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Exosomes are cell-derived, phospholipid bilayer-enclosed vesicles that play important roles in intercellular
interactions and regulate many biological processes. Accumulating evidence suggests that serum
exosomes are potential biomarkers for the early diagnosis of cancer. To aid the downstream molecular
analyses of tumour-secreted exosomes, purified exosomes are highly desirable. However, current
techniques for exosome isolation are time-consuming and highly instrument-dependent, with limited
specificity and recovery. Thus, rapid and efficient methods are strongly needed for both basic research
and clinical applications. Here, we present a novel strategy for facile exosome isolation from human
serum by taking advantage of the specific interaction of TiO, with the phosphate groups on the lipid
bilayer of exosomes. Due to their simplicity and highly affinitive binding, model exosomes can be
reversibly isolated with a high recovery (93.4%). Downstream characterization and proteome profiling
reveal that high-quality exosomes can be obtained from human serum by this TiO,-based isolation
method in 5 min, which is a fraction of the time required for the commonly used ultracentrifugation

method. We identified 59 significantly up-regulated proteins by comparing the serum exosomes of
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Accepted 30th November 2018 pancreatic cancer patients and healthy donors. In addition to the 30 proteins that were reported to be

closely related to pancreatic cancer, we found an additional 29 proteins that had not previously been
DOI: 10.1039/c85c04197k shown to be related to pancreatic cancer, indicating the potential of this novel method as a powerful

rsc.li/chemical-science tool for exosome isolation for health monitoring and disease diagnosis.

transported and exchanged between cells and body fluids, while
the intact vesicle structure of exosomes protects the contained

Introduction

Exosomes are lipid bilayer-enclosed biological nanoparticles
with sizes ranging from 30 to 200 nm."* They are cell-derived
and present in a variety of body fluids, including serum,
urine, saliva, milk, bile and other fluids.*® In recent years,
exosomes have gained much attention, since they have emerged
as intercellular communication carriers for nucleic acids,
proteins and other biomolecules. Furthermore, they play
important roles in many biological processes such as cell-to-cell
communication, tumourigenesis, signal transduction and

immune response.”™ It is clear that exosomes can be
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biomarkers from degradation and enzymatic hydrolysis.”>** On
the other hand, liquid biopsy targeting tumour-associated exo-
somes in body fluids provides a minimally invasive approach
for determining the progression and metastasis of tumours.
Thus, they are ideal drug delivery carriers and potential targets
for cancer diagnosis.***"”

The isolation of exosomes from body fluids is an essential
step before subsequent analysis. Currently, the most widely
used method for exosome isolation is ultracentrifugation.
Cells, cellular debris and exosomes in the fluids are separated
sequentially based on their different densities and sizes.
However, this method requires multiple steps and a long
separation time (up to 8-10 hours), which limits its throughput
and recovery. Recent studies using immunoaffinity methods
have enabled the isolation of exosomes based on their specific
markers, such as CD63, CD81, and CD9.**** However, these
methods frequently suffer from drawbacks such as long pro-
cessing time (4-20 h), low reproducibility, and low exosome
yield. Microfluidic chip-based methods have also been devel-
oped to isolate exosomes from blood and cell culture
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Fig. 1 Mechanism of TiO,-based exosome isolation.

medium.**** The isolation time is shortened to tens of minutes
and the purity of obtained exosomes reaches 98%.>"** However,
the complicated manufacturing procedure of microfluidic chips
and the low throughput of these methods limit their large-scale
clinical applications.”® Other techniques including filtration,
size-exclusion chromatography and coprecipitation suffer from
problems such as complicated procedures, long processing
times, requirement of sophisticated instruments and limited
specificity.> Thus, a rapid, efficient and convenient isolation
technique is in high demand to facilitate the routine analysis of
exosomes.

Here, we present a novel strategy for facile isolation of exo-
somes from human serum by taking advantage of the specific
interaction between titanium oxide and the phosphate groups
on the lipid bilayer of exosomes. The lipid bilayer is composed
of amphiphilic phospholipids with hydrophobic tails and
hydrophilic phosphate heads. In biological systems, the
hydrophilic phosphate head of the phospholipids is exposed on
the outer surface of the lipid bilayer. It is well known that some
metal oxides, such as titanium oxide (TiO,), can reversibly bind
with phosphate groups with high specificity. By exploiting this
property, TiO, has been widely used for highly selective
enrichment of phosphorylated peptides,””*® water-soluble
organic phosphates* and organophosphorus pesticides.*® In
view of this, we make the first attempt to use micron-sized TiO,
particles for enrichment of exosomes via the bidentate binding
between the phosphate groups on the surface of the lipid-
bilayer and TiO, (Fig. 1). Due to its simplicity and highly affi-
nitive binding, a few advantages can be expected of this
coordinate-based selective enrichment, such as improved
isolation efficiency, reduced nonspecific adsorption and shorter
sample processing time.

