
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
15

/2
02

5 
5:

07
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Novel nanoporou
Key Laboratory of Separation Science for A

Chemical Physics, Chinese Academy of S

116023, China. E-mail: lixiulign@dicp.ac.cn

† Electronic supplementary informa
10.1039/c8ra07500j

‡ The rst author

Cite this: RSC Adv., 2018, 8, 37528

Received 8th September 2018
Accepted 31st October 2018

DOI: 10.1039/c8ra07500j

rsc.li/rsc-advances

37528 | RSC Adv., 2018, 8, 37528–3753
s covalent organic frameworks
for the selective extraction of endogenous
peptides†

Xiaofei Zhang, ‡ Guangyan Qing,‡ Long Yu, Hongjian Kang, Cheng Chen,
Xiuling Li * and Xinmiao Liang *

Endogenous peptides are important biomarkers, but their low abundance and abundant interference in

biosamples impede their analysis. In this study, a novel nanoporous covalent organic framework (COF) was

prepared and successfully applied for selective extraction of endogenous peptides from human serum. This

novel COF exhibited strong retention and high adsorption capacity toward peptides, as well as efficient

exclusion of large proteins, ascribed to its strong hydrophobicity, uniform pore size (�2.5 nm) and large

surface area (826.5 m2 g�1). These features facilitated the extraction of endogenous peptides from complex

biosamples, resulting in 27 identified peptides from tryptic digests of bovine serum albumin (BSA) mixed

with 1000 mass folds of BSA protein. Moreover, the adsorption rate of the peptides was 3.6-fold faster than

that of proteins on this novel COF. After application the novel COF to 5 mL human serum, 416 unique

peptides were unambiguously identified. These results demonstrated the excellent properties of the novel

COF in extraction of endogenous peptides. We envisage that COFs with adjustable organic building units

and unique physicochemical properties will qualify their potential applications in peptidomics research.
1. Introduction

Endogenous, native peptides such as neuropeptides and
peptide hormones play pivotal roles in bioprocesses including
signal transmission,1 inammatory response2 and endocrine
processes.3 Some endogenous peptides are important
biomarkers, e.g. amyloid peptides correlated with Alzheimer's
diseases,4 natriuretic peptides in heart diseases5 and proinsulin
in diabetes.6 Thus it is signicant to identify and analyze of
endogenous peptides. However, it is challenging to analyze
endogenous peptides owing to their trace amount, the co-
existence of abundant proteins and the high complexity of
biological matrices. Selective extraction of endogenous peptides
is essential prior to the routine mass spectrometry (MS) anal-
ysis. In the past decade, a variety of extraction methods have
been developed, such as acetonitrile (ACN) precipitation,7,8

ultraltration,9 and reversed phase adsorbents-based solid-
phase extraction (SPE).10,11 ACN precipitation and ultraltra-
tion are widely used to remove high molecular weight (MW)
proteins and enrich endogenous peptides. However, both
methods suffer from low peptide yields.8,11 Reversed phase
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tion (ESI) available. See DOI:
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adsorbents-based SPE mainly relies on hydrophobic interac-
tion, which has been increasingly used.12,13 Based on this,
various nanomaterials were developed to the enrichment of
endogenous peptides. These nanomaterials include silica
nanospheres,14 carbon nanotubes,15 silica-carbon composite
nanobers,16 zeolite nanocrystals,17 polymeric functionalized
nanoparticles,18 magnetic nanoparticles19 and so on. But
nonspecic proteins were oen adsorbed on the outer surface
of these nanomaterials inevitably. For eliminating the co-
enrichment of proteins, porous materials attracted more and
more attentions. Inorganic porous materials, which were rep-
resented by mesoporous silica20 and mesoporous carbon,12 have
demonstrated commendable performance in this eld.
Recently, metallic organic framework materials (MOFs)21 and
covalent organic framework materials (COFs)22 were employed
in peptidomics analysis and showed great potentials.

