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A B S T R A C T   

Exosomes are membrane bound extracellular vesicles that play an important role in many biological processes. 
While they have great application value, exosome isolation is still considered a major scientific challenge. In the 
present study, a novel separation strategy for exosomes is proposed based on the specific interaction between 
immobilized peptide ligands and phosphatidylserine moieties which are highly abundant on the surface of 
exosomes. With the new affinity method, intact model exosomes can be recovered with a high yield in a short 
processing time. The purity of exosome samples enriched from serum by the affinity method is far higher than 
that isolated by ultrafiltration, and similar to that obtained by density gradient centrifugation and ultracentri-
fugation. Moreover, the variety of contaminants co-isolated by the affinity method is relatively low due to its 
specific separation principle. Proteomics analysis of exosomes isolated by the affinity method from the serum of 
healthy, hepatocellular carcinoma patients, and intrahepatic cholangiocarcinoma patients was performed to 
prove the applicability of this method. In conclusion, our novel strategy shows characteristics of easy prepara-
tion, high specificity, and cost-effectiveness, and provides a promising approach for exosome isolation which 
should have wide applications.   

1. Introduction 

Exosomes are bilipid membrane bound extracellular vesicles which 
have typical cup-shaped structure, with sizes ranging from 30 to 200 nm, 
and they are released by various cell types during normal physiological 
functions or during acquired abnormalities [1,2]. In general, exosomes 
are rich in numerous bodily fluids, including serum, urine, and inter-
stitial fluid, and contain an assortment of biomolecules of endosomal 
origin that vary with the state of the cell and they play important roles in 
intercellular communication, immune response, and cancer pathogen-
esis [1–3]. Because of these communication capabilities, exosomes have 
emerged as drug delivery carriers, disease biomarkers, and potential 
therapeutic targets [1,4,5]. However, while the application potential of 
exosomes is increasing, exosome isolation remains a significant 

impediment to many future applications. Thus, the challenge is to obtain 
exosomes of sufficiently high purity while maintaining an intact struc-
ture and preserving the enclosed biomarkers for downstream analysis. 

To date, a range of isolation methods have been reported that utilize 
different techniques to capture exosomes, including ultracentrifugation 
(UC), density gradient centrifugation (DGC), ultrafiltration (UF), size- 
exclusion chromatography, polymerized precipitation, antibodies and 
affinity agents, and several microfluidic chip-based methods [6–8]. 
Several of these methods have also been simplified into commercial kits 
[9–11]. The most widely adopted methods are UC and DGC, which 
separate exosomes according to their size and density. However, 
co-isolation of contaminating vesicles with similar properties to exo-
somes and the requirements for expensive equipment and tedious 
operating processes limit the applicability of the isolated exosomes in 
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subsequent studies and large-scale clinical sample processing [10–13]. 
For increased specificity and high purity, exosome isolation using anti-
bodies and other affinity agents can be a good alternative. In immu-
noaffinity methods, exosomes are captured via the binding of membrane 
surface receptor molecules, such as CD9 and CD63, to specific mono-
clonal antibodies immobilized on the surface of a solid matrix. Despite 
the simplicity of this kind of isolation, it suffers from a high cost and 
poor reproducibility during the elution of fully functional exosomes [6, 
14,15]. Additional affinity-based methods utilizing interactions 
involving membrane groups or molecules have also been explored. For 
example, exosomes can be easily isolated from human serum by taking 
advantage of the specific interaction between TiO2 and phosphate 
groups on the lipid bilayer of exosomes; however, the ubiquitous nature 
of phosphate groups results in the co-isolation of several contaminants 
[16]. 

