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Abstract

A guanidine-functionalized (GF) covalent organic framework (COF) nanocomposite has been developed by a post-synthetic
approach for specific capture and separation of phosphopeptides and exosomes. The abundant binding sites on COF can
immobilize a large number of gold nanoparticles (AuNPs), which can be used to react with amino groups to graft poly-
ethyleneimine (PEI). Finally, Fe;O0,@COF@Au@PEI-GF is obtained through the reaction of PEI and guanidyl group for
phosphopeptides and exosomes detection. This composite shows a low detection limit (0.02 fmol), size exclusion effect
(B-casein digests: Albumin from bovine serum protein=1:10,000), good reusability (10 cycles), and high selectivity (f-casein
digests:Albumin from bovine serum digests = 1:10,000). For complex biological sample, 4 phosphopeptides can be suc-
cessfully identified from human serum. Furthermore, for the first time, we used guanidyl-functionalized probe to capture
exosomes in human serum, providing a new method for enriching exosomes. The above experiments showed that Fe;0,@
COF @ Au@PEI-GF not only effectively enrich phosphopeptides and remove macromolecular proteins, but also success-
fully separate and capture exosomes. This demonstrates the great potential of this composite for the specific enrichment of
phosphopeptides and isolation of exosomes.
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Introduction

Exosomes, secreted by cells, are membrane vesicles
(30-150 nm) that contain complex RNAs, lipids, and pro-
teins [1]. These special membrane vesicles are naturally
found in different body fluids [2] and are deemed to be
involved in physiological responses such as intercellular
communication, signal transduction, and immune regula-
tion [3-5]. As the research on exosomes proceeds, there is
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evidence that exosomes are participated in the pathology of
various diseases [0, 7], and even become important markers
of certain diseases [8—10], providing the possibility for early
detection of these diseases. To better utilize these unique
properties of exosomes for disease diagnosis and treat-
ment [11, 12], it is crucial to isolate and capture exosomes
from matrixes, and multiple separation methods have been
explored [13]. Ultracentrifugation [14] is a more traditional
method; this method can keep exosomes in good activity
and shape. At the same time, polymer isolation kits [15] can
also be used for the separation of exosomes; this method is
simple to operate and does not require special equipment.
However, with the continuous innovation of modern separa-
tion and analysis technology, the separation and purification
of exosomes have put forward higher requirements. Conse-
quently, the methods for the separation of exosomes in sam-
ples still need to be further improved, forcing the explora-
tion of innovative methods for low-cost and high-efficiency
isolation and capture of exosomes.
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Protein phosphorylation, as a common post-translational
modification (PTMs), regulates intercellular communica-
tion, neural activity, and immune regulation, and phospho-
rylated proteins have become specific markers [16—19] for
various diseases and even cancers. Phosphorylation not only
has an influence on the biogenesis of exosomes [5], but
also participates in virtually all biological activities which
exosomes are involved in [13], and the physiological and
pathological states of primitive cells can be manifested by
the changes in proteins in exosomes [14]. Therefore, the
research of the phosphorylation associated with exosomes
is unusually valuable for elucidating the pathogenesis and
pathological process of related diseases [5]. Current meth-
ods for enriching phosphopeptides [20] include immuno-
precipitation, chemical deposition, and affinity chromatog-
raphy. Among them, the guanidyl group, as an effective
affinity group, has strong non-covalent interactions with
phosphate group [21, 22], but there are still relatively few
reports on the use of guanidyl groups for the selective sepa-
ration of phosphopeptides. Besides, to our knowledge, the
separation method based on the interaction between guani-
dyl and phosphate groups present on exosomes phospho-
lipid bilayers has not yet been developed. In this case, the
exploration of more novel guanidyl-based functionalized
materials would be a good way to enrich phosphopeptides
and isolate exosomes.