Results and discussion
Characterization of TiO,-based exosome isolation

To evaluate the feasibility of our proposed strategy, the well-
characterized HeLa cells' exosomes, isolated by the ultra-
centrifugation strategy (Fig. S1t), were chosen as the model
sample to incubate with TiO,. As shown in the scanning elec-
tron microscopy (SEM) images (Fig. 2A), before incubation with
the exosome solution, the TiO, microspheres have a clean
surface and uniform spherical structure with a diameter of 5
pum. After incubation and repeated washing, numerous vesicles
with a particle size of approximately 100 nm are found adsorbed
on the surface of the TiO, microspheres. Transmission electron
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Fig. 2 Characterization and validation of the TiO,-based exosome
isolation. SEM (A) and TEM (B) images of the TiO,-bound exosomes.
(C) Fluorescence images showing the exosomes on the surface of TiO,
using green FITC anti-CD81 antibody and orange TRITC anti-TSG101
antibody. (D) TEM image of the eluted exosomes. (E) NTA measure-
ment of the size distribution of eluted exosomes.

microscopy (TEM) images show that the captured vesicles have
a typical cup-shaped structure (Fig. 2B).

We also performed immunofluorescence experiments using
antibodies that specifically recognized the commonly used
exosomal marker proteins, namely, cytosolic TSG101 and
transmembrane CD81. As shown in Fig. 2C, strong fluorescence
signals are observed at the surface of the TiO, microspheres
after incubation with the exosome solution using fluorescent
antibodies targeting CD81 and TSG101, while only minimal

—~
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background fluorescence is found in the isotype controls using
untreated TiO, microspheres or TiO, incubated with cell lysis
and exosome lysis solutions, indicating that only exosomes with
intact vesicle structures can be captured by TiO,.

Next, we evaluated the elution conditions and recovery of the
adsorbed exosomes from TiO, microspheres. Alkaline solvents
(pH 10-12) are usually used to disrupt the binding interaction
between phosphate groups and TiO,.** Therefore, we used 10%
NH; - H,O0 to elute the isolated exosomes. To protect the vesicle
structure and the lipid bilayer of the exosomes from the high pH
environment, the eluent was quickly replaced by PBS by ultra-
filtration. The eluted exosomes were characterized by TEM and
NTA, and an intact vesicle structure and typical cup-shaped
morphology are found, indicating that the lipid bilayer is
retained during the isolation and elution process (Fig. 2D). As
revealed by Fig. 2E, the size distribution of the exosomes iso-
lated using TiO, is from 65 nm to 235 nm and centered at
133 nm, which is close to that before isolation (from 45 nm to
225 nm and centered at 122 nm, Fig. S1C¥). Then, we verified
the effect of directly lysing exosomes from the TiO, surface.
Proteins extracted from HeLa cells' exosomes, the supernatant
after incubation, the washing solutions for three washes, and
HeLa exosomes adsorbed on the surface of the TiO, micro-
spheres were separated by SDS-PAGE and subsequently silver-
stained. As shown in Fig. S2, no obvious proteins could be
observed in the supernatant after incubation and washing
solutions, and there are minimal differences between exosomal
proteins before and after isolation by TiO,. To evaluate the
possible interfering effect of glycoproteins and phosphopro-
teins on our exosome enrichment method, we prepared
a mixture containing model phosphoproteins (a-casein and B-
casein), model glycoproteins (horseradish peroxidase, HRP) (1
pg for each model protein) and model exosomes from UC
(containing approximately 2 pg protein). As shown in Fig. S3,+
though residual B-casein can still be visualized in the SDS-PAGE
image (Fig. S3Bt), majority of the inferring glycoproteins and
phosphoproteins are efficiently removed after TiO,-based
isolation and repeated washing, while maintaining a high
recovery rate for exosomes. To evaluate the reproducibility of
this TiO,-based isolation strategy, three technical replicates
were conducted. Proteins extracted from the obtained exosomes
were characterized by SDS-PAGE. As shown in Fig. S4,T almost
identical protein band patterns are found in the three replicates
(Lanes 1, 3 and 5 of Fig. S4t), demonstrating high reproduc-
ibility of the TiO,-based exosome isolation.

Kinetic study of the exosome adsorption process

After demonstrating the feasibility of using TiO, microspheres
for model exosome isolation, we further investigated the
mechanism of the exosome adsorption process. Two possible
kinetic models, namely, the pseudo-first order equation and the
pseudo-second order equation, were proposed for the adsorp-
tion process. The pseudo-first order rate equation of Lagergren
is expressed as follows:*

dg/dt = ki(ge — q0) &Y
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where ¢, and ¢, are the grams of exosomes (represented by the
amount of the extracted proteins) adsorbed on each gram of
TiO, at a given time and at equilibrium, respectively (mg g~ ),
and k, is the rate constant of first-order sorption (min™").
After integrating with the boundary conditionsof t =0tot =
t and g, = 0 to ¢q; = g, eqn (1) was rearranged to a linear form:

In(ge — ¢)) = Inge — kit (2)

The pseudo-second order rate equation is expressed as

dg/dt = kx(q. — %)2 (3)

where k, is the rate constant of second-order sorption (g
mg ' min ).

