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Exosome and inclusive cargoes have manifested significant function in different biological events. In par-
ticular, glycopeptides in exosome are closely associated with occurrence and development of various dis-
eases. Developing advanced tools is highly desired to enrich glycopeptides from exosomes, and enrich
exosomes from complex biological samples as well. In this work, integration of L-cysteine and titania
onto the surface of magnetic nanoparticles is designed to realize the coefficient affinity towards exo-
somes and inclusive glycopeptides. Benefiting from the synergistic affinity, we separate exosomes from
human urine concentrate directly, which was proved by the detection of three typical antigen mark-
ers of exosomes. Furthermore, hardly any exosomes remained on materials after ultrasonication, which
confirmed the good capture performance of Fe;0,@TiO,@L-Cys and high release effect of direct lysis.
Moreover, 146 glycopeptides corresponding to 77 glycoproteins were successfully identified from cap-
tured exosomes. These satisfactory results will inspire more efforts to be devoted to this field and will
be extremely helpful to in-depth information excavation of biological markers, especially disease-related
ones, through exosomes and inclusive glycopeptides.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is well known that protein glycosylation is a kind of most vi-
tal post-translational modification (PTM) process [1,2], which plays
an important role in numerous biological processes, such as cell
signaling [3,4], proliferation [5], protein secretion [6] and tumor
immunology [3,7]. Abnormal glycosylation is closely related to oc-
currence and development of diseases, especially evolution and
progression in tumor [2,3,7-9]. Therefore, glycosylation research
is significant that it can provide much information on differences
of disease-associated glycoforms, or obtain a better understanding
of the disease mechanism for early diagnosis [10-13]. In addition,
body fluids such as blood, serum, saliva, breast milk and urine are
the easiest access for diagnostic and therapeutic purpose [6,14-
16]. Exosomes, as an important liquid biopsy target, were widely
presented in various body fluids and tissues and contained many
cargoes including glycoproteins [16-21]. Therefore, studies on exo-
somes and inclusive glycoproteins will be an effective way to mon-
itor and analyze the physiological and pathological conditions.
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However, challenges such as the complexity of biological sam-
ples and the relative low abundance of exosomes make it diffi-
cult to directly analyze exosomes and exosomal glycoproteins [22-
25]. Therefore, it’s necessary to conduct efficient enrichment pro-
cess on a larger scale [17]. On account of the interaction between
phospholipid bilayer membrane and titanium oxide, the excellent
separation performance of titanium oxide towards exosomes in
human urine was reported in a high-efficient and non-disruptive
way [17,26,27]. Up to now, various strategies (hydrazide chem-
istry [6,28], boronic acid chemistry [29-31], lectin affinity chro-
matography [32], hydrophilic interaction chromatography (HILIC)
[25,33,34], etc.) have been developed for enrichment of glycopep-
tides prior to MS identification. Therein, boronic acid methods are
not favorable in enriching low-abundance glycopeptides because
of the weak interactions [35,36]. Lectins have inherent specificity
so that each kind of lectin can only recognize a specific glycan
structure, which makes it hard to find a single lectin or lection-
combination to enrich all glycopeptides [23]. Among the aforemen-
tioned methods, HILIC methods exhibit an outstanding ability in
universal glycopeptide enrichment and have been the most com-
mon use [37,38]. In this work, a novel strategy was proposed to
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Fig. 1. Illustration of (A) the synthesis procedure of Fe30,@TiO,@L-Cys; (B) the urinary exosome purification process with Fe;0,@TiO,@L-Cys; and (C) the glycopeptide

enrichment procedure.

solve the difficulties in exosome separation and exosomal glyco-
protein analysis.

L-cysteine (L-Cys) is a hydrophilic amino acid with superior bio-
compatibility and abundant polar groups such as amino, carboxyl
and thiol. According to early reports, interaction between titanium
and the thiol group remains L-Cys immobilized on TiO, [38,39].
Considering titanium oxide was an ideal functional unit with abil-
ity to separate exosomes by binding the phosphate group of the
exosomal phospholipid bilayer [40,41], hence, we successfully in-
tegrated L-Cys and titania onto the surface of magnetic nanopar-
ticles in a simple procedure (denoted as Fe304@TiO,@L-Cys), by
which the coefficient affinity towards exosomes and exosomal gly-
coproteins was achieved. In addition to the great enrichment per-
formance for exosomes and glycoproteins, the Fe30,@TiO,@L-Cys
displayed strongly magnetic responsiveness, which made the sep-
aration process rapid and effortless under external magnetic field.
Notably, the exosome lysis was directly implemented after the ex-
osomes were captured by Fe304@TiO,@L-Cys from human urine
samples without extra elution process. Afterwards, the difunctional
material was employed to enrich glycopeptides from these urinary
exosomes based on hydrophilic interactions followed by LC-MS/MS
analysis.