Covalent organic frameworks (COFs), an emerging
promising structure, are porous materials in which tailored
building units are connected by covalent bonds [23, 24]
to form porous skeletons with periodic structures. COFs
have excellent properties [25] such as low density, large
specific surface area, and high stability, and have a wide
range of applications in catalysis, energy, gas adsorption
and separation, and other fields [26—28]. What attracts
us is the amazing performance of COFs in the separa-
tion and enrichment of phosphopeptides, which stemmed
from the controlled pore size, large specific surface area,
and regular porosity of COFs [29]. That is, for one thing,
more binding sites are endowed in the large specific sur-
face area, and for another, small-sized peptides are trapped
in the channel along with the exclusion of large-sized
proteins, conferring good selectivity and detection limit.
Therefore, the synthesis of more novel COFs materials is
still a good attempt.

Herein, a magnetic guanidyl-functionalized (GF) COF
composite (Fe;O0,@COF@ Au@PEI-GF) was proposed by
layer-by-layer modification on the magnetic core. First, a
COF layer was successfully constructed by the aldimine con-
densation reaction between the aldehyde group on 2,5-divi-
nylterephthalaldehyde and the amino group on 1,3,5-tris(4-
aminophenyl) benzene, which endowed a large specific
surface area under the condition of ensuring good magnetic
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properties. Subsequently, gold nanoparticles (AuNPs) were
introduced into the surface of magnetic COF by sedimenta-
tion method, providing a bridge for the grafting of polyethyl-
eneimine (PEI). So, with the help of Au-N bonds, the modi-
fication of PEI not only enhanced the hydrophilic ability
of the material, but also provided abundant active sites for
the further modification. After functionalizing the guanidyl
groups, the synthesized Fe;0,@COF @ Au@PEI-GF exhib-
ited excellent sensitivity, good stability, and high selectivity
for the capture of phosphopeptides and exosomes, showing
a wide range of practical application potential.

Experimental section
Chemicals and reagents

2,5-Dihydroxybenzoic acid (DHB), 2,5-divinyltereph-
thalaldehyde (DVA), acetonitrile (ACN), O-methyli-
sourea hemisulfate (OMIU), trisodium citrate dihydrate
(C¢HsNa;0,-2H,0), anhydrous sodium acetate (NaAc),
glycolic acid, 1,3,5-Tris(4-aminophenyl) benzene (TPB),
and polyethyleneimine (PEI, M.W. 70000 g-mol~!, 50
wt% in water) were bought from Aladdin. Albumin from
bovine serum (BSA), methanol (MeOH), ethanol (EtOH),
B-casein (98%), trypsin, phosphate buffer solution (PBS),
acetic acid (HAc), and ethylene glycol were bought from
Sigma-Aldrich. Sodium hydroxide (NaOH), iron chloride
hexahydrate (FeCl;-6H,0), dithiothreitol (DTT), iodoacet-
amide (IAA), hydrogen tetrachloroaurate (III) trihydrate
(HAuCl,-3H,0), trifluoroacetic acid (TFA), and anhydrous
tetrahydrofuran (THF) were purchased from J&K. The
serum of the kidney cancer patient was provided by Ningbo
medical center Lihuili Hospital.

Synthesis of Fe;0,@COF@Au

The specific preparation method of Fe;0,@COF can be
obtained from the Electronic Support Material. To synthe-
size AuNPs, HAuCl,-3H,0 (2.5 mL, 20 mg-mL™") was dis-
solved in 122.5 mL of deionized water. When the solution
was heated to boiling, trisodium citrate dihydrate (12.5 mL,
38.8 M) was quickly added, and the obtained solution was
refluxed for 0.25 h, causing it to turn from light yellow to
dark purple.

Fe;0,@COF (30 mg) was added to a flask, followed by
the addition of 20 mL AuNPs, and the obtained mixture was
sonicated for 30 min and mechanically stirred for 1 h. The
product (Fe;0,@COF@Au) was washed with deionized
water and ethanol, and then dried at 60 °C for 24 h under
vacuum.
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Fig. 1 The schematic represen-
tation of the preparation process
of Fe;0,@COF@Au@PEI-GF
composites
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Synthesis of Fe;0,@COF@Au@PEI

Fe;0,@COF@Au (30 mg) was added to 12 mL of deionized
water containing PEI (150 mg), and the mixture was shaken
at 2500 rpm for 6 h. The obtained Fe;0,@COF@Au@PEI
was washed four times with deionized water.