After integrating with the boundary conditions of t =0to t =
t and g, = 0 to g, = q,, the integrated form of eqn (3) becomes

1 1
— = — + kot 4
(e —q)  4e @

It can be rearranged to a linear form:

i — L + i (5)
g kg q.

If the exosome adsorption on TiO, fits the pseudo-first order
rate equation, the plot of In(g. — ¢,) against ¢ of eqn (2) should
give a linear relationship. If not, and the pseudo-second order
kinetics are applicable, the plot of ¢/q, against ¢ of eqn (5) should
give a linear relationship. The theoretical value of the equilib-
rium adsorption capacity can be calculated by the Y-intercept
and slope of the adsorption curves obtained by the pseudo-first
order equation and the pseudo-second order equation, respec-
tively. To determine the best-fitting kinetic model, the linear
correlation coefficient (+*) and the theoretical g. values were
used as evaluation indexes.

To fit eqn (2) and (5), various adsorption parameters, such as
the amount of TiO, and incubation time, were investigated. We
first evaluated the effect of the amount of TiO, microspheres on
the exosome isolation efficiency determined by the greyscale
value of the exosomal marker protein TSG101 extracted from
the TiO, isolated exosomes over that from the total exosomes in
western blotting analysis. As the amount of the TiO, micro-
spheres increased from 0.5 mg to 10 mg, the isolation efficiency
increased accordingly, and a maximum efficiency of 95.0% was
reached at 2 mg TiO, (Fig. 3A and S5AfT). Further increase in the
amount of TiO, led to a decreased isolation -efficiency,
presumably due to the difficulty in sufficient mixing for a large
amount of TiO, microspheres. Therefore, 2 mg TiO, was used
for optimal incubation time evaluation. As shown in Fig. 3B and
S5B,T the isolation efficiency increases from 53.1% to 93.4%, as
the incubation time is extended from 30 s to 5 min. The isola-
tion efficiency slightly increases to 95.5% when the incubation
time is extended to 10 min. Based on the comprehensive
consideration of the time requirements and isolation efficiency,
5 min was chosen as the optimal incubation time, with
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Fig. 3 Optimization of the conditions for exosome isolation. Isolation
efficiency of Hela cells’ exosomes as a function of the quantity of TiO,
(A) and incubation time (B).

a maximum of 93.4% isolation efficiency achieved. The equi-
librium adsorption capacity, g., was determined using the
adsorption capacity at 10 min (0.955 mg g~ ).

The plot of In(g. — g,) against ¢ for the pseudo-first order
model and the plot of t/q, against ¢ for the pseudo-second order
model in the initial 10 min incubation of TiO, and the HeLa
cells' exosomes are shown in Fig. 4. A better linearity is achieved
for the pseudo-second order model (> = 0.99974) than for the
pseudo-first order model (r* = 0.98591). Moreover, when the
theoretical g. values are compared with the experimental g.
values (0.955 mg g~ '), very poor correlation is obtained for the
pseudo-first order model (theoretical g. = 0.514 mg g ') with
a difference of up to 46%. In contrast, in the pseudo-second
order model, the theoretical calculation (0.997 mg g~ ') is
quite close to the experimental data (0.955 mg g '). These
results suggest that the experimental data fit better with the
pseudo-second order equation, indicating a chemical specific
adsorption mechanism in the TiO,-based exosome enrichment.
Presumably, the driving force of the chemical adsorption of
exosomes on TiO, is the coordinate binding between the
phosphate groups of the phospholipid bilayer and TiO,.
Therefore, specific and strong binding can be achieved because
of the flexibility of the phospholipid bilayer, which may bend to
facilitate multi-site interactions with the surface of TiO,. Then,
five commercial titanium dioxide particles with different sizes,
crystal forms and surface roughness were used to investigate
their effect on exosome isolation. As shown in the SDS-PAGE
image of the isolated exosome proteins in Fig. S6, the
protein band patterns are almost the same, indicating that
titanium dioxide particles with different sizes, crystal forms and
surface roughness have a similar effect on exosome isolation.
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Fig. 4 Pseudo first order sorption kinetics (A) and pseudo second
order sorption kinetics (B) for adsorption of exosomes on TiO,. The
average of three replicates was used to fit the linear equations.

