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A hydrophilic probe is employed to enrich exosomes from three
kinds of cancer cells by TiO,—phosphate interaction and exosomal
glycoproteins by hydrophilic interaction in succession. The probe
performs efficiently in both the enrichment processes. And the
analytical results confirm that unique exosomal glycoproteins can
distinguish parent exosomes from others.

Exosomes are 40-160 nm vesicles with a phospholipid bilayer
membrane secreted by nearly all component cells.' Recently,
exosomes have remarkably shown their unique function in
human physiological reactions, especially in the occurrence
and deterioration of diseases.> It has been strongly indicated
that exosomal contents present high information consistency
with parental cells like tumour cells, and thus have great
potential in disease diagnosis and prognosis.””® For exploiting
this potential, exosome separation from complex samples
becomes the key procedure. On the other hand, some conven-
tional separation methods confront many problems including
long-time consumption and high cost. Moreover, the acquired
exosomes are normally impure and disruptive. All these extre-
mely restrict the high-throughput analysis of exosomes to a
large extent, let alone exosomal contents. As a consequence, it’s
a critical to exploit new methods with low cost and high
efficiency for separation of intact exosomes.

Studies have pointed out that more than half of the proteins in
the human body are glycosylated, which are involved in numerous
physical processes such as human immune response, cell recogni-
tion, and tumor invasion.” "> More importantly, most of the disease
markers with great potential are glycoproteins.”® For the impor-
tance of glycosylation, glycans attached to proteins take the lion’s
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share of credit. Analogically, it has been revealed that glycoproteins
are important components of exosomes especially their membrane
surface, leading exosomes to participate in multitudinous physical
activities. In addition, glycoproteins are also involved in the regula-
tion of secretion and uptake of exosomes.'* Therefore, exosomal
glycoprotein profiling is significant for disclosing the biological
function of exosomes in organisms and promoting their clinical
application. However, the absence of exosome separation methods
with low cost and high efficiency results in the difficulty of profiling
exosomal glycoproteins. As a result, particular information about
exosomal glycoproteins has scarcely been acquainted so far.

In this study, a new strategy which can go straight to meet
head-on the above problem including exosome separation and
exosomal glycoprotein analysis was proposed. A dual-affinity
probe (denoted Fe;0,@TiO,-GSH) was first fabricated by briefly
coating titanium oxide on magnetic nanoparticles and grafting
hydrophilic glutathione (GSH) in order. Titanium oxide is a
widely applied nanomaterial in phosphoprotemics research,
adopting the separation mechanism of metal oxide affinity
chromatography. In this work, in view of its excellent separa-
tion performance for phosphoproteomes, titanium oxide was
expected as the functional unit to separate exosomes by bind-
ing the phosphate group of the exosomal phospholipid bilayer.
Moreover, GSH was expected to exert a subsidiary separation
effect through its hydrophilic interactions with the phosphate
group. And magnetic nanoparticles were expected to shorten
the separation time, ensuring the reduction of the possibility of
damage to exosomes. Further, the dual-affinity probe was
employed to enrich glycopeptides from exosome lysate digests
based on hydrophilic interactions between GSH and glycopep-
tides, followed by LC-MS/MS analysis. In order to test its
availability, the exosomes secreted by different cells were
separated and the related glycoproteins were analyzed. As
expected, the dual-affinity probe exhibited good performance
and achieved a “one for two” goal of separation of exosomes
derived from different cells and analysis of exosomal glycopro-
teins. Furthermore, glycosylation discrepancy profiling between
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Fig. 1 (a) Synthetic route to Fez04@TiO,-GSH; and (b) the workflow of
exosome enrichment and glycopeptide enrichment using Fez0,@TiO,-GSH.

exosomes derived from these different cells reveals the
significance of exosomes and exosomal glycoproteins in distin-
guishing their parent cells.