Synthesis of Fe;0,@COF@Au@PEI-GF

50 mg Fe;0,@COF@Au@PEI was dispersed in 50 mL of
deionized water containing OMIU (150 mg). The mixture
was adjusted to pH=11 with NaOH, and then mechanically
stirred at 60 °C for 24 h. The reaction was terminated by
adding 1.65 mL of TFA. The obtained guanidyl-functional-
ized platform was washed with water and ethanol, and then
dried under vacuum at 25 °C.

Specific capture of phosphopeptides from standard
protein digests with Fe;0,@COF@Au@PEI-GF

First, 500 pg Fe;0,@COF@ Au@PEI-GF was dispersed in
loading buffer consisting of 49% H,0, 1 M glycolic acid,
1% TFA, and 50% ACN, followed by the addition of 1 pL
B-casein digests. After incubation at 37 °C for 45 min,
Fe;0,@COF @Au@PEI-GF was washed with 100 pL load-
ing buffer to remove the non-phosphopeptides attached to
the surface. Next, eluting buffer (10 pL, 10% NH;+H,O,
w/w) was added, and the mixture was shaken for 30 min at
37 °C to elute the captured phosphopeptides.

Enrichment and isolation of the exosomes
from serum

3 mg of Fe;0,@COF@Au@PEI-GF was added in 10 pL
of human serum. Next, the mixture was shaken at 4 °C for
45 min to capture the exosomes in serum, and then washed
with PBS solution to remove impurities. Finally, eluting
buffer (20 pL, 0.4 M NH;+H,0) was added, and the eluent
was obtained by incubation at 4 °C for 30 min.

Results and discussion

The synthesis and characterization of Fe;0,@COF@
Au@PEI-GF

The preparation process of Fe;0,@COF@Au@PEI-GF
is shown in Fig. 1. First, Fe;O, nanoparticles are prepared
by the solvothermal method. At room temperature, via the
condensation of amino and aldehyde groups, 1,3,5-tris(4-
aminophenyl) benzene and 2,5-divinylterephthalaldehyde
are employed as ligands to form a porous COF layer on the
magnetic core Fe;O,. Then, the sedimentation method ena-
bles AuNPs to be grafted on the surface of the magnetic COF,
which acts as a bridge to allow PEI access. Subsequently,
PEI is immobilized on the surface of the AuNPs by form-
ing Au—-N bonds. Finally, guanidyl-functionalized material
Fe;0,@COF@Au@PEI-GF is prepared through the nucleo-
philic substitution of methoxy groups for amino groups on
PEIL
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Fig.2 a SEM image of Fe;0,@
COF@Au@PEI-GF; b TEM
image of Fe;0,@COF@Au@
PEI-GF

A series of characterizations were performed on Fe,0,@
COF@ Au@PEI-GF to verify the successful synthesis. First,
the microstructures of this material were visualized through
SEM and TEM. As shown in Fig. 2a, the final product are
rough-surfaced spheres with a diameter of approximately
200 nm. In Fig. 2b, it is shown that the Fe;0, are encapsu-
lated by COF to form a uniform core—shell structure, and a
lot of AuNPs with an approximate diameter of about 15 nm
are also embedded on the surface of the material. Addition-
ally, the crystal structure of Fe;0,@COF@ Au@PEI-GF
was characterized using X-ray diffraction (XRD). As can
be seen from Fig. S1, the characteristic peaks [30] of Fe;0,
are at 30.1° (220), 35.5° (311), 43.53° (400), 53.91° (422),
57.1° (511), and 62.0° (440), and the characteristic peaks
[31, 32] of AuNPs are at 38.1° (111), 44.4° (200), and 64.7°
(221). The results of XRD show that the prepared mate-
rial has good crystallinity. The presence of C, N, O, Fe,
and Au elements is observed (Fig. S2) in the energy dis-
persive X-ray spectra (EDX), which indicates that Fe;0,@
COF@Au@PEI-GF was successfully synthesized. Fourier-
transform infrared spectroscopy (FT-IR) was further veri-
fied the success of the entire material process. As shown in
Fig. S3, the FT-IR spectra of all products shows an absorp-
tion band (green absorption band) at 1618 cm™!, which is
due to the C=N stretching vibration in COF [33], demon-
strating the COF is successfully synthesized on the surface
of Fe;0,. The FT-IR spectra of Fe;0,@COF@Au@PEI
shows new absorption bands [34] (purple absorption band)
at 2935 cm™! and 1455 cm™’, proving that the successful
modification of PEI on the surface of AuNPs. A new peak
(yellow absorption band) at 1114 cm™ is attributed to the
C-N bond stretching vibrations [35] from guanidyl groups.
The above series of characterization fully demonstrates the
successful development of Fe;0,@COF@ Au@PEI-GF.