Covalent organic frameworks (COFs) are an emerging class of
ordered porous crystalline materials formed by strong covalent
linkages between H, B, C, N, O, and Si.23,24 The unique features of
COFs including large surface areas, tunable pore sizes and
facilely tailored functionalities offer signicant opportunities for
many applications including gas separation,25,26 drug delivery,27

energy storage,28 catalysis29 and particularly, bioseparation.22

However, the limited stability of the employed COFs hindered the
further application of COFs in this eld.

Incorporating methoxy groups into the topological struc-
tures of COFs would help ght interlayered electrostatic repul-
sion and greatly enhance the stability.30 In this work, we
This journal is © The Royal Society of Chemistry 2018
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prepared a novel covalent organic porous material named TPB–
DMTP-COF (TPB, triphenylbenzene; DMTP, dimethoxytereph-
thaldehyde). This COF contained methoxy groups through
a condensation of 2,5-dimethoxyterephthalaldehyde (DMTA)
and 1,3,5-tri-(4-aminophenyl) benzene (TAPB). We applied this
COF into selective extraction of endogenous peptides from
human serum. Its strong hydrophobic forces toward peptides,
efficient exclusion of large proteins, high adsorption capacity
and specic selectivity of peptides were also studied.

2. Material and methods
2.1 Material and reagents

Tetrahydrofuran (THF), acetic acid, o-dichlorobenzene (o-DCB),
n-BuOH, 1,3,5-tri-(4-aminophenyl)benzene (TAPB), 2,5-dime-
thoxyterephthalaldehyde (DMTA), bovine serum albumin (BSA),
cytochrome c (Cyt c), trypsin, ammonium formate, ammonium
acetate, ammonium bicarbonate (NH4HCO3), urea, dithiothreitol
(DTT) and iodoacetamide (IAA) were ordered from Sigma-Aldrich
(St. Louis, MO). The standard peptide (with sequence of
SLHTLFGELCK) was synthesized by Jietai biotechnology Co. Ltd.
(Shanghai, China). HPLC grade acetonitrile (ACN) was from
Merck Life Science Pvt. Ltd. (Worli, Mumbai, India). Formic acid
(FA) was obtained from Acros Organics (Geel, Belgium). The
mesoporous MCM-41 was purchased from Nankai catalyst
factory (Tianjin, China). GELoader tips were from Eppendorf AG
(Hamburg, Germany). Deionized water was puried by Milli-Q
pure water system (Millipore, Bedford, MA, USA).

2.2 Instruments and characterization

Fourier transformation-infrared spectroscopy (FT-IR) was per-
formed with a Bruker Vertex 80V FT-IR spectrometer (Bruker
Optics Inc., Billerica, MA. USA). Mass spectra were acquired
with a nano electrospray ionization-quadrupole time-of-ight
mass spectrometer (ESI Q-TOF MS) (Waters, and Milford, MA,
USA) coupled with a Nano Acquity UPLC (Waters, Milford, MA,
USA) or with a LTQ Orbitrap Velos coupled with an Accela 600
HPLC system (Thermo, San Jose, California). Zeta potential was
measured on a Malvern ZETASIZER 2000/3000 Instrument
(Malvern Instruments Ltd., Malvern Worcestershire, UK). High-
resolution transmission electron microscopy (HR-TEM) images
were obtained on a JEOL model JEM-2100 microscopy (JEOL,
Akishima, Tokyo, Japan). BET adsorption isotherms were
recorded on a Micrometrics Quadrasorb SI nitrogen adsorp-
tion–desorption apparatus (Quantachrome Instruments, Boy-
nton Beach, FL, USA). The peptides/protein adsorption of TPB–
DMTP-COF was measured on a Multiskan GO 1510 microplate
reader (Thermo Fisher Scientic Inc., Vantaa, Finland).