The synthetic process of Fe30,@TiO,@L-Cys is manifested in Fig.
1A. Transmission electron microscopy (TEM) was applied to char-
acterize this dual-functional material. It is clear in Fig. 2A that the
boundaries of Fe304 were surrounded by agminated nanoparticles
after modified by TiO, and L-Cys. The diameter of Fe;04 core was
about 200 nm, and increased to approximately 300 nm after mod-
ification, which reveals the diameter of TiO, and L-Cys shell was
around 100 nm. TiO, was utilized to form a protective shell, mak-
ing this magnetic material a favorable substrate for exosome cap-
ture and further modification of hydrophilic groups. The ¢ poten-
tial parameters under neutral condition were measured to monitor
the synthetic process as demonstrated in Fig. 2B. It’s clear that the
¢ potential changed along with the progress of modification pro-
cedure. In detail, the ¢ potential of Fe304 was recognized as 4.03
mV. After coated with TiO, and L-Cys layer upon layer, the value
gradually decreases to minus.

The energy dispersive X-ray (EDX) spectrum for element de-
tection was shown in Supporting information (Fig. S1 in Support-
ing information), distinctly displaying that C, O, N, Fe, S and Ti

elements are homogeneously distributed, implying the successful
modification of TiO, and L-cysteine. Furthermore, Fourier trans-
form infrared (FTIR) spectroscopy was applied to characterize func-
tion groups on Fe304@TiO,@L-Cys. As shown in Fig. 2C, typical ad-
sorption peak at 585 cm~! was ascribed to Fe-O stretching vibra-
tion in FTIR spectra [42,43]. Various peaks between 400 cm~! and
1400 cm~! and 2525 cm~! vibration in fingerprint region were all
attributed to the characteristic peaks in L-Cys [44]. Other broad
absorption bands at 1667, 1585, 1340 cm~! were assigned to the
stretching modes of COOH, NH, and CH groups, respectively [45].
This information further confirmed the successful modification of
L-Cys. Moreover, the amount of L-Cys modified on Fe;0,4@TiO,
nanomaterials was also compared as illustrated in Fig. S2 (Support-
ing information). The material performed best when the ratio of
Fe304@TiO, to L-Cys was 1:3.

The magnetic response, dispersity in aqueous solution and hy-
drophilicity of Fe304@TiO,@L-Cys were tested respectively. The
results showed the saturated magnetic value of Fe30,@TiO,@L-
Cys was 44.31 emu/g (Fig. 2D), which was capable of conduct-
ing magnetic separation [18,41]. As observed in Fig. 2E, the dis-
persed Fe;04@TiO,@L-Cys can be separated from aqueous solu-
tion within 5 s using a magnet. Water contact angle test was con-
ducted to prove the hydrophilicity of Fe30,4@TiO,@L-Cys. The wa-
ter contact angel gradually decreased from 45.06° to 25.04°, and
then to 20.47° after successive modification by TiO, and L-Cys (Fig.
2F), indicating the introduction of titania shell and L-Cys can im-
prove the hydrophilicity of Fe;04, which will contribute to gly-
copeptide capture based on hydrophilic interaction. All above char-
acterizations proved the successful synthesis and excellent proper-
ties of Fe304@TiO,@L-Cys. The TiO, functionalized surface and hy-
drophilic exterior surface would contribute to intact exosome cap-
ture and glycopeptide enrichment.

As a proof of coefficient enrichment strategy based on
Fe;04@TiO,@L-Cys, the ability for exosome capture was demon-
strated by using urine concentrate of human volunteers as sample.
The urinary exosome purification process was manifested in Fig.
1B. Western blotting results confirmed the presence of three typi-
cal antigen markers of exosomes (TSG101, CD63, CD9) which were
commonly expressed on the exosome surface (Fig. S3 in Support-
ing information), revealing the selective exosome capture ability of
this difunctional material. These material-captured exosomes were
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Fig. 2. Characteristic of Fe;0,@TiO,@L-Cys. (A) TEM images, (B) ¢ potential of Fe;04, Fe30,@TiO, and Fe;0,@TiO,@L-Cys, (C) FTIR spectroscopy of Fe304, Fe304@TiO;, L-Cys
and Fe;04@TiO,@L-Cys. (D) Magnetic hysteresis loop Fe;0,@TiO,@L-Cys, (E) Fe30,@TiO,@L-Cys dispersed in aqueous solution and separated in 5 s via a magnet and (F)

contact angles of Fe304, Fe30,@TiO, and Fe;04@TiO,@L-Cys.

lysed with the aid of ultrasound. After lysis, CD9 and TSG101 were
invisible in images and the color of CD63 was also lighten, which
indicated that the majority of exosomes were released from the
materials after ultrasonication. These results confirmed the good
capture performance of Fe30,@TiO,@L-Cys and high release effect
of direct lysis.