Research on the ability of Fe;0,@COF@Au@PEI-GF
for selective enrichment of phosphopeptides

In order to test the selectivity of the material, trypsin

digested of f-casein was used as the analyte. Firstly, directly
analyze the trypsin digested of -casein with MALDI-TOF

@ Springer

MS (Fig. S4a), and most of the peaks obtained are non-
phosphopeptides, with only one phosphopeptide peak of
low intensity detected. However, after treated with Fe;O,@
COF@Au@PEI-GF, eleven peaks belonging to phospho-
peptides are identified in the elute due to the non-covalent
interaction between the guanidyl groups and the phosphate
groups (Fig. S4b), and the relevant information is listed in
Table S1. The experiment shows that the synthesized guani-
dyl-based affinity material has a good enrichment ability and
affinity for phosphopeptides.

To detect the detection limit of Fe;O,@COF@ Au@PEI-
GF towards phosphopeptides, different contents (20, 2, 0.2,
and 0.02 fmol) of f-casein digests were treated with the
material. When the f-casein digests concentration is diluted
to 20 fmol, after enriched by the obtained Fe;0,@COF@
Au@PEI-GF, all signals of the above phosphopeptides can
be identified (Fig. 3a). After the concentration is further
diluted to 2 fmol (Fig. 3b), ten peaks of phosphopeptides
still appears, indicating that Fe;0,@COF@ Au@PEI-GF
can maintain its good capture capability at a low content of
[B-casein digests. Even if the contents are reduced to 0.2 fmol
(Fig. 3¢) and 0.02 fmol (Fig. 3d), 4 and 1 peaks of phospho-
peptides can still be observed, respectively. The above exper-
iments demonstrate that the nanosphere Fe;O,@COF@Au@
PEI-GF has higher sensitivity for phosphopeptides.

Furthermore, the reusability of Fe;0,@COF@Au@
PEI-GF was verified, and the results are shown in Fig. S5.
To make the experiment more accurate, after each enrich-
ment, the nanocomposite was washed several times with the
loading buffer and ammonia aqueous solution, respectively,
to remove the residues. According to the comparison of
multiple cycles, the results of the fourth and seventh cycles
(Fig. S5b and S5c¢) are almost the same as the first cycle
(Fig. S5a). Even in the result of tenth cycle (Fig. S5d), the
numbers and intensities of the phosphopeptide peaks in the
spectrum also barely changed, showing that Fe;0,@COF@
Au@PEI-GF has a good reusability.