2.3 Experimental details

2.3.1 Preparation of TPB–DMTP-COF. TPB–DMTP-COF was
synthesized according to the reported method.30 An o-DCB/n-
BuOH (0.5/0.5 ml) mixture of TAPB (0.08 mM, 28.1 mg) and
DMTA (0.12 mM, 23.3 mg), together with an acetic acid catalyst
(6 M, 0.1 ml) were charged in a Pyrex tube (10 ml). The tube was
degassed via three freeze–pump–thaw cycles. Aer ame
This journal is © The Royal Society of Chemistry 2018
sealing and heating the tube at 120 �C for three days, the
precipitates were collected via centrifugation. Then the
collected precipitates were washed six times with THF and
subjected to Soxhlet extraction with THF for one day. The TPB–
DMTP-COF powder was collected and dried at 120 �C under
vacuum overnight.

2.3.2 Digestion of proteins with trypsin. The digestion of
BSA protein was proceeded according to the previous descrip-
tion31 with minor modication. BSA protein (1 mg) was dis-
solved in 100 mL denaturing buffer containing 8 M urea and
50 mM NH4HCO3. This protein solution was added with DTT to
a nal concentration of 50 mM and treated for 45 min at 56 �C.
Then the resultant solution was alkylated with IAA (2 mL of 200
mM) and the mixture was incubated in the dark for 30 min at
room temperature. The resulting solution was diluted to 10-fold
in volume with 50 mM NH4HCO3 and digested with trypsin at
enzyme and protein ratio of 1 : 30. Digestion was stopped with
FA at a nal concentration of 0.5%.

2.3.3 The effect of ACN content. 3 mL BSA tryptic digests
was desalted, lyophilized and redissolved in 100 mL loading
buffer (0% ACN, pH ¼ 5.9), then incubated with 0.6 mg TPB–
DMTP-COF for 30 min. Aer centrifugation (2000 rpm) for
3 min, the supernatant (ow-through) was collected and the
bound peptides were subsequently eluted with 100 mL 10%,
20%, 30%, 40% and 50% ACN under pH 5.9, respectively. The
collected eluents were analyzed with MS. The control material
MCM-41 was subjected to the same experiment process.

2.3.4 Exclusion of proteins with TPB–DMTP-COF. ACN
slurry containing the TPB–DMTP-COF material was loaded into
the GELoader tip. The packed microcolumn was conditioned
and equilibrated with appropriate buffers. Subsequently, 20 mg
BSA or Cyt c was dissolved in 30 mL 10 mM NH4HCO3 aqueous
solution and loaded onto the microcolumn. Then the micro-
column was eluted with 30 mL 10 mM NH4HCO3 aqueous
solution, 50% ACN aqueous solution and 50% ACN/1% FA (pH
¼ 2.15). The ow-through fraction was collected to desalt and
analyzed by MS. The control material MCM-41 was subjected to
the same experiment process.

2.3.5 The effect of solution pH. The TPB–DMTP-COF
microcolumns were prepared as above mentioned. The
samples were separately dissolved in buffers with pH 4.0, pH 5.9
and pH 8.4 and loaded onto the microcolumns. Then the
microcolumns were washed with 30 mL corresponding loading
buffers. The bound peptides were eluted with 30 mL 50% ACN
(pH 4.0), 50% ACN (pH 5.9) and 50% ACN (pH 8.4), respectively.

2.3.6 Measurement of the adsorption capacity of peptides
and protein. BSA protein (67 kDa) or tryptic digests of BSA was
dissolved in 5 ml 10 mM NH4HCO3 solution to the concentra-
tion of 0.1 mg ml�1 and mixed with 2.6 mg TPB–DMTP-COF.
The mixture was then incubated at 25 �C and 30 mL suspen-
sion was taken from the bulk solution at set intervals. The
supernatant was collected by centrifuged and measured by
microplate reader to calculate the adsorption capacities at the
time nodes.

The control material MCM-41 was subjected to the same
experiment process.
RSC Adv., 2018, 8, 37528–37533 | 37529
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Fig. 1 The pore size distribution (A), pH-dependent zeta potential
change (A inset), TEM images (B), FTIR spectrum (C) and PXRD pattern
(D) of TPB–DMTP-COF.
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2.3.7 Application to extract of peptides. BSA and BSA
tryptic digests were proportionally mixed in 5% ACN/10 mM
NH4HCO3 and incubated with certain amount of TPB–DMTP-
COF for 30 min. The supernatant was removed by centrifuga-
tion and the materials were washed with 500 mL of 10 mM
NH4HCO3. Aer removal of supernatant again, the bound
peptides were eluted with 20 mL of 40% ACN aqueous solution.