The synthesis procedure of Fe;0,@TiO,-GSH is shown in
Fig. 1a. A TiO, shell wrapped around a magnetic core (Fe;0,)
through hydrolysis reaction of titanium butoxide. And GSH was
modified onto the TiO, shell through the Ti-S bond. The
morphological structure of Fe;0,@TiO,-GSH was characterized
by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). From Fig. Sla and b (ESIf), with
excellent uniformity and dispersion of materials, the diameter
of the nanoparticles is found to be approximately 300 nm
constituted by a 250 nm magnetic core and a 50 nm TiO, shell.
The zeta potential values of Fe;0,, Fe;0,@TiO, and Fe;0,@-
TiO,-GSH changed obviously (Fig. S2, ESIf), ascribed to the
different metal surface charges and the negative groups of GSH
modification. The X-ray photoelectron spectroscopy (XPS) spec-
tra in Fig. Sic (ESIt) disclosed that the peaks of N 1s and S 2p3
of Fe;0,@TiO,-GSH were not present in Fe;0,@TiO,, and the
high-resolution XPS spectrum of Ti 2p from Fe;0,@TiO,-GSH
in Fig. S1d (ESIY) also indicated the bonding mode of GSH and
the nanoparticles (Ti-S at 456.6 eV), indicating the successful
modification of GSH. Besides, the magnetic saturation value of
Fe;0,@Ti0,-GSH was tested to be 66.0 emu g~ (Fig. S3, ESIY),
indicating its excellent magnetic responsiveness which can
guarantee rapid separation in a solid-liquid system. The con-
tact angles of Fe;0,@TiO, and Fe;0,@TiO,-GSH were 29.2°
and 20.8°, respectively (Fig. S4, ESIf), in which the obvious
improvement is attributed to the modification of hydrophilic
GSH. The great hydrophilicity is beneficial to capture exosomes
from biological samples, and is also essential for glycopeptide
enrichment.

With incubation in conditioned medium without fetal
bovine serum for 24 h, the late supernatants of MCF-7 cells,
MDA-MB-231 cells and HeLa cells were collected as exosome
samples. Following a previous report,"® the collected exosome
samples were filtered using 0.22 pm filters and concentrated
with 100 kDa ultrafiltration tubes to remove cells, cell debris
and apoptotic blebs. Then according to the abstract workflow in
Fig. S5 (ESIt), pre-treated samples were incubated with
Fe;0,@TiO,-GSH at 4 °C for 10 min, during which exosomes
were captured by Fe;0,@TiO,-GSH via the interaction
between titanium dioxide and the phosphate groups of the
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Fig. 2 TEM images of Hela cell (a), MDA-MB-231 cell (b) and MCF-7 cell
(c) derived exosomes isolated with Fez0,4@TiO,-GSH.

phospholipid bilayer on exosomes. Subsequently, exosomes
were eluted from nanoparticles using 0.4 M ammonia aqueous
buffer followed by rapid solid-liquid magnetic separation.
Then buffer substitution with PBS via ultrafiltration was imple-
mented with the aim of decreasing the structural destruction
caused by high pH.

Many necessary characterization techniques were employed
to evaluate the feasibility of Fe;0,@TiO,-GSH for exosome
isolation. For instance, the typical morphological structure of
exosomes after negative staining, extracted from HeLa cells,
MDA-MB-231 cells and MCF-7 cells, were characterized visually
by TEM. As shown in Fig. 2a-c, apart from the background
difference that may be caused by instrument error or uneven
dyeing, there is no obvious difference in terms of flat-cup
appearance among the three kinds of exosomes. The sizes of
the HeLa cell and MDA-MB-231 cell derived exosomes were
similar, but MCF-7 cell-derived exosomes were slightly smaller.
The above results preliminarily proved the stable performance
of Fe;0,@TiO,-GSH in exosome separation. Then, western blot
analysis of the TSG101 protein (a common antigen marker of
exosomes) was carried out for exosome identification. As shown
in Fig. S6 (ESIT), the TSG101 protein was present in all three
kinds of exosomes, and the concentration of the TSG101
protein in MDA-MB-231-derived exosomes was slightly lower
than those of the other two. It can be seen that the discrepancy
among the three kinds of exosomes began to appear to a certain
extent.

Western blotting was also used for semi-quantitative analy-
sis of HeLa cell derived exosomes to assess the exosome
isolation efficiency of Fe;0,@TiO,-GSH. As illustrated in
Fig. S7a (ESIf), the bands of TSG101 were almost invisible in
the supernatant and the first washing with buffer after enrich-
ment, while the other two bands of the original culture medium
and eluent presented similar densities, indicating a high
capture efficiency of Fe;0,@TiO,-GSH. Furthermore, the re-
usability of the probe was investigated through continuous
enrichment application. In Fig. S7b (ESI{), there was almost
no difference between the freshly prepared probe and that
recycled five times in the western blot result of MCF-7-
exosomes. In addition, fluorescence detection was used for eval-
uating exosome recovery according to a previous report."® Namely,
the lipid bilayers of exosomes were tagged with fluorescent
carbocyanine dye (Dil), then enriched with Fe;0,@TiO,-GSH.
By comparing the relative fluorescence values in Fig. S8 (ESIt),
the separation efficiencies of the exosomes increased first and
then remained constant with increasing time or material dosage.