The selectivity of Fe;0,@COF @ Au@PEI-GF for phos-
phopeptides was investigated by enriching phosphopeptides
in different molar ratios of f-casein digests and BSA. When
Fe;0,@COF@Au@PEI-GF is applied to enrich f-casein:
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Fig.3 MALDI-TOF MS spectra of p-casein digests with different contents after the enrichment by Fe;0,@COF@Au@PEI-GF: a 20 fmol, b 2
fmol, ¢ 0.2 fmol, and d 0.02 fmol. Diamond indicates the peak of phosphopeptide

BSA digests with a molar ratio of 1:1000 (Fig. 4a); four
phosphopeptide peaks can be detected by MALDI-TOF MS.
Notably, even if the molar ratio is increased to 1:2000 and
1:5000, three and two phosphopeptide peaks can still be
detected (Fig. 4b and c), respectively. After the molar ratio
is increased to 1:10,000, although the intensities and num-
ber of the phosphopeptide peaks decreased, a signal is still
detected against a clear background (Fig. 4d). These results
indicate that Fe;0,@COF @ Au@PEI-GF has an outstanding
selectivity for phosphopeptides.

The size exclusion effect was studied based on the
mesoporous structure [36] in the COF shell of Fe;O,@
COF@Au@PEI-GF. The mixtures of bovine serum albu-
min (BSA) protein and f-casein digests with different molar
ratios were used for validation, and the results are shown
in Fig. S6. When the molar ratio of the BSA protein and
B-casein digests is 1000:1 (Fig. S6a), seven phosphopeptide
peaks can be observed. After the molar ratio is increased
to 2000:1 (Fig. S6b), the peaks of phosphopeptides still
dominate the spectrum, and five signals with a signal-to-
noise ratio above 3 can be seen. In the results of the molar
ratios of 5000:1 and 10,000:1 (Fig. S6c and S6d), although

the signals of non-phosphopeptides are greatly improved,
three and one signals of phosphopeptides are still observed,
respectively. This is attributed to the pore size selectivity of
COF from Fe;0,@COF@ Au@PEI-GF, and phosphopep-
tides of small size could still be captured efficiently.

The loading capacity of Fe;O,@COF@ Au@PEI-GF
for phosphopeptides was judged by observing the intensity
changes of three representative phosphopeptide peaks. The
determination was performed by changing the amount of mate-
rial by fixing the amount of -casein. The results are shown in
Fig. S7, the loading capacity of the material for phosphopep-
tides increased continuously from 10 to 25 pg, and reached
saturation when the amount of material was 25 pg. In order to
further verify whether the material reached a saturated state,
the supernatant after incubation was taken for enrichment
analysis again. When the amount of material was 20 pg, the
phosphopeptide peak could still be detected (Fig. S8a). How-
ever, when the amount of material reached 25 pg, no phospho-
peptide peak was detected (Fig. S8b). This result demonstrates
that the material reaches saturation at 25 pg. According to the
above results, it can be calculated that the loading capacity of
Fe,0,@COF@Au@PEI-GF is 30 mg-g~".
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Fig.4 MALDI-TOF MS spectra of the mixture of p-casein digests
and BSA digests with different molar ratios after the enrichment
with Fe;0,@COF@Au@PEI-GF: a 1:1000 (p-casein (2 pmol):BSA
(2000 pmol)), b 1:2000 (B-casein (2 pmol):BSA (4000 pmol)), ¢

Table S2 displays the detailed comparative information of
guanidyl-functionalized (GF) COF materials for the enrich-
ment of phosphopeptides. By comparison, it can be seen
that the Fe;0,@COF@ Au@PEI-GF has several excellent
performances, such as reusability, selectivity, and limit of
detection. According to the comparison with the materials
in the table, it can be seen that Fe;0,@COF@Au@PEI-
GF material has better selectivity and lower detection limit.
Furthermore, the modification of the PEI group improves
the hydrophilicity of the material and provides abundant
active sites for further modification. Therefore, the success-
ful preparation of Fe;0,@COF @ Au@PEI-GF indicates that
the material has good applicability in phosphoproteomic
studies. Although the material is surprising for its applica-
tion to phosphopeptides, there are still some limitations. For
example, organic reagents are used many times during the
synthesis, which contradicts the idea of green chemistry. It
will be a nice step forward if the materials could be prepared
under environmentally friendly conditions.
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Research on the ability of Fe;0,@COF@Au@PEI-GF
to enrich phosphopeptide from biological samples
(human serum)