2.3.8 Extraction of endogenous peptides from human
serum. Human normal serum was provided by the Second Affili-
ated Hospital of Dalian Medical University according to Institu-
tional Review Broad (IRB) approval. 5 mL human serumwas diluted
with 80 mL deionized water and denatured for 5 min in boiled
water, then added 1.6 mL 1 M NH4HCO3 and 73.4 mL deionized
water. Aer centrifuging for 10 min, the supernatant was collected
andmixed with 5mg TPB–DMTP-COF. Themixture was incubated
for 40 min. The materials were collected by centrifugation and
pushed into the GELoader tip. The packed microcolumn was
washed with 300 mL 10 mM NH4HCO3. The bound peptides were
subsequently eluted with 20 mL 40%ACN/H2O, lyophilized and
desalted for analysis by a LTQ Orbitrap Velos.

2.3.9 Mass spectrometer analysis. The obtained peptide
fractions from tryptic digests of BSA protein were analyzed with
a nano electrospray ionization-quadrupole time-of-ight mass
spectrometer (ESI Q-TOF MS) (Waters, and Milford, MA, USA).
The samples were infused into ESI source directly with Nano
Acquity UPLC (Waters, Milford, MA, USA). The full MS scan was
acquired at m/z 600–1800 under positive ion mode.

The endogenous peptide fractions from human serum were
identied with LTQ-Orbitrap Velos coupled with Accela 600
HPLC system (Thermo, San Jose, California). The full scan mass
data were obtained fromm/z 400 to 2000 (R¼ 60 000 atm/z 400).

3. Results and discussion
3.1 Characterization

The TPB–DMTP-COFwas synthesized through the condensation of
DMTA and TAPB.30 N2 sorption–desorption isotherm of TPB–
DMTP-COF revealed a type-IV curve (Fig. S1, ESI†), indicating the
presence of mesostructure. The Brunauer–Emmett–Teller (BET)
surface area was 826.5 m2 g�1 and the pore size peaked at 2.5 nm
(Fig. 1A), which was further conrmed with a high resolution
transmission electronmicroscopy (HRTEM) (Fig. 1B). HRTEM also
demonstrated the existence of the highly ordered hexagon meso-
pore and the uniform pore size. The Fourier transform infrared
(FTIR) spectra implied the presence of essential functional groups
in TPB–DMTP-COF (Fig. 1C). The peaks located at 3000.79 cm�1

and 3031.67 cm�1 were attributed to the benzene ring C–H
stretching vibrations. The peaks located at 2960.41 cm�1,
2870.28 cm�1 and 2838.52 cm�1 corresponded to methyl C–H
stretching vibrations. The peaks located at 1599.91 cm�1 and
1507.98 cm�1 were attributed to the aromatic C]C skeletal
vibrations. The peak located at 1248.90 cm�1 was assigned to the
specic absorption of C–O–C ether bond stretching vibration. The
peak located at 2820.27 cm�1 was ascribed to the C–H stretching
vibrations of –OCH3 which connected to benzene ring. Meanwhile,
the peak appeared at 829.41 cm�1 originated from the character-
istic absorption of the para-substitution on benzene ring. In the
37530 | RSC Adv., 2018, 8, 37528–37533
PXRD pattern of TPB–DMTP-COF (Fig. 1D), six measurable
diffraction peaks could be observed. They were respectively at
2.76�, 4.82�, 5.58�, 7.39�, 9.67� and 25.18�, which were assigned to
the (100), (110), (200), (210), (220) and (001) facets, respectively.30 It
indicated the good crystallinity of TPB–DMTP-COF. The pH-
dependent zeta potential of TPB–DMTP-COF (Fig. 1A inset)
monotonously decreases as pH increases and becomes zero at pH
5.9. The water contact angles for TPB–DMTP-COF was 51.1�

(Fig. S2B†), which was larger than that of MCM-41 (30.8�,
Fig. S2A†). It suggested that TPB–DMTP-COF is more hydrophobic
than MCM-41. The above results indicated that TPB–DMTP-COF
with uniform pore size, large surface area and tunable surface
charge was successfully synthesized.
3.2 The effect of ACN content to the retention of peptides on
TPB–DMTP-COF

TPB–DMTP-COF has abundant benzene rings and methoxy
groups in its structure (ESI Scheme S1†), which confer the high
hydrophobicity. We investigated whether tryptic digests of BSA
could be captured by TPB–DMTP-COF under different ACN
content (0–50% ACN, pH¼ 5.9) conditions (Fig. 2A). To facilitate
further discussion, 6 representative peptides covered different
molecular weights and GRAVY from BSA trypsin digests were
chosen (detailed information, e.g. molecular weight, pI and
GRAVY see Table S1†). All of the target peptides could be strongly
retained on TPB–DMTP-COF under aqueous solution and the
bound peptides could be gradually released from TPB–DMTP-
COF with increased ACN content (Fig. 2B), indicating the
hydrophobic interaction between TPB–DMTP-COF and peptides.
In the Fig. S3,† with the GRAVY value of peptides increased from
�0.557 to 0.429, the hydrophobicities of peptides enhanced.
When the GRAVY value were low (�0.557 to 0.175), the corre-
sponding peptides mainly distributed in the fractions with a low
ACN content (10% ACN). With the GRAVY value raised, the
distribution of corresponding peptides moved toward the
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Workflow of the peptides extraction with TPB–DMTP-COF (A)
and the distribution of 6 peptides from tryptic digests of BSA in frac-
tions eluted with 0%, 10%, 20%,$30% ACN from TPB–DMTP-COF and
MCM-41 (B). The distribution of peptides is defined as the percentage
of the signal intensity of target peptide in one fraction to its summa-
rized signals intensity.
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fractions with higher ACN content. When the GRAVY value was
0.429 (Pep 4), the distribution of Pep 4mainly concentrated in the
fractions with$30% ACN. It revealed that, with the GRAVY value
of peptides increased, the hydrophobic interaction between
peptides and TPB–DMTP-COF enhanced.

We further compared the differences on hydrophobic interac-
tion toward peptides between TPB–DMTP-COF andMCM-41. Aer
treatment with TPB–DMTP-COF, only three target peptides with
low percentage could be characterized in the ow-through, in
sharp contrast to ve target peptides with relatively high
percentage in that treated with MCM-41 (Fig. 2B). Taking Pep 1
(GRAVY is �0.557) as an example, the percentage of total amount
in the ow-through was 7.1 with TPB–DMTP-COF versus 77.3 with
MCM-41. Regarding the bound peptides on the adsorbents, over-
whelming majority of corresponding peptides distribute in the
higher ACN content (10–40%) eluent from TPB–DMTP-COF than
from MCM-41 (Fig. S4†). This result indicated that TPB–DMTP-
COF has stronger hydrophobic interaction toward peptides than
MCM-41, implying the potential high coverage and recovery of
peptides with TPB–DMTP-COF based method.
Fig. 3 Mass spectra of standard proteins BSA (A and B) and Cyt c (C
and D) after treatment with TPB–DMTP-COF (A and C) andMCM-41 (B
and D). TPB–DMTP-COF efficiently excludes BSA and Cyt c with its
small pore size, while small protein Cyt c enters the pores of MCM-41.
3.3 Exclusion of proteins with TPB–DMTP-COF