To develop a method with the combined advantages of high speci-
ficity, low cost, and simplicity, small molecules specifically present on 
the membrane of exosomes could be explored to target. While the lipid 
composition of exosomes is generally cell-type dependent, exosome 
membrane content is known to diverge from that of its cell of origin; for 
example, phosphatidylserine (PS) is known to be exosome specific [17]. 
In flow cytometry experiments using FITC-annexin V-labeled exosomes, 
PS moieties were demonstrated to be exposed on the outer surface of 
exosome membranes. This can be explained by the absence of an orga-
nized cytoskeleton in exosomes (even though actin is detected) and the 
presence of a calcium-dependent phospholipid scramblase, resulting in a 
higher flip-flop of lipids between the two leaflets of the exosome bilipid 
membrane as compared with the plasma membrane [18]. This phe-
nomenon facilitates several downstream functions of exosomes; thus, 
exosomes are internalized by other types of cells because of the exter-
nalized PS moieties, and the blocking of PS moieties by annexin V 
significantly inhibits exosome internalization and their downstream 
functions [19–21]. The presence of externalized PS on exosomes has 
been exploited in a number of isolation methods, and annexin V, Tim4, 
and recombinant nanobodies with a strong affinity for PS have all been 
employed to capture exosomes [22–25]. For example, by exploiting the 
known affinity between annexin V and PS, exosomes derived from 
several cancer cell lines and a normal cell line have been captured with 
average efficiencies of 90.19 ± 5.70 and 38.43 ± 15.80%, respectively 
[22], and this observation is consistent with several studies in which 
authors have revealed that tumor-derived exosomes overexpress PS in 
their outer membrane leaflet as compared to exosomes from normal 
cells, therefore, PS could be utilized in cancer diagnostic applications 
[26,27]. However, protein implementation has also many issues in 
clinical applications because of the cost of production, endogenous 
competition, and the restrained diffusion to the targeted sites [28]. A 
viable alternative to large proteins is the use of smaller peptides to target 
PS with high affinity and specificity. Burtea et al. screened two phage 
display-derived PS targeting peptides (LIKKPF and PGDLSR) [29]. 
LIKKPF has a similar structure to the human transient receptor potential 
Ca2+ channel 5 which is involved in the regulation of membrane PS 
asymmetry and in the apoptotic signal. Derivatives of these PS-specific 
peptides (CLIKKPF, Kd = 1.9 μmol L− 1; CPGDLSR, Kd = 7.9 μmol L− 1) 
have been demonstrated to bind to membranes containing externalized 
PS and apoptotic cells with high affinity and specificity in the presence 
of Ca2+ binding buffer [30]. Moreover, both of these peptides have been 
modified to carry a fluorescent tag at the cysteine residue to demonstrate 
specific labeling of membranes containing externalized PS. While the 
potential of peptide-PS affinity binding was strongly confirmed by the 
authors, this interesting principle has not been exploited for exosome 
isolation thus far. 

In the present work, we assessed the possibility and applicability of 
using the affinity interaction between PS and CLIKKPF (the higher af-
finity peptide) to capture exosomes. First, CLIKKPF was immobilized on 
the surface of silica microspheres (SiO2-pep). Next, this novel material 
was used to capture model exosome samples from Hela cell culture 

medium, and the efficiency of this method was compared with three 
classical methods (UF, UC, DGC) using serum samples. To expand the 
applications of our SiO2-pep affinity method and further demonstrate its 
value, we used this method to isolate exosomes from the serum of 
healthy, hepatocellular carcinoma (HCC), and intrahepatic chol-
angiocarcinoma (CCA) patients. The proteomic profiles of exosomes 
were then compared to identify accurate, low-invasive biomarkers for 
the early and differential diagnosis of HCC and CCA, and to further 
explore the underlying molecular mechanisms of these two hepatic 
cancers. 

2. Experimental 

2.1. Synthesis and characterization of SiO2-pep microspheres 

SiO2 microspheres (Global Chromatography, Suzhou, China) were 
calcined at 600 ◦C for 5 h, then activated in a hydrochloric acid solution 
(12 wt%) at 102 ◦C for 12 h. After activation, the microspheres were 
washed thoroughly with ultrapure water to achieve neutral pH, and then 
dried at 60 ◦C. Next, the microspheres were dispersed in anhydrous 
toluene with 3-methacryloxypropyltrimethoxysilane (KH570) and 
incubated at 112 ◦C for 24 h. After completion of this reaction, the 
microspheres were washed with toluene and diethyl ether and then 
dried at 60 ◦C. The microspheres were then reacted with peptide 
CLIKKPF (PopChem peptide Co., Ltd, Hefei, China; purity >98%) in the 
presence of azobisisobutyronitrile (AIBN) (both at a concentration of 
200 μg mL− 1) in ethanol at 60 ◦C for 24 h. Finally, the SiO2-pep mi-
crospheres were rinsed with ether and dried at 60 ◦C for 6 h. The syn-
thesized SiO2-pep microspheres were then stored at 4 ◦C until use. 