Healthy human serum and renal cancer patient serum were
chosen as actual samples to verify whether Fe;O,@COF@
Au@PEI-GF could be used to analyze complex samples.
When human serum is analyzed directly before enrichment
(Fig. 5a and c), the peaks of phosphopeptides are not found
in the spectrum, and spectra are dominated by non-phospho-
peptides. After enrichment with Fe;0,@COF@ Au@PEI-
GF, four characteristic phosphopeptide peaks are captured
in human serum (Fig. 5b and d), but it could be clearly seen
that the phosphopeptides from human serum were expressed
differently between healthy and kidney cancer individuals,
especially the phosphopeptide peaks at m/z=1389.5 and
1616.6. Details information is shown in Table S3. These
results indicate the great potential for practical applications
of the Fe;0,@COF@Au@PEI-GF composite.
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Application of Fe;0,@COF@Au@PEI-GF for exosome
isolation from serum

Fe;0,@COF@Au@PEI-GF was enriched exosomes in
serum samples at 4 °C. To verify the feasibility of the
method for isolating exosomes from serum, some methods
were selected for evaluation. First, the morphological states
of the exosomes captured by Fe;0,@COF@Au@PEI-GF
were observed by TEM images. The TEM image (Fig. S9a)
showed that the exosomes were vesicle-like, and the diam-
eter of the exosomes was approximately 30—-150 nm, which
was consistent with literature reports. Second, the nanopar-
ticle tracking analysis (NTA) system was used to detect the
concentration of exosomes isolated from human serum. NTA
is one of the means to characterize exosomes, which is a
technique for real-time dynamic tracking of the Brownian
motion of nanoparticles. As shown in Fig. S9b, the exosome
concentration was 1.19x 10° particles-mL~". In addition,
sodium dodecyl sulfate polyacrylamide gelelectrophore-
sis (SDS-PAGE) further verified the feasibility of Fe;0,@
COF @ Au@PEI-GF method to isolate exosomes in serum.
As seen in Fig. 6 @, a band of uromodulin (UMOD) can be
observed before capture, while only weak or even no bands
were observed for the exosome marker protein. That is,
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Fig.6 SDS-PAGE results of marker proteins in exosomes of serum:
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the low concentration of exosomes, and it has been reported
[37] that UMOD, a high molecular weight protein, will hin-
der the separation of exosomes. After the capture and separa-
tion of exosomes in serum by the composite Fe;0,@COF@
Au@PEI-GF and the detection of the eluent by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (Fig. 6
®), it appears the clear strips of exosome marker proteins
(TSG101 and CD9) [38], while the band of UMOD becomes
shallower. This specific capture can be explained by the
interaction between guanidyl groups and the phospholipid
bilayer of exosomes. The above experimental results showed
that Fe;0,@COF @ Au@PEI-GF could enrich and separate
the exosomes in serum, providing a practical avenue for the
development of its novel and convenient separation strategy.

Conclusions

In conclusion, based on the post-synthetic functionalization
route, Fe;0,@COF@Au@PEI-GF is obtained by step-by-
step modification on the substrate material Fe;O,. Because
of the large surface area, regular pore structure, high stabil-
ity, and superior magnetic properties of the Fe;0,@COF@
Au@PEI-GF, this material exhibits excellent performance
on enriching phosphopeptides, such as excellent sensitiv-
ity (0.02 fmol) and good reusability (10 cycles). Further-
more, with the help of porous COF layers and functional-
ized guanidine groups, the platform not only has stunning
selectivity (1:10,000) and size exclusion effect (1:10,000),
but also captures phosphopeptides from complex systems
(human serum). This guanidine-functionalized platform will
show a broad prospect in the application of phosphopro-
teome. The limitation of material is that it does not conform
to the concept of green chemistry. If possible, it is best to
prepare the synthesis in an environmentally friendly system.
In addition, this guanidyl-functionalized probe is also able
to successfully capture and isolate exosomes in serum, pro-
viding a richer and effective enrichment strategy and wide
application potential.
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