The nely uniform and proper pore structure of TPB–DMTP-COF
benet to the exclusion of large proteins (size-exclusion). To test
This journal is © The Royal Society of Chemistry 2018
this, two proteins with different sizes were treated with TPB–
DMTP-COF in dispersive solid phase extraction mode. These two
proteins were bovine serum albumin (BSA) and cytochrome c (Cyt
c).32 Aer treatment with TPB–DMTP-COF, the signals of BSA and
Cyt c were detected in ow-through (Fig. 3A and C, upper panel),
while no signals of proteins could be found in the eluate (Fig. 3A
and C, lower panel). In comparison, the same experiments were
also performed with MCM-41 (pore diameter: 3.8 nm). Aer
extraction with MCM-41, the signals of BSA were also detected in
ow-through, but the signals of Cyt c could be only observed in
the eluate (Fig. 3B and D). The size of BSA (5.0� 7.0� 7.0 nm) is
larger than the pore size of TPB–DMTP-COF and MCM-41,
leading to the exclusion of BSA; whereas the size of Cyt c (2.6 �
3.2 � 3.3 nm) is larger than the pore size of TPB–DMTP-COF but
smaller than that of MCM-41, therefore Cyt c enters the pore of
MCM-41 but is excluded by TPB–DMTP-COF. The above results
indicated that TPB–DMTP-COF possess excellent size-exclusion
effect toward proteins. Besides exclusion of majority of BSA in
aqueous solution, 8.5% of BSA was found in 50% ACN/1% FA
eluent (Fig. S5†). This result can be explained that the high
hydrophobicity of TPB–DMTP-COF particles inevitably leads to
the adsorption of BSA on their external surface (less than 10% of
the total surface area, ESI†). However, the notable difference in
the elution conditions of peptides (#40% ACN) and BSA (50%
ACN) facilitate the separation of peptides and proteins with TPB–
DMTP-COF. The N2 sorption result (Fig. S6†) revealed that the
pore volume of PB–DMTP-COF decreased by about 27.8% aer
the adsorption of the BSA tryptic peptides, but those were almost
unchanged aer the adsorption of BSA.
3.4 Measurement of the adsorption capacity of peptides and
protein on TPB–DMTP-COF

The large surface areas of PB–DMTP-COF indicate its potential
high adsorption capacity. We further examined the adsorption
capacity of BSA tryptic peptides on TPB–DMTP-COF. The equi-
librium adsorption curves indicate that the adsorption capacity
of TPB–DMTP-COF toward BSA tryptic peptides is 0.9 �
RSC Adv., 2018, 8, 37528–37533 | 37531
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10�4 mol g�1, which is much higher than that toward BSA
protein, 1.0 � 10�6 mol g�1 (Fig. 4). Moreover, the adsorption
equilibrium of BSA tryptic peptides on TPB–DMTP-COF could
be reached within 20 min, rather than 80 min for BSA protein.
The adsorption rate constant of BSA tryptic peptides on TPB–
DMTP-COF was calculated from pseudo-second-order rate
equations (R2 > 0.99) (Fig. S7†) and k2 is 2.44 � 10�3 g (mg
min)�1, which was 3.6-fold faster than that of BSA protein. This
result further conrmed the adsorption rate of peptides was
much faster than that of proteins on TPB–DMTP-COF. The high
adsorption capacity and high adsorption rate provided by TPB–
DMTP-COF further benet the discrimination of peptides and
protein.
3.5 The effect of solution pH to the retention of peptides on
TPB–DMTP-COF

The surface charge of TPB–DMTP-COF depends on the pH-
dependent zeta potential of TPB–DMTP-COF and solution pH
value, which will affect the interactions between peptides and
materials.