All experimental conditions throughout the reaction process were 
optimized. During the process of optimizing the reaction conditions, the 
densities of silanol groups and KH570 were measured by titration with 
NaOH solution, and the density of peptide ligand CLIKKPF was 
measured using a BCA kit (the processing steps and the densities formula 
1, 2, and 3 are mentioned in the experimental section of supporting 
information, respectively). Finally, the most suitable conditions were 
adopted for the final synthesis process as detailed above. The optimized 
SiO2-pep microspheres were then characterized. 

The optimized SiO2-pep microspheres were sputtered with gold for 
scanning electron microscopy (SEM, S-4800 Hitachi, Japan) imaging. 
The Fourier transform infrared (FT-IR, Nicolet 6700, Thermo Fisher, 
USA) spectrum was assessed using KBr pellet. The Brunauer-Emmett- 
Teller surface area (Nitrogen adsorption apparatus, Micromeritics 
ASAP 2020; accelerated surface area and porosimetry system, Micro-
meritics Headquarters, USA) was evaluated by analyzing the adsorption 
isotherm in the 0.01–0.99 relative pressure (p/p0) range. The Zeta po-
tential of microspheres (1 mg mL− 1) dispersed in NaCl (5 m mol L− 1) was 
measured using a size and zeta potential analyzer (omni, Brookhaven, 
USA). The mass percentages of elements (C, H, N, and S) were measured 
by elemental analysis (Vario EL Cube, Elementar, Germany). The 
bonding densities of KH570 groups and peptides in the optimized SiO2- 
pep microspheres were then calculated from the results of elemental 
analysis and BET specific surface area (formula 4 and formula 5 shown 
in supporting information Text S2). 

2.2. SiO2-pep-based adsorption of model exosomes and specificity 
verification 

Model exosomes (100 μL; total protein concentration, ~0.16 mg 
mL− 1) were added to SiO2-pep microspheres (5 mg) in Ca2+ binding 
buffer (10 mmol L− 1 HEPES, pH 7.4; 140 mmol L− 1 NaCl; 2.5 mmol L− 1 

CaCl2), and the mixture was incubated in the dark at 37 ◦C for 1 h on a 
thermos-shaker (Thermofisher, USA) to allow sufficient attachment. 
After simple centrifugation, the supernatant was discarded and the 
pellet was thoroughly washed thrice with PBS to remove non-specific 
molecules adsorbed on the microsphere surface. In parallel, three 
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control groups were prepared (SiO2-pep + cell lysis, SiO2-pep + model 
exosome lysis, and KH570–SiO2 + model exosomes) to verify specific 
adsorption of exosomes on the SiO2-pep microspheres. 

The sample preparation and the three controls were then visualized 
by SEM, transmission electron microscope (TEM, JEM-2100F JEOL, 
Japan), and immunofluorescence (IF). For IF analysis, samples were 
blocked in 5% BSA/TBST for 1 h at room temperature, and then incu-
bated with CD81 rabbit monoclonal antibody (1:200, Beyotime, China) 
overnight at 4 ◦C. Subsequently, the microspheres were then stained 
with FITC-conjugated goat anti-rabbit secondary antibody (CWBIO, 
China; 1:25) for 1 h at room temperature. Images were acquired with a 
Leica TCS SP8 confocal microscope and processed using LAS AF 3.0 
software. The same imaging parameters were used for the experimental 
group and the control groups. 