Serum exosome collection and proteomics analysis

After demonstrating the feasibility of our TiO,-based exosome
isolation strategy, we further applied it to human serum
samples and compared it with the traditional methods (ultra-
centrifugation and coprecipitation kit) by proteome analysis
(the process is shown in Fig. S7t). Serum exosomes are widely
used in liquid biopsy for biomarker studies due to their high
content of disease related DNA, RNA and proteins.”>** To
eliminate the interference of cell debris and large extracellular
vesicles, the serum was pre-treated with filtration using 0.2 pm
filters. Then, the filtered serum was subjected to the TiO,-based
isolation process. As shown in Fig. 5A, particles with a size of
approximately 100 nm were observed to adhere to the surface of
TiO, microspheres after incubation. Next, mass spectrometry
was utilized to identify the proteins extracted from serum exo-
somes isolated using different strategies. In total, 384 protein
groups were identified in the exosomes isolated by TiO, from
100 pL serum samples in three biological replicates (Fig. 5B),
which is obviously higher than that obtained using ultracen-
trifugation (228 protein groups) and a commercial coprecipi-
tation kit (252 protein groups). Moreover, 73.4% of the protein
groups could be identified in at least two of the three replicates
by the TiO,-based method. Gene ontology analysis (DAVID
Bioinformatics Resources®) of cell components of the identified
proteins shows that the extracellular exosome is the most
enriched item in the exosomes isolated by TiO,; however, only
the third was enriched in exosomes isolated using ultracentri-
fugation and a commercial coprecipitation kit (Fig. S8t), indi-
cating that higher isolation purity is achieved by the TiO,-based

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Characterization of the serum exosome proteome. (A) SEM
image of the serum exosomes adsorbed on TiO, microspheres, (B)
overlap of the protein groups identified in exosomes isolated using
ultracentrifugation, a coprecipitation kit and TiO,, and (C) log fold
difference of the protein quantity of the known exosomal proteins and
contaminating proteins in the exosomes isolated by TiO,, ultracen-
trifugation and coprecipitation kit-based strategies. (D) SDS-PAGE
analysis (Coomassie Brilliant Blue stained) of the exosome proteins
isolated from 1 uL of serum by TiO, microspheres. (E) Western blotting
analysis of serum exosome markers (TSG101 and CD?9).

strategy. To acquire detailed information about the composi-
tion of the isolated exosomes, we further compared the exoso-
mal protein groups identified in serum exosomes isolated by
these three methods. Overall, 307, 171 and 187 exosomal
protein groups were identified in serum exosomes isolated
using TiO,, ultracentrifugation and a coprecipitation kit (Exo-
Carta database, http://www.exocarta.org/), respectively. Among
the exosomal protein groups identified in serum exosomes
isolated using ultracentrifugation and a coprecipitation Kkit,
79% and 76% were found to be overlapped in the TiO,-based
method. Moreover, 144 out of the 190 protein groups uniquely
obtained by our TiO,-based method are reported as exosome
proteins in the ExoCarta exosome database.*® Gene ontology
analysis (DAVID Bioinformatics Resources)* shows that the
cellular component of 127 out of the 190 protein groups is
located in exosomes, which further indicates the reliability of
our method. To further evaluate our method, we compared the
quantity of the commonly found exosome proteins and
contaminating proteins identified in the exosomes isolated by
the three strategies using mass spectrometry analysis. In

This journal is © The Royal Society of Chemistry 2019
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Fig. 5C, we listed 18 typical exosome markers of the top 100
proteins that are commonly identified in exosomes (ExoCarta).
After normalization using the corresponding protein quantity
obtained by ultracentrifugation as the reference, the log fold
differences of the quantity of the 18 exosome markers obtained
using TiO, and a coprecipitation kit are shown in Fig. 5C. The
quantity of most of the exosome markers is obviously higher
(positive log value in the figure) in the TiO, enriched sample
compared with that isolated using ultracentrifugation and
a coprecipitation kit. In contrast, the quantity of the common
contaminants in serum (six highly abundant proteins, which
represent approximately 85% of the total protein mass®), such
as albumin (ALB), IgG (IGHG1-IGHG4), IgA (IGHA1l and
IGHA2), haptoglobin (HP) and transferrin (TF), is obviously
lower in the TiO, enriched sample (negative log value in the
figure) than that obtained using ultracentrifugation and
a coprecipitation kit. In summary, the TiO,-based strategy
shows improved exosome enrichment and reduced non-specific
protein adsorption compared with the currently available
methods for human serum exosome analysis.

Then, in order to establish a facile, fast and individualized
micro-serum exosome analysis strategy such as fingertip blood
test, the volume of serum was further decreased to 1 pL. The
serum before isolation and after isolation, washing buffer (first
wash, second wash and third wash) and eluted exosomal
proteins were separated by SDS-PAGE and stained with Coo-
massie Brilliant Blue. As shown in Fig. 5D, the band of human
serum albumin (about 70 kDa) was visible in serum and the
supernatant after isolation while it gradually faded with the
increase of washings. The significant fading of human serum
albumin in exosomal proteins indicated that our proposed
TiO,-based exosome isolation method could reduce the inter-
ference of contaminating proteins after sufficient washing. The
expression of exosomal proteins was also examined by western-
blot analysis. TSG101 and CD9, the commonly used exosomal
marker proteins, were enriched in serum and the eluent of
isolated exosomes but almost undetectable in the supernatant
after isolation (Fig. 5E). We also evaluated the recovery and
assay time required for exosome isolation from serum samples
using the TiO,-based method and other reported strategies,
including ultracentrifugation, density gradient centrifugation,
size exclusion chromatography, ultrafiltration, immuno-affinity
and precipitation based on polymers. As shown in Table S1,}
the exosome recovery reaches 80% in 5 minutes of incubation
from 1 pL serum by the TiO,-based method (isolation efficiency
is obtained by measuring the band intensity of TSG101 extrac-
ted from the isolated exosomes over total serum). Compared
with published data of the other methods, our proposed
method is the most efficient for serum exosome isolation. The
number of identified proteins using different amounts of serum
(1-200 pL) is listed in Table S2t (ESIT).