Another design of Fe;0,@TiO,@L-Cys was to analyze glycopep-
tides of exosomes further, and the glycopeptide enrichment proce-
dure was shown in Fig. 1C. The capacity and specificity were pri-
marily investigated by employing HRP as a standard glycoprotein.
As shown in Fig. S2, the signals of glycopeptides were severely sup-
pressed by abundant non-glycopeptides before enrichment when
100 fmol/uL HRP digest was used as a model sample. However, af-
ter enrichment with Fe304@TiO,@L-Cys, the interference was most
eliminated. A total of 32 significant peaks corresponding to N-
glycopeptides were identified (Figs. S4, S5 and Table S1 in Sup-
porting information), demonstrating the excellent performance of
Fe304@TiO,@L-Cys for enrichment of N-linked glycopeptides. Then
the conditions of Fe;0,4@TiO,@L-Cys for enrichment process were
explored, mainly including incubation and elution condition, since
it is well-known that the vital factor of HILIC-based materials in
glycopeptides enrichment is the ratio of acetonitrile (ACN) to tri-
fluoroacetic acid (TFA). Herein, different ratios of ACN and TFA in
both loading buffer and eluting solution were explored for achiev-
ing the optimal performance [46-48]. After overall considering the
number and intensity of identified glycopeptides, and background
of interference of artifactual bands, the optimized enrichment pa-
rameters of ACN: H,O:TFA were chosen as 95:4.9:0.1 and 50:49:1
as incubating and eluting solvent, respectively (Fig. 3 and Fig. S6 in
Supporting information). Furthermore, the sensitivity and selectiv-
ity of Fe304@TiO,@L-Cys were assessed in view of the low abun-
dance of glycopeptides in biological samples. The results indicated
the sensitivity could be as low as 0.1 fmol/pL (Fig. S7 in Supporting
information), and the selectivity reached 1:100 (HRP/BSA, wt/wt,
Fig. S8 in Supporting information), revealing high sensitivity and
good anti-interference ability.

Next, to verify the successive effectiveness of Fe30,@TiO,@L-
Cys towards exosome capture and glycopeptide enrichment, we
further applied this material to enrich glycopeptides from the
aforementioned urine exosomes. A total of 146 glycopeptides cor-
responding to 77 glycoproteins were identified by nano-LC-MS/MS.
Compared with the extraction of exosomes in other studies, sepa-
rating procedure of exosomes in this work shortened the analysis
time by effective binding of phosphate group on exosomes with
titanium oxygen on material [18,49]. The detailed information of
identified glycopeptides was listed in Table S2 (Supporting infor-
mation). To combine the glycopeptides analysis with the correlated
biological function, gene ontology (GO) analysis was conducted
through the database for annotation visualization, integrated dis-
covery database (DAVID) and a web platform for scientific data vi-
sualization (Hiplot, https://hiplot.com.cn). The results of GO analy-
sis of the biological process of human volunteers in Fig. 4 showed
that the identified exosomal glycopeptides were mainly related to
platelet degranulation, proteolysis and receptor-mediated endocy-
tosis, and most glycopeptides were inclined to be localized at the
extracellular exosome and extracellular space, which were gener-
ally consistent with early reports [50]. Glycopeptides were mainly
involved in immunoglobulin receptor binding, dipeptidyl-pepridase
activity and peptide binding from the view of molecular function,
which were also proved in early study [3,19,20]. In addition, the
main KEGG (Kyoto encyclopedia of genes and genomes) pathways
of glycoproteins from urinary exosomes were involved in lysosome
and phagosome, which were related to the exosome internaliza-
tion and release. These glycoproteins carried by urinary exosomes
may play a significant role in cell activities, disclosing the potential
of exosomal glycopeptides in promoting the progress of precision
medicine initiatives.

In summary, a novel dual-functional magnetic nanomaterial
Fe;04@TiO,@L-Cys constructed in a facile and convenient one-pot
approach was proposed. With the utilization of titanium oxide,
good capture performance towards exosomes and high release ef-
fect after direct lysis were realized. This novel material with abun-
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Fig. 3. Glycopeptide enrichment performance of Fe;0,@TiO,@L-Cys. The intensity of three typical glycopeptides enriched from HRP tryptic digests using different ratios of

ACN: H,0:TFA in (A) loading buffer and (B) eluting solution.
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Fig. 4. The gene ontology (GO) and Kyoto encyclopedia of genes and genomes
(KEGG) pathways of isolated urine exosomes. BP (biological process), CC (cellular
components) and MF (molecular function) are three typical analyses of GO.

dant hydrophilic groups manifested high sensitivity and outstand-
ing practical applicability in glycopeptide enrichment. A total of
146 glycopeptides corresponding to 77 glycoproteins were captured
from human urine exosomes. Gene ontology and Kyoto encyclope-
dia of genes and genomes analysis all revealed that the identified
exosomal glycoproteins exerted influence on diverse biological pro-
cesses. These studies on exosome separation and glycoprotein anal-
ysis prove Fe304@TiO,@L-Cys to be a potent tool for exosomal gly-
coproteomics. However, only a small number of samples were used
in this work, more samples should be conducted to provide a com-
prehensive understanding towards exosomes and the correspond-
ing glycoproteome. More importantly, disease samples should be
explored in future given the emerging of precise medicine area.
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