2.3. Elution of model exosomes adsorbed on SiO2-pep microspheres and 
optimization of adsorption and elution conditions 

Model exosomes (100 μL; total protein concentration, ~0.16 mg 
mL− 1) were mixed with various amounts of SiO2-pep microspheres (1 
mg, 2 mg, 4 mg, 6 mg, 8 mg, and 10 mg) in Ca2+ binding buffer, the 
subsequent adsorption and washing procedures were as described in 
section 2.2. Next, 10% NH3⋅H2O solution (100 μL) was used to elute 
exosomes absorbed on the SiO2-pep microspheres at 4 ◦C for 120 min. 
NH3 in the elution solution was then removed in a vacuum oven at 25 ◦C 
for 10 min. Finally, total protein concentration in the elution solution 
was measured using a BCA kit. The procedure was repeated three times 
for each sample. 

In addition, optimal adsorption time (20 min, 40 min, 60 min, 80 
min, 100 min, and 120 min), concentration of eluent (6%, 8%, 10%, 
12%, and 14% NH3⋅H2O), and elution time (20 min, 40 min, 60 min, 80 
min, 100 min, and 120 min) were also evaluated. All other steps in the 
procedure were as detailed above. 

The recovery rate was calculated as follows: 

Recovery  Rate%=
A
B
× 100%  

where, A is total protein concentration in the elution solution and B is 
total protein concentration in the model exosome solution. 

Additional characterizations of the eluted exosomes, including size 
range by nanoparticle tracking analysis (NTA), Western blot (WB) for 
marker proteins, and TEM, were conducted as described in the sup-
porting information. 

2.4. Separation of serum exosomes using the SiO2-pep affinity method 
and comparison with UF, UC, and DGC methods 

Serum samples from healthy individuals were purchased from Yua-
nye Bio-Technology Co., Ltd (Shanghai, China) and filtered with a 0.22 
μm filter membrane. Diluted serum samples (5% in PBS) were then 
mixed with SiO2-pep microspheres in Ca2+ binding buffer. The exosome 
isolation procedures for adsorption and washing were as described in 
section 2.2. Serum exosomes adsorbed on the SiO2-pep microspheres 
then were eluted using a 12% NH3⋅H2O solution. Finally, the “SiO2-pep- 
exosomes” were characterized by NTA and TEM. 

Serum exosomes isolated using the four different methods (UF, UC, 
DGC, and SiO2-pep affinity) were lysed by RIPA (containing 1 mmol L− 1 

PMSF). Equal amounts of total protein (20 μg) were then analyzed by 
SDS-PAGE gel stained through Coomassie brilliant blue staining, west-
ern blotting for CD9 marker protein (1:1000, Beyotime, China) and 
GAPDH (1:2000, Beyotime, China), and proteomics analysis, 
respectively. 

Next, Venn diagrams were constructed using the proteins identified 
in the four groups by mass spectrometry analysis, and these were 
compared with proteins in the exosome database (ExoCarta database, 

http://www.exocarta.org). The quantities of nineteen common exosome 
proteins present in the exosome database and contaminating proteins 
identified in the exosome samples were normalized using the corre-
sponding protein quantity obtained by UF as a reference. Finally, log2- 
fold differences in the quantities of the nineteen exosome markers and 
contaminating proteins were compared and plotted. 

2.5. Proteomics analysis of exosomes isolated from healthy, HCC patient, 
and CCA patient serum samples using the SiO2-pep affinity method 

All procedures were approved by the ETHICS committee of Shanghai 
Eastern Hepatobiliary Surgery Hospital (Shanghai, China). Blood sam-
ples from healthy donors, HCC patients, and CCA patients were obtained 
from consenting donors. The peripheral blood samples were collected in 
tubes and allowed to sit at room temperature for 1 h. The tubes were 
then centrifuged at 2000×g for 10 min, and the separated serum was 
stored at − 80 ◦C until use. 

Healthy, HCC patient, and CCA patient serum samples were pro-
cessed as described in section 2.4 to isolate serum exosomes using the 
SiO2-pep affinity method. After lysis by RIPA (containing 1 mmol L− 1 

PMSF), the protein compositions of serum exosomes were analyzed 
using mass spectrometry. Each group contained nine samples. 