To investigate this, we compared the retentions of Pep 1–6
under three solution pH (4.0, 5.9 and 8.4) conditions by
considering the distributions of them in eluents with 10–50%
ACN (Fig. S8†). According to the pH-dependent zeta potential of
TPB–DMTP-COF, When solution pH value was 4.0, both
peptides and material had positive surface charges, the elec-
trostatic repulsion weakened the interaction between peptides
and the material. This resulted in a portion of peptides ran off
in the ow-through (0% ACN) on the loading step. Therefore,
the distributions of Pep 1–6 in eluents with 10–50% ACN were
not higher than 90%, especially Pep 1 and Pep 6, the two
peptides with high pI (8.75 and 9.79). When solution pH value
was 5.9, the distributions of Pep 2–4 in eluents with 10–50%
ACN were all one hundred percent. Those of Pep 1, 5, and 6 were
also nearly one hundred percent. This phenomenon can be
explained that the surface charge of TPB–DMTP-COF is theo-
retically neutral at solution pH 5.9, the adsorption of peptides
on TPB–DMTP-COF is independent of electrostatic interaction,
but mainly driven by hydrophobic interaction. For the case of
solution pH 8.4, the material possessed negative surface
charges. The distributions of Pep 2–5 (pI < 8.4, with negative
charge) in eluents with 10–50% ACN were reduced because the
competence between electrostatic repulsion and hydrophobic
interaction. However, the positive charged Pep 1 and Pep 6 with
pI > 8.4 showed high distributions (89.1% and 99.5%) in eluents
Fig. 4 Equilibrium adsorption curves of tryptic digests of BSA and BSA
protein on TPB–DMTP-COF (A) and MCM-41 (B).
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with 10–50% ACN resulting from the synergy between electro-
static attraction interaction and hydrophobic interaction.

3.6 Application to extract of peptides from model samples
and endogenous peptides from human serum

Based on the above results, the extractionmethod was optimized.
The selectivity of TPB–DMTP-COF for peptides was assessed via
the mixture of BSA protein and tryptic digests of BSA at different
mass ratios. As shown in Fig. 5A, with a mass ratio of 1 : 20 (BSA
tryptic digests : BSA protein), the protein signals dominated the
mass spectrum and the peptide signals were severely suppressed
and barely detectable before extraction. Aer extraction with
TPB–DMTP-COF, interfering protein signals were completely
removed and the signal intensities of peptides were notably
enhanced. More than 30 of BSA peptides, including those of very
low abundance, were identied (Fig. 5B). Even though the weight
ratio of peptides/protein was reduced to 1 : 1000 (Fig. 5C), up to
27 BSA peptides were still detected. The extraction recovery of
TPB–DMTP-COF toward a standard peptide (sequence:
SLHTLFGELCK) was 84.0%� 2.6% (n¼ 3). The detection limit of
the standard peptide could reach the level of 5 fmol mL�1. The
further application of TPB–DMTP-COF to 5 mL human serum
resulted in a total of 416 characterized unique peptides (Table
S2†). The isoelectric point (pI) and hydropathy (GRAVY) value
distribution for all of the identied endogenous peptides are
shown in Fig. 6. GRAVY values distribution revealed that more
than 50% of the identied peptides were hydrophilic, with
a GRAVY value in the range of �2 to 0. It indicated that TPB–
DMTP-COF could capture not only hydrophobic peptides but also
those hydrophilic peptides effectively. This result was consistent
with that in the previous report.16 The molecular weight
Fig. 5 Mass spectra of the mixture of BSA and tryptic digests of BSA
before (A) and after (B and C) treatment with TPB–DMTP-COF. The
mixture contains BSA and tryptic digests of BSA at weight ratios of
20 : 1 (A and B) and 1000 : 1 (C). Tryptic digests of BSA were marked
with asterisks in the mass spectra.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The pI and GRAVY value distribution for all of the identified
endogenous peptides from human serum.
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distribution of the identied peptides mainly falls in the ranges
1000 to 1500 Da and 1500 to 2000 Da (Fig. S9†). These results
suggest the TPB–DMTP-COF is an efficient adsorbent for selective
extraction of endogenous peptides from biosamples.
4. Conclusions

In summary, nanoporous covalent organic frameworks material
TPB–DMTP-COF was prepared. Due to the unique characteristics
including strong hydrophobicity, uniform porous structure, large
surface area and tunability of surface charge, the material
exhibited excellent ability in trapping endogenous peptides. This
material could selectively extract endogenous human serum
peptides. In addition, the adjustable organic building units and
abundant customizable functional groups qualied the potential
applications of COFs in peptidomics research.
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