Serum exosomal proteins from healthy donors and pancreatic
cancer patients

Next, we applied our TiO,-based exosome isolation strategy for
proteome biomarker screening of pancreatic cancer. Pancreatic

Chem. Sci,, 2019, 10, 1579-1588 | 1583
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cancer is a highly lethal malignancy that is usually diagnosed at
a later stage. Early diagnosis is essential to increase the chance
of survival, so it is imperative to discover biomarkers for the
detection of pancreatic cancer. Numerous studies have reported
that exosomes carry proteins that provide valuable information
for cancer diagnosis.***** Therefore, exosome protein profiles of
healthy donors and pancreatic cancer patients were compared
in our study. Using our TiO,-based strategy, exosomes were
isolated from each serum sample of 9 healthy donors and 9
pancreatic cancer patients. In total, 433 and 581 serum exoso-
mal protein groups were identified from the healthy group and
the pancreatic cancer group, respectively. A total of 368 proteins
were common in the healthy donors and the pancreatic cancer
patients, while 65 proteins were unique in the healthy group
and 213 proteins were unique in the pancreatic cancer group
(Fig. 6A). Quantitative comparison of the two groups was con-
ducted using label-free quantification intensity-based absolute
quantification (iBAQ).*” Proteins identified more than three
times in either group were used for relative quantification.
Based on the results of exosomal protein quantification, we
performed PCA. As shown in Fig. 6B, the two groups are well
separated, indicating a significant difference between the
healthy group and the pancreatic cancer group. Next, we per-
formed a moderated ¢-statistic analysis to screen significantly
regulated proteins in each group. Compared to the healthy
group, 59 up-regulated proteins and 6 down-regulated proteins
were identified in the tumour group (moderate ¢-statistic, Adj. P-
Val < 0.01, log FC > 2; Fig. 6C and Table S37). The samples from
the two groups were re-grouped by unsupervised hierarchical
cluster analysis using expression data of the 65 differential

>
a

65 Healthy

-Log, (Adj.P.Val)

Tumor| 213 368
‘

\

w
- Normal

A Tumor A
< 4 Centroids

PC2 (36%)
)
*
»
3

-15 -10 -5
>

45 40 5 0 5 10 15
PC1 (64%)

Fig. 6 Proteomic analysis of serum exosomes from the healthy
donors and the pancreatic cancer patients. (A) Venn diagram of serum
exosomal protein groups identified in the healthy and the pancreatic
cancer groups. (B) Principal component analysis of the serum exo-
somal protein groups. (C) Volcano plot comparison of the serum
exosomal protein groups. (D) Unsupervised clustering of the signifi-
cantly regulated proteins in the serum exosomes.
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proteins (Fig. 6D). As expected, the pancreatic cancer group and
the healthy group could be well separated, demonstrating the
potential of using exosomal protein profiling for biomarker
screening for pancreatic cancer patients.

Finally, the biological implications of the significantly
regulated proteins were studied. Thirty up-regulated proteins in
the serum exosomes of the pancreatic cancer patients were
previously reported to be closely related to pancreatic cancer,
including S100A4,* S100A6,>>* S100A9,” Profilin-1,"*> RAN,*
CALMLS5,* TXN,* PRDX2,** and FGG.*""** For other up-regulated
proteins (HIST1IH2BH, SPRR1B, and SBSN), though not re-
ported in pancreatic cancer, evidence has demonstrated corre-
lations with other cancers, such as neoplastic giant cell
tumours,*” oral squamous cell cancer*® and esophageal squa-
mous cell carcinoma.*” While the rest of the up-regulated
proteins were not previously found to have direct association
with cancers, these differential exosomal proteins may be
considered as indicators of cancer progression.

Conclusions

In conclusion, we proposed a novel strategy for isolation of
serum exosomes based on their specific interaction with TiO,.
Pseudo-second order kinetics indicated a chemical specific
adsorption mechanism in the TiO,-based exosome enrich-
ment. Based on this principle, a high separation recovery
(93.4%) is obtained within 5 min with good reproducibility for
model exosomes. The captured exosomes can be either eluted
to obtain intact exosomes or directly lysed for downstream
proteome analysis. We further applied it to human serum
samples and compared it with the traditional methods (ultra-
centrifugation and coprecipitation kit). The results demon-
strated that the TiO,-based serum exosome isolation process is
a simple and rapid method with high efficiency for serum
exosome research compared with commonly used methods.
Then, we compared the serum exosomal protein profile of
pancreatic cancer patients with that of healthy donors. Pro-
teomics analysis reveals that many differentially expressed
proteins are closely associated with the development and
progression of cancer, indicating the potential of this strategy
for large-scale exosome-based biomarker screening for cancer
diagnosis.