2.6. Data analysis for biological information 

First, the proteins which exist in the exosome proteins database 
(ExoCarta database) were screened from all identified proteins. Next, we 
performed a pair-wise comparison of protein expression between the 
three experimental groups. All proteins with an expression ratio ≥50% 
in both groups (or with an expression ratio in one group of 0 and an 
expression ratio ≥50% in the other group) were retained and proteins 
with missing value ≤ 50% were filled with the mean of the same group 
of samples. Normalized data for the potential proteins of interest 
(credible exosome proteins) were obtained by median normalization 
and log2 logarithm conversion. A boxplot and density map of the data 
before and after normalization were then generated. All visual pre-
sentations and statistical analysis are based on the normalized data for 
the credible exosome proteins. Unsupervised principal component 
analysis (PCA) and a hierarchical clustering dendrogram of sample 
Euclidean Distance were used to determine whether the quantitative 
data for credible exosome protein expression could discriminate be-
tween the three groups. Using the median normalized quantitative data 
of credible exosome proteins, Adj. P-values were calculated through 
moderate t-statistic with GraphPad Prism8. All credible exosome pro-
teins that were differentially expressed between the three groups were 
selected using an Adj. P-value < 0.05 and a Fold Change <0.5 (for down- 
regulated proteins) or > 2 (for up-regulated proteins). Volcano Plots 
between pairs of groups were then generated with GraphPad Prism8. In 
each pair-wise analysis, differentially-expressed credible exosome pro-
teins were visualized using a heat map, and an unsupervised hierarchical 
cluster analysis was performed. 

Finally, biological information on the differentially-expressed cred-
ible exosome proteins was searched from free online databases, 
including GO enrichment analysis (top10 of each classification accord-
ing to -log10 P-value) through FunRich software with GO database, 
KEGG pathway analysis (top15 according to -log10 P-value) at http:// 
kobas.cbi.pku.edu.cn/kobas3/genelist/, and PPI (https://string-db. 
org/). On the basis of the resulting biological information, a bar chart 
and bubble chart were drawn with Origin 2019b. 

3. Results and discussion 

3.1. Preparation and characterization of SiO2-pep microspheres 

In the present study, SiO2 microspheres were functionalized by 
“thiol-ene” click reaction with peptide CLIKKPF to yield “SiO2-pep” 
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microspheres and used for the subsequent purification and enrichment 
of exosomes [31]. The favorable characteristics of SiO2 microspheres, 
which include their large specific surface area, good dispersion, and 
good stability, have resulted in them becoming the most commonly used 
separation matrix in the separation field. Because we intended to cap-
ture exosomes derived from biological samples, we selected a particle 
size of 20 μm, which had an ideal specific surface area (288.599 m2 g− 1) 
and was easy to collect by centrifugation. The specific binding affinity 
between peptide CLIKKPF and PS molecules was first verified in a 
fluorescence plate assay, with phosphatidylglycerol (PG) molecules used 
as a control (Text S1 and Fig. S1; Kd for PS, 8.94 μmol L− 1; Kd for PG, 
138 μmol L− 1). 

Fig. 1A shows a schematic of SiO2-pep microsphere modification. 
The main synthetic process can be divided into three steps: (i) SiO2 
microspheres were calcined to remove residual groups formed during 
the synthesis of the microspheres (marked as “SiO2”), then activated by 
hydrochloric acid solution to recover silanol groups on the surface 
(marked as “SiO2–OH”). (ii) “SiO2–OH” microspheres were modified by 
KH570 via a silanization reaction (marked as “KH570–SiO2”). (iii) A 
“thiol-ene” click reaction was performed between “KH570–SiO2” 

microspheres and the peptide CLIKKPF in the presence of the initiator 
AIBN to yield immobilized peptide ligand microspheres (SiO2-pep). The 
whole reaction process is initiated by free radicals, and is easy to operate 
under mild conditions. 

To achieve the maximum bonding density of peptide ligand 
CLIKKPF, all conditions in the whole reaction process were investigated. 
For example, the optimal “thiol-ene” click reaction conditions, including 
reaction temperature, concentration of peptide ligand CLIKKPF, and 
concentration of initiator AIBN were shown in Fig. S2. SiO2-pep mi-
crospheres were then synthesized under the most suitable conditions, 
and subsequently characterized to demonstrate successful immobiliza-
tion of the peptide ligand CLIKKPF. 