This journal is © The Royal Society of Chemistry 2021
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The inflection point of the curve was regarded as the optimal
conditions (40 pg exosomes incubated with 2.5 mg Fe;0,@TiO,-
GSH for 10 min). With the optimal conditions, the recovery of
exosomes reached up to 90.8% (nine parallel experiments,
Fig. S8d, ESIf) by calculating the ratio of the fluorescence
intensities at 570 nm between the initial sample and eluent.

In this work, we planned to enrich and analyze glycopep-
tides belonging to exosomes via a bottom-up strategy;
therefore, the enrichment ability of Fe;0,@TiO,-GSH for gly-
copeptides was also tested. We first adopted a standard glyco-
protein (horseradish peroxidase, HRP, 100 fmol pL ") digest as
a sample to optimize the incubation conditions for glycopep-
tides. A loading buffer of 90%ACN/3%TFA/7%H,0 (v/v/v), an
elution buffer of 50% ACN aqueous solution, 30 min incubation
and 45 min elution were finally selected, see Fig. S9 (ESIT).
Compared with Fe;0,@TiO,, more peaks with higher signal to
noise ratios (SNRs) were detected after enrichment with
Fe;0,@TiO,-GSH (Fig. S10, ESIt), which indicated the signifi-
cance of GSH modification. Totally, 22 glycopeptides from the
HRP tryptic digest were detected (Table S1, ESIt). Additionally,
when the concentration of the HRP digest was as low as
0.5 fmol uL™", five target peaks still showed significant signal
intensities (Fig. S11b, ESIt). When using a tryptic digest mix-
ture of HRP and non-glycoprotein BSA (albumin from bovine
serum) as a sample (HRP/BSA = 1:100), there were 17 target
peaks detected with high SNR levels after enrichment with
Fe;0,@TiO,-GSH (Fig. S12, ESIt). These results indicated that
Fe;0,@TiO,-GSH exhibited high sensitivity and selectivity.
Furthermore, the reusability of the dual-affinity probe was also
investigated during the glycopeptide enrichment process, see
Fig. S13 (ESIY). After exosome isolation, the reused materials
showed an excellent result of glycopeptide enrichment. And the
intensities of the goal peaks with the materials recycled third
times were lower than the former but still remained at good
levels, while several MS peaks were missed with the particles in
the fifth recycle whose affinity decreased a bit after four
adsorption—elution recycles.

Inspired by the above results, Fe;0,@TiO,-GSH was further
applied to enrich different cell-derived exosomes and
N-glycopeptides from exosome digests. As a result, 531
N-glycopeptides corresponding to 186 N-glycoproteins from
HeLa-exosomes, 659 N-glycopeptides corresponding to 242
N-glycoproteins from MDA-MB-231-exosomes and 754
N-glycopeptides corresponding to 256 N-glycoproteins from MCF-
7-exosomes were identified using LC-MS/MS (listed in the ESIY).
And from Fig. S14 (ESI{), it is clear that the commonly involved
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways of the
three exosomes were ECM-receptor interaction and the PI3K-Akt
signaling pathway. As is well known, the occurrence and metastasis
of malignant tumors are often accompanied by abnormal changes
in the expression of the extracellular matrix (ECM) and its cell
surface receptors.”” The PI3K-Akt signaling pathway is also closely
related to tumor occurrence, malignant transformation of cells, and
even tumor angiogenesis.'® Therefore, the study on exosomal
glycoproteins is quite significant for providing key information
about the tumor mechanism.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) PCA of HelLa-exosomes, MDA-MB-231-exosomes, and MCF-7-
exosomes. (b) Heatmap of the N-glycoproteins in abundance inside
Hela-exosomes, MDA-MB-231-exosomes, and MCF-7-exosomes. Differ-
ent shades of color represent the quantification of proteins in an exosome
sample, and red means higher content.