Experimental
Collection of serum samples

Peking University Cancer Hospital and Peking University
Third Hospital's Institutional Review Board approved the use
of human serum samples. Blood samples from healthy donors
and pancreatic cancer patients were obtained from consented
donors. The normal control serum used in this investigation
was obtained from one healthy volunteer. Twenty millilitres of
peripheral blood were collected in tubes, allowed to sit at
room temperature for 1 hour, and centrifuged at 2000 x g for
10 minutes. The separated serum was stored at —80 °C until
use.
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Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle's
medium (DMEM, Gibco, UK) supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco, UK), 100 U mL " penicillin and
100 mg mL ™" streptomycin (HyClone, USA) and incubated at
37 °Cin a 5% CO, humidified incubator. Once 80% confluency
was achieved, the supernatant was carefully removed and the
cells were washed twice with PBS. Next, the cells were cultured
in exosome-free medium (DMEM with 10% exosome-depleted
FBS) for 24 h and the culture medium was collected.
Exosome-depleted FBS was prepared through ultracentrifuga-
tion at 110 000 x g overnight at 4 °C, followed by harvesting of
the supernatant.

Preparation of model samples of exosomes

Model samples of exosomes were obtained from HeLa cell
culture medium by differential ultracentrifugation, according to
the protocol described by Théry et al.*® with some modifica-
tions. In brief, the collected medium was centrifuged at 300 x g
for 20 min, 2000 x g for 20 min and then 10 000 x g (19776
rotor, Sigma, USA) for 30 min to remove cells, dead cells and cell
debris. Afterwards, the supernatants were ultracentrifuged at
110 000 x g (SW 32 Ti rotor, Beckman Coulter, USA) for 70 min
at 4 °C to pellet the crude exosomes. The pellets were washed
twice with PBS, resuspended in a defined amount of PBS and
stored at —80 °C.

Characterization of model samples of exosomes

Transmission electron microscopy. PBS solution containing
exosomes (20 pL) was added onto 200-mesh formvar carbon
coated copper grids and allowed to adsorb to the formvar for
10 min. The excess solution was removed by blotting the edge of
each grid with filter paper. Then, the sample was negatively
stained with saturated uranyl acetate solution and incubated for
1 min at room temperature. The unevaporated solution was
absorbed using filter paper. The samples were examined using
a Hitachi h-7650 transmission electron microscope at 80 kV.

ZetaView nanoparticle tracking analysis (NTA). The size of
exosomes was determined by nanoparticle tracking analysis
(NTA) using a ZetaView (Particle Metrix, Meerbusch, Germany)
and corresponding software ZetaView 8.03.04.01. The ZetaView
system was calibrated using 100 nm polystyrene particles. Iso-
lated exosome samples were appropriately diluted using PBS to
measure the particle size and concentration. After automated
data acquisition of all 11 positions and removal of any outlier
positions, NTA measurements were recorded and analyzed.

Western blot analysis. The exosome proteins (10 pg) were
resolved using 12% SDS-PAGE and then transferred onto poly-
vinylidene fluoride (PVDF) membranes (Pall Life Sciences,
India). The PVDF membranes were blocked for 1 h at room
temperature in TBST containing 5% BSA and incubated over-
night at 4 °C with the following primary antibodies: anti-CD81
mouse monoclonal antibody (1:2000) (ab79559, Abcam, Cam-
bridge, UK), anti-TSG101 rabbit polyclonal antibody (1:500)
(14497-1-AP, Proteintech Group, Chicago, USA), anti-PHB1
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rabbit polyclonal antibody (1:1000) (2426, Cell Signaling Tech-
nology, Beverly, MA, USA) and anti-B-actin mouse monoclonal
antibody (1:1000) (CW0096M, CWBIO, China). After incubation
with appropriate HRP-conjugated secondary antibodies, blots
were performed using a SuperSignal West Femto Substrate Trial
Kit (34094, Pierce, USA).

TiO,-based isolation of model samples and performance
verification

Model samples derived from cultured HeLa cells were prepared
by differential centrifugation as described above. Exosomes
with a protein concentration of approximately 2 pug were diluted
into DMEM containing no phenol red (Gibco, UK) to a final
volume of 50 pL. The samples were mixed with 2 mg TiO,
microspheres and incubated for 5 min at 4 °C on a thermos-
shaker to allow sufficient attachment. After simple centrifuga-
tion, the supernatant was discarded and the pellets were thor-
oughly rinsed thrice with PBS to remove non-specific molecules
adsorbed on the microsphere surface.

The exosomes attached to TiO, were visualized by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and immunofluorescence.