According to SEM (Fig. S3), the products were spherical and mono-
dispersed, and the diameter of SiO2 and SiO2-pep microspheres were 
20.98 ± 1.56 μm and 21.46 ± 2.11 μm, respectively, which indicates 
that there were no obvious morphological differences before and after 
the successive reactions. FT-IR spectral analysis (Fig. 1B) provides evi-
dence of the successful immobilization of the peptide ligand CLIKKPF on 
the surface of the SiO2 microspheres. The appearance of the νSi-OH band 
at 977 cm− 1 in the “SiO2–OH” spectrum demonstrates that the silanol 

Fig. 1. Preparation of SiO2-pep microspheres and characterization of “SiO2”, “SiO2–OH”, “KH570–SiO2”, and “SiO2-pep” microspheres. (A) Schematic of SiO2-pep 
microsphere modification; (B) FT-IR spectra. 
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groups lost during calcination were recovered. After modification by 
KH570, which have a carbon-carbon double bond and a carbonyl group, 
a δ-C––O band at 1704 cm− 1 could be observed in the spectrum. 
Following conjugation of the peptide ligand, a slight decrease in the 
intensity of the peak νC-H of the terminal alkenyl at 943.9 cm− 1 was 
observed, which was consistent with the carbon-carbon double bond of 
“KH570–SiO2” participating in the “thiol-ene” click reaction with the 
thiol group of the peptide. 

To further verify the FT-IR spectrum results, zeta potential mea-
surements were performed (Table S1). In neutral aqueous solution, the 
absolute value of the zeta potential of “SiO2–OH” increased compared to 
“SiO2”, reflecting the recovery of surface silanol groups. After modifi-
cation by KH570, we noticed a further increase, probably due to the 
hydrolysis of unreacted KH570 methoxy groups into OH groups. A 
reduction in the absolute value of zeta potential was observed in the 
final product carrying the peptide ligand (SiO2-pep). This observation 
can be explained by the fact that the peptide is positively charged at 
neutral pH. 

For a quantitative estimation of the grafting efficiency of KH570 and 
peptide ligand CLIKKPF, an elemental analysis was performed 
(Table S2). The bonding densities of KH570 and the peptide were esti-
mated using formula 4 and formula 5 (shown in supporting information 
Text S2), respectively, yielding 2.0437 and 0.0905 μmol m− 2, respec-
tively. The bonding density value of KH570 was similar to that of other 
silanization reactions, such as the classical stationary phase C18 used in 
chromatographic separation [32,33]. Although the bonding density of 
peptide ligand CLIKKPF was much lower than that of KH570 group, 
probably due to the high molecular weight of the peptide ligand causing 
steric hindrance, the number of peptide ligand CLIKKPF on the surface of 
microspheres was proved to be enough for the adsorption of exosomes 
(shown in the latter sections); we speculate that even higher densities 
will not show a higher adsorption capacities due to the relatively large 
size of exosomes occupying a considerable area of the particles surface. 

3.2. Verification of SiO2-pep-based specific adsorption of model exosomes 

Exosomes obtained from Hela cell culture medium by classic UC 
were used as model exosomes to verify that the synthesized SiO2-pep 
microspheres could successfully and specifically capture exosomes, 
which is the key purpose of this study. The model exosomes were ob-
tained from a simple source through the most classic method at high 
purity and with few contaminants, so they could be considered as self- 
made “standard products”. As demonstrated in Fig. S4, the validity of 
this method for obtaining model exosomes was confirmed by measuring 
their size range by NTA, detecting exosomal marker proteins CD81 and 
TSG101 by WB, and observing morphological features by TEM [10,12]. 