Additionally, the glycoproteins presented in the results of
the three experiments with 100% probability were chosen to
perform further discrepancy analysis. As shown in Fig. 3a, three
obviously segregated clusters were displayed in the results of
principal component analysis (PCA) based on label-free quan-
tification (LFQ) results and statistical analysis, and there are
significant differences among glycoproteins expressed in the
three kinds of exosomes. Also, the heatmap of exosomal
glycoproteins in Fig. 3b demonstrated intuitively the hetero-
geneous abundance from different sources. Each row repre-
sents the expression level of each glycosylated protein in the
different samples, and each column represents the expression
level of each protein in a sample. Different shades of color
represent protein contents in an exosome sample. Whether
belonging to the same disease or not, there were obvious
clusters among parts of N-glycoproteins. The quantified com-
parison in our result showed that CD9 are widely presented on
nearly all kinds of exosomes surface but performed a big
differentiation of expression among the three kinds of exo-
somes. Thus it can be seen that even the common glycoproteins
also showed quantification differences in different diseases, the
deep research into which can act as signs directed to specific
physiological environments. The unique N-glycoproteins from
different cell-exosomes were further compared. The results
showed that the majority of unique glycoproteins from HeLa-
exosomes are involved in cell migration and transport, and 80%
are membrane-related. The unique N-glycoproteins from MCF-7-
exosomes are mainly involved in cell communication and signal
transduction, and more than 90% are membrane-related. How-
ever, the glycoproteins from MDA-MB-231-exosomes that are
membrane related are much fewer, most of which belong to the
cytoplasm and vesicles, and the unique N-glycoproteins from
MDA-MB-231-exosomes are mainly involved in the protein meta-
bolic process and macromolecule metabolic process. These
unique glycoproteins tend to promote the corresponding exo-
somes to perform different physiological functions, which are
likely to be the specific markers that distinguish different parent
cells. Subsequently, the relationship between exosomes and their
sources was explored by comparing these unique N-glycoproteins
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from different exosomes. Among the highly expressed unique
N-glycoproteins, epidermal growth factor receptor (EGFR) only
presented in HeLa-exosomes, and it is closely associated with
human papillomavirus (HPV) infection which is considered an
etiological factor in the development of cervical cancer.'® This
result indicated that exosomal glycoproteins can exactly reflect the
information about parent cells, which will be promising candi-
dates for identifying cancer patients. Similar to EGFR, the tissue
factor pathway inhibitor and folate receptor o associated with
cervical carcinogenesis in previous reports also only presented
in HeLa-exosomes, based on which we can distinguish HeLa-
exosomes from MDA-MB-231-exosomes and MCF-7-exosomes.**"
In addition, many exosomal glycoproteins such as neural cell
adhesion molecule 2 are observed both in MDA-MB-231 cells and
in MCF-7 cells; this is supposed to be because they belong to the
same disease.”* However, some N-glycoproteins, such as different
types of integrin and factor receptors, display obvious quantitative
differentiation in their exosomes, indicating that different exoso-
mal glycoproteins can accurately match with different tumor cells
of the same cancer. These results suggested that it’s possible to
realize precise classification of tumor cells based on exosomal
glycoproteins. In summary, huge differences of exosomes can be
obtained through exosomal N-glycoprotein profiling, which may
contribute to identifying exosomes from specific sources and
exploring the physical mechanism by monitoring the respective
abnormal glycosylation.

In conclusion, a dual-affinity probe was prepared to realize
efficient separation of exosomes and exosomal glycopeptides
consecutively, in which the interaction between TiO, and the
phosphate groups of the exosomal membrane and the excellent
hydrophilicity introduced by GSH are the main contributors.
With great superparamagnetism, high affinity and stable prop-
erties, Fe;0,@TiO,-GSH presented good exosome recovery in
three kinds of cancer cell samples. By combining the bottom-up
strategy with LC-MS/MS and enrichment with the probe, 186
N-glycoproteins from HeLa-exosomes, 242 N-glycoproteins
from MDA-MB-231-exosomes and 256 N-glycoproteins from
MCF-7-exosomes were identified. Three types of exosomes
can be clearly distinguished based on the analysis of N-glyco-
proteins. And some unique glycoproteins involving different
signaling pathways show potential in performing different bio-
logical functions. The analysis of these N-glycoproteins can reflect
the pathological states of their parent cells. Owing to its low cost
and stable properties, our strategy for consecutive enrichment of
exosomes and glycopeptides is likely to be applied in complicated
biological samples to analyze specific exosomes and contribute to
studying the physical mechanism in depth.
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