materials by hierarchical
imprinting. The properties of MIPs and NIPs synthesized by both
bulk polymerization and hierarchical imprinting were compared.
For the morphology, the images of the b-MIPs, silica mold and h-
MIPs were shown in Fig. S1, Supporting Information. Unregulated
particles, with the particle size ranged from 5.0 mm to 8.0 mm were
observed for the b-MIPs, aggregated by smaller beads with particle
size less than 2.5 mm. The h-MIPs were observed with spherical
profile and rugged surface, with particle size about 4.8 mm, similar
to that of the silica mold particles.

The binding capacity of b-MIPs and b-NIPs, as shown in Fig. 2,
was respectively 9.4 mg g21 and 2.0 mg g21, and that for h-MIPs and
h-NIPs was respectively 12 mg g21 and 3.5 mg g21. The obviously
improved binding capacity of MIPs compared to NIPs should be
contributed to PSA recognition sites formed by molecular
imprinting.

Usually, the binding capacity of surface imprinting is lower than
that of bulk materials, because imprinting sites were formed all over
the bulk-imprinted MIPs, but only located on the surface of surface-
imprinted MIPs19. In this experiment, with porous silica as mold, the
resultant h-MIPs were also porous, with the specific surface areas as
71.9 m2/g, similar to that for b-MIPs (61.8 m2/g). Therefore, enough
recognition sites for PSA were formed on h-MIPs beads, resulting in
equivalent, or even a little higher binding capacity than that of b-
MIPs. The swelling ratio of h-MIPs and b-MIPs were from the swell-
ing experiments in water separately at 40uC. The swelling ratio was
calculated according to the previous publications20. They were 2.63
and 2.50 for the b-MIPs and h-MIPs.

Adsorption equilibrium rate is also an important parameter to
evaluate MIPs, which reflects the time required to reach the max-
imum adsorption of template molecules. From the results shown in
Fig. 3, it could be seen that, for b-MIPs, the adsorption kinetics
increased fast in the first 60 min, reaching about 52% of the max-

imum binding capacity, then slowed down, and reached adsorption
equilibrium in 600 min. In contrast, the adsorption rate of h-MIPs
increased significantly in the first 5 min, and reached equilibrium in
20 min, which should be contributed to the easy accessibility of the
recognition sites for template in h-MIPs. Such fast mass transfer of
template protein shows the promising of h-MIPs in practical appli-
cations, such as SPE and chromatography separation.

To evaluate the selectivity of MIPs, both b-MIPs and h-MIPs were
subjected to a mixture of four proteins composed of PSA (pI 5.0), b-
lactoglobulin (LACT, pI 5.1), basic cytochrome C (CYC, pI 10.6) and
ribonuclease B (RNB, pI 8.8), including both acidic and basic com-
petitive proteins. In addition, the pI of PSA was quite close to LACT,
by which the discrimination capacity of prepared MIPs could be
evaluated. As shown in Fig. 4, both b-MIPs and h-MIPs exhibit
excellent selectivity for PSA, with imprinting factors as about 3.6,
much higher than those for non-template proteins, with imprinting
factors as 1.0 for RNB and LACT by b-MIPs and h-MIPs, 1.5 for CYC
by b-NIPs, and 2.0 for CYC by h-NIPs. These results indicate that
MIPs prepared by both hierarchical imprinting and bulk polymer-
izations are of excellent selectivity for the template protein.

For MIPs, especially with protein as the template, the synthesis
reproducibility is an important issue to consider21. In our experi-
ments, 5 batches of b-MIPs and h-MIPs were respectively synthe-
sized, and the competitive binding experiments were performed.
From the data shown in Fig. 5, it could be seen that the binding
capacity reproducibility of h-MIPs for PSA is much better than that
of b-MIPs. For the preparation of b-MIPs, even great care was taken
in each synthesis step, it was still difficult to ensure the batch to batch
reproducibility, since any small disturbance during polymerization
might lead to the denature or conformation change of template
protein, resulting in decreased number of specific recognition sites.
In contrast, by hierarchical imprinting, the template immobilization
and polymerization performed in different steps under the respect-

Figure 4 | Competitive binding experiment of b-MIPs and b-NIPs (a), as well as h-MIPs and h-NIPs (b).

Figure 5 | Batch-to-batch reproducibility of b-MIPs (a) and h-MIPs (b).
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ively optimized conditions is beneficial for keeping stable reaction
solution. Further, the immobilization of PSA on silica by physical
adsorption could greatly improve the conformation stability of tem-
plate protein, ensuring the excellent batch-to-batch preparation
reproducibility of MIPs.

Therefore, with the comprehensive consideration of selectivity,
binding capacity, adsorption kinetics and preparation reproducib-
ility, MIPs prepared by hierarchical imprinting is very applicable in
practical applications.

Application of the protein imprinted materials by hierarchical
imprinting. Original serum, and serum sample treated by h-MIPs,
h-NIPs and Albumin Removal kit (obtained from Merck) were
digested by trypsin. Then, the peptides were analyzed by 2D nano-
SCX-RPLC-MS/MS.

From the data shown in Table 1, with the treatment of h-MIPs and
Albumin Removal kit, the percentage of HSA peptides in total pep-
tides decreased significantly. This result indicated that h-MIPs and
Albumin Removal kit removed HSA in serum samples efficiently. It
could be seen that with stringent filtering criteria for human plasma
proteome analysis (false discovery rate less than 1%), the identified
protein group number in serum treated by h-MIPs was increased to
422, higher than that obtained from original serum. The identified
protein group number for Albumin Removal kit was 376, a little
higher than that in original serum. Noticeably, protein numbers
identified from h-MIPs-treated sample were much higher than that
from Albumin removal kit-treated sample. The reasons should be
that due to non-specific adsorption of MIPs, other high abundance
proteins were also removed simultaneously with HSA. Hence, more
low abundance proteins were identified in MIPs-treated sample.
Because albumin cannot be removed efficiently, the identified pro-
tein group numbers of h-NIPs-treated sample were similar to ori-
ginal serum. The poor removal of HSA by h-NIPs demonstrated that
the selective depletion of HSA by h-MIPs should be contributed to
molecular imprinting.

Conclusion
In conclusion, protein imprinted materials by hierarchical imprint-
ing was successfully prepared and, to the best of our knowledge, for
the first time, as the artificial antibody, were applied to remove the
highest abundance proteins from human serum. Compared with
MIPs prepared by bulk polymerization, those prepared by hierarch-
ical imprinting technique show advantages of excellent selectivity,
high binding capacity, fast adsorption kinetics and good synthesis
reproducibility. With PSA, the analog of HSA, the imprinted micro-
spheres were further successfully applied for the depletion of HSA
from human serum, the highest abundance protein in plasma, to
improve the identification capacity of low abundance proteins.
These results demonstrated that protein imprinted polymers pre-
pared by hierarchical imprinting technique, might become really
artificial antibodies for the selective depletion of high abundance
protein, and further the selective enrichment of low abundance ones,
especially for those without antibodies, in proteome study.
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Table 1 | Number of identified peptides from HSA and total protein groups from serum before and after HSA depletion by h-MIPs

Original serum Serum treated by MIPs Serum treated by NIPs Serum treated by antibody

Percentage of HSA peptides in total peptides (%) 37.8 13.9 42.7 1.9
Total protein groups 348 422 363 376
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