For SEM analysis, the TiO, microspheres were first fixed with
1 mL of 2.5% glutaraldehyde in PBS for 2 h. After washing thrice
with PBS, the fixed samples were dehydrated with a graded
series of ethanol (30%, 50%, 75%, 90%, 95%, 100%, and 100%),
each for 15 min. Then the samples were vacuum-dried over-
night. The dried samples were spread on a double-sided
conductive carbon tape and coated with gold using a sputter
device for 60 s. Finally, images of TiO, were generated using
a ZEISS EVO LS10 SEM.

For TEM analysis, the TiO, microspheres were first fixed with
1 mL of 2.5% glutaraldehyde in PBS for 2 h. After washing thrice
with PBS, the particles were resuspended in PBS. Next, PBS
solution containing TiO, (20 pL) was added onto 200-mesh
formvar carbon coated copper grids and allowed to adsorb to
the formvar for 10 min. The excess solution was removed by
blotting the edge of each grid with filter paper. Then, the sample
was negatively stained with saturated uranyl acetate solution
and incubated for 1 min at room temperature. The unevapo-
rated solution was absorbed using filter paper and the grid was
air-dried for TEM imaging. The samples were examined using
a Hitachi h-7650 transmission electron microscope at 80 kV.

Two exosomal protein markers, CD81 and TSG101, were
detected by immunofluorescence to verify the attachment of
exosomes to the TiO, surface. Three isotype control groups were
used, including untreated TiO, microspheres, TiO, incubated
with HeLa lysis solution and TiO, incubated with exosomal
proteins. These TiO, microspheres were first fixed with 4%
formaldehyde in PBS for 30 min. For detection of TSG101,
which is an intracellular protein, an extra step of per-
meabilization was needed. The samples were permeabilized
with 0.2% Triton X-100/PBS for 5 min and washed thrice with
PBS. After blocking in 5% BSA/PBS for 1 h at room temperature,
the samples were incubated with anti-CD81 rabbit polyclonal
antibody (1:1000) (ab79559, Abcam, Cambridge, UK) or anti-
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TSG101 rabbit polyclonal antibody (1:500) (14497-1-AP, Pro-
teintech Group, Chicago, USA) overnight at 4 °C. Subsequently,
the microspheres were stained with secondary FITC-conjugated
goat anti-rabbit antibodies (1:25) (CWBIO, China) or TRITC-
conjugated goat anti-rabbit antibodies (1:25) (CWBIO, China)
for 1 h at room temperature. Images were acquired with a Zeiss
LSM 880 confocal microscope and processed using ZEN soft-
ware. The same imaging parameters were used between the
control group and the experimental group.

Recovery of the exosomes

The semiquantitative Western blot method was employed in
order to eliminate the effect of protein contamination in model
exosomes on quantification. The detailed process was described
as follows: model exosomes were homogeneously re-suspended
in PBS and divided into several replicates. Each model sample
contained approximately 2 pg protein, as measured using
a Micro BCA Protein Assay Kit (23235, Pierce, USA). As a control,
one of the replicates of model samples subjected to the lysis
process without isolation by TiO,. The rest of the replicates
subjected to the incubation and wash process and directly lysed
from the microspheres’ surface for 20 min on ice with lysis
buffer (4% SDS, 0.1 M Tris-HCl, pH 7.6) supplemented with
protease inhibitor cocktails (Roche, Swiss). The lysates were
loaded on a 12% SDS-polyacrylamide gel and subjected to
Western blot using anti-Tsg101 antibody. For recovery calcula-
tions, the band intensity was measured using Image] software
(band intensity of TSG101 extracted from the isolated exosomes
over the control group). Triplicate standardization samples
were used to evaluate each variable in the isolation of exosomes.

Elution of captured exosomes

For the release of the captured exosomes, alkaline solution was
used as the elution buffer.** The microspheres were first incu-
bated with 10% NH;-H,O for 10 min at 4 °C on a thermos-
shaker to allow sufficient elution. After centrifuging at 10 000
x g for 3 minutes, the supernatant was quickly substituted by
PBS using an ultrafiltration system (Millipore, 30 kDa
membrane) and subsequently washed several times with PBS.
The solution inside the filter tubes was collected for further
studies.

Isolation of exosomes from serum

To evaluate the efficiency of the proposed method, the results
were compared with two conventional methods, ultracentrifu-
gation and commercial exosome precipitation reagent, for
exosome isolation.

Exosome collection in serum using TiO,. 100 pL serum was
filtered using 0.2 pm syringe filters with a GHP Membrane
(PALL Life Sciences, USA) to remove cell debris, apoptotic
bodies, and large microvesicles. Then, the serum sample was
mixed with 5 mg TiO, microspheres and incubated for 5 min at
4 °C on a thermos-shaker to allow sufficient enrichment. After
washing three times with PBS, exosomes were directly lysed
from the surface of microspheres to extract the proteins.
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Exosome collection in serum using ultracentrifugation.
Exosomes were isolated from serum using gradient ultracen-
trifugation as described in the protocol.*® Briefly, the sample
was diluted with an equal volume of PBS and centrifuged at
2000 x g for 30 min and at 12 000 x g for 45 min to remove large
debris and microvesicles. Then, the supernatant was ultra-
centrifuged at 110 000 x g for 2 h to pellet crude exosomes.
Next, the pellets were resuspended in PBS, filtered with a 0.2 um
filter, and washed twice with PBS. Finally, the exosome pellet
aggregated at the bottom of the tube was directly lysed to extract
the proteins.