In addition to model exosomes mixed with SiO2-pep microspheres, 
three negative control groups were designed. The first two negative 
controls were HeLa cell lysis and exosome lysis solution (neither of 
which contained exosomes with intact vesicle structures). These control 
samples were mixed with SiO2-pep microspheres as previously described 
to demonstrate that the intact exosomes could be specifically adsorbed 
onto the surface of SiO2-pep microspheres through their PS molecules. 
The third negative control involved processing the model exosomes with 
KH570–SiO2 microspheres (without the final grafting of the peptide 
ligand CLIKKPF). The results were compared with those obtained using 
model exosomes and SiO2-pep microspheres to elucidate the origin of 
the interaction between the microspheres and exosomes, i.e. whether the 
interaction was non-specific or due to affinity binding between peptides 
on the surface of SiO2 microspheres and PS moieties on the outer leaflet 
of exosomes. 

After incubation and repeated washing of the model exosomes with 
SiO2-pep and of the three negative controls, the samples were analyzed 
with SEM, TEM, and IF. As shown in the SEM images (Fig. 2A), the 
surfaces of SiO2-pep microspheres were rough, indicating that the SiO2- 
pep microspheres had bound particulates, while the surfaces of 

microspheres in all three negative control groups were still smooth. To 
identify the bound particulates, the particulates were also imaged by 
TEM (Fig. 2B). Typical cup-shaped vesicular structures of ~100 nm in 
diameter were easily discerned. Finally, IF experiments were performed 
using antibodies that specifically recognize transmembrane protein 
CD81, a commonly used exosomal marker protein. As shown in Fig. 2C, 
strong fluorescence signals were easily discernible at the surface of SiO2- 
pep microspheres incubated with exosome solution after staining with 
fluorescent antibodies targeting CD81; in contrast, only minimal back-
ground fluorescence was observed in the control groups. Together, these 
results reveal that exosomes with intact vesicle structures could be 
specifically captured by SiO2-pep microspheres through peptide 
CLIKKPF ligand on their surface. 

Fig. 2. Verification of SiO2-pep-based specific adsorption of model exosomes. 
(A) SEM image showing the model exosomes on the surface of SiO2-pep mi-
crospheres. Compared to the three negative controls, only SiO2-pep micro-
spheres incubated with model exosomes demonstrated a roughness on their 
surface; (B) TEM image of a section of a SiO2-pep microsphere-bound exosome; 
(C) IF image showing green spots on SiO2-pep microspheres-exosome samples, 
reflecting the binding of FITC antibody to CD81, thus the presence of exosomes 
only in this sample compared to the three negative controls. 
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3.3. Optimization of SiO2-pep-based exosome isolation and 
characterization of the eluted exosomes 

To maximize the adsorption/recovery efficiency of our method, we 
optimized several isolation/elution conditions, including the amount of 
SiO2-pep microspheres, incubation time, concentration of eluent, and 
elution time. 

As demonstrated in Fig. 3A and B, the recovery rate reached a 
maximum of approximately 70% (model exosomes with ~0.7 μg total 
proteins per mg SiO2-pep microspheres) when the amount of SiO2-pep 
microspheres was 8 mg and the incubation time was 60 min; at extended 
incubation times, the recovery rate stayed constant. For the elution 
conditions and recovery of the adsorbed exosomes from the surface of 
SiO2-pep microspheres, the optimum elution solvent was chosen as 
NH3⋅H2O for two reasons: first, PS molecules have two negative and one 
positive charges in neutral solution (the pH of binding buffer and PBS 
are both 7.4), but only two negative charges in the alkaline solution 
(-NH3

+ is converted to –NH2), and this change in the charge of PS 
molecules/amino groups may have an effect on the bind between the 
peptide ligands and PS molecules; and second, NH3 is easily removed by 
evaporation. As shown in Fig. 3C and D, a maximum recovery rate of 
approximately 72% was obtained in a 12% NH3⋅H2O with an elution 
time of 80 min; further increase in the elution time did not result in any 
further increase in the recovery rate. These optimized four factors were 
chosen for the following experiments. 