Exosome collection in serum using an exosome precipitation
reagent. The isolation of exosomes with a Minute Hi-Efficiency
Exosome Isolation Reagent was performed following the user
manual of the kit (Invent Biotechnologies, USA). Briefly, serum
(100 pL) was centrifuged at 2000 x g for 10 min to remove large
debris before use. Then 50 pL of exosome precipitation reagent
was added and the mixture was incubated for 1 h at 4 °C. After
incubation, the mixed sample was centrifuged at 10 000 x g for
15 min and the supernatant was removed. The tube was
centrifuged at 10 000 x g for 30 seconds for spinning down
residual liquid. Finally, the exosome pellet aggregated was
suspended in PBS for downstream experiments.

Proteomics analysis

The exosome loaded TiO, microspheres were suspended in 4%
SDS buffer containing 1% protease inhibitor cocktail. The
suspension was ultrasonicated on ice for 20 min, followed by
centrifugation at 12 000 x g at 4 °C for 3 min. The supernatant
was collected and digested by the filter aided sample prepara-
tion (FASP) method. Briefly, the supernatant was transferred
into a spin filter column (30 kDa) and the SDS was removed by
washing the sample three times with 8 M UA. Afterwards the
proteins were reduced by 10 mM DTT at 37 °C for 4 h and
alkylated by 20 mM IAA at room temperature in the dark for 1 h.
Then the buffer was exchanged with 50 mM NH,HCO; by
washing the membrane three times. Free trypsin was added into
the protein solution at a ratio of 1 : 50 and incubated at 37 °C
overnight. The tryptic digests were recovered by centrifugation
and additional wash with 50 mM NH,HCO;. The obtained
solution was vacuum-dried and then adjusted to 10 pL with
0.1% formic acid prior to LC-MS/MS analysis.

LC-MS/MS analysis was carried out using an easy nLC-1000
system coupled with a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific, USA) using an ESI nanospray source.
Mobile phase A was composed of 0.1% FA in water, and 0.1% FA
in ACN was prepared as mobile phase B. The total flow rate was
600 nL. min ', and the gradient was performed as follows: 6% to
9% buffer B for 8 min; 9% to 14% buffer B for 16 min; 14% to
30% buffer B for 36 min; 30% to 40% buffer B for 15 min; and
40% to 95% bulffer B for 3 min. After eluting with 95% buffer for
7 min, the separation system was equilibrated with 6% buffer B
for 5 min. The spray voltage was set at 2.3 kV. The MS/MS
spectra were acquired in data-dependent acquisition mode,
and the full mass scan was acquired for m/z from 300 to 1400
with a resolution of 120 000.
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Label-free quantification analysis

Serum samples from healthy donors and pancreatic cancer
patients were used for exosomal protein identification and
relative quantification. The raw LC-MS/MS data files were
analyzed using MaxQuant (version 1.5.2.8), with the spectra
searched against the Uniprot human database (updated on July
21st, 2015). For identification of the peptides, the mass toler-
ances were 20 ppm for initial precursor ions and 0.5 Da for
fragment ions. Two missed cleavages in tryptic digests were
allowed. Cysteine residues were set as static modification.
Oxidation of methionine was set as the variable modification.
Filtering for the peptide identification was set at a 1% false
discovery rate (FDR).

Bioinformatics analysis was mainly performed using our in-
house freely available software Perseus (www.perseus-
framework.org). Analysis steps were performed in the statis-
tical analysis environment R. For quantitative analysis of the
proteomics data, the iBAQ intensities of exosome proteins from
healthy donors and pancreatic cancer patients were extracted
from the MaxQuant result files to represent the final expression
of a particular protein across samples. The expression matrix
was then normalized by using the quartile normalization
method as previously described.”*> To make the statistical
analysis more precise, proteins identified more than three times
in either group were used for relative quantification (the healthy
group and the pancreatic cancer group). After filtering, a 534 x
18 protein expression matrix was generated for statistical
analysis. Unsupervised principal component analysis (PCA) was
used to determine whether the exosome proteins could effec-
tively distinguish the two groups. Moderated t-statistics was
implemented with R package ‘limma’ to select exosome
proteins that were differentially expressed between the healthy
group and the pancreatic cancer group.*® The P values were
corrected for multiple testing using the Benjamini-Hochberg
procedure and significant calls were made based on adjusted P
values < 0.01 and the absolute value of log(FC) > 2. All statistical
analyses were performed in the R statistical programming
language (version 3.2.1).%*
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