Characterization of the eluted exosomes was performed by checking 
their size, marker proteins, and microscopic structure. The size range 
measured by NTA (Fig. 4A) revealed that the X10, X50, and X90 of eluted 
exosomes were 78.40 nm, 127.20 nm, and 216.10 nm, respectively, and 

the size range was centered at 135.00 nm, which conforms with the 
defined size range of exosomes [1,2,9]. In addition, the X90 of eluted 
exosomes was less than that of the original model exosomes (directly 
obtained from HeLa cell culture medium by UC; Fig. S4), which reveals 
that contaminants of larger particle size co-isolated with model exo-
somes were further removed during the capture process in the SiO2-pep 
microspheres method. Finally, the exosomal marker proteins CD81 and 
TSG101 were both detected by WB (Fig. 4B), and a typical exosome 
membrane structure was observed in TEM image (Fig. 4C), confirming 
that intact exosomes can be isolated using SiO2-pep microspheres 
without altering their vesicular structure. 

Taking together, using optimal method conditions (amount of SiO2- 
pep microspheres, 8 mg; adsorption time, 60 min; concentration of 
NH3⋅H2O, 12%; and elution time, 80 min), we were able to recover a 
high yield (72%) of model exosomes while maintaining their intact 
structure in about 2 h using a simple process. 

3.4. Separation of serum exosomes using the SiO2-pep affinity method 
and comparison with the UF, UC, and DGC methods 

To further evaluate the reliability of exosome isolation using SiO2- 
pep microspheres, this method was applied to real samples. The serum 
samples are the most common samples in the clinical practice, and due 
to their complex composition and the presence of many interferences, it 
is difficult to isolate exosomes with high purity and use them for sub-
sequent clinical analysis. Moreover, the limited volume of serum sam-
ples and high throughput analysis renders classical isolation methods, 
such as UC and other similarly time-consuming methods, unsuitable for 
serum exosome separation; hence, a simple and efficient method is 

Fig. 3. Optimization of the adsorption and elution conditions for exosome isolation. Isolation efficiency of model exosomes as a function of (A) the amount of SiO2- 
pep microspheres, (B) adsorption time, (C) concentration of the elution buffer NH3⋅H2O, and (D) elution time. When the amount of SiO2-pep microspheres, 
adsorption time, concentration of eluent NH3⋅H2O, and elution time were optimized at 8 mg, 60 min, 12%, and 80 min, respectively, the recovery of model exosomes 
peaked at 72%. 
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required. The results of our pilot experiments investigating adsorption 
between SiO2-pep microspheres and model exosomes demonstrate that 
this method can capture exosomes with simple steps in a short time, and 
it is worthwhile testing its efficacy against UF, UC, and DGC. 

After demonstrating the ability of SiO2-pep microspheres to specif-
ically isolate exosomes from serum samples through affinity binding 
towards peptides on their surface rather than non-specific adsorption 
(Text S3, Fig. S5), as conducted with the model exosomes, and after the 
serum exosomes isolated by SiO2-pep affinity method were character-
ized by NTA and TEM (Fig. S6), we evaluated the purity and contami-
nants of exosome samples isolated from serum by SiO2-pep affinity 
method, and by three other methods through WB of exosome marker 
protein CD9 and SDS-PAGE gel, and the protein compositions of exo-
somes using mass spectrometry analysis. 

First, we assessed the purity of the isolated exosomes by WB; CD9 
was chosen as a marker because, according to a previous research, 
several standard exosome markers, including CD63, CD81, TSG101, 
flotillins, and ALIX, are not well represented in exosomes isolated from 
human plasma, while CD9 is easily detected [34]. The WB results 
(Fig. S7) reveal that exosome samples isolated by all four methods 
possessed the exosome marker protein CD9. The grayscale images of 
band CD9 and GAPDH (which is commonly used as an internal reference 
for exosomes) were then quantified using the software ImageJ. The 
grayscale ratio of CD9 to GAPDH (Fig. 5A) reflects the purity of exo-
somes to a reasonable extent [35,36]. From this relative quantification, 
we observed that among the exosome samples isolated by the four 
methods, the purity of the sample isolated by DGC was the highest and 
this was only slightly higher than that separated by UC. The purity of 
exosome samples captured by the SiO2-pep affinity method was 

approximately 64% of that isolated by DGC. Last comes UF with only 
28% grayscale ratio compared to DGC. The standard deviations of the 
grayscale ratio values of exosome samples isolated by UF, UC, DGC, and 
the SiO2-pep affinity method were 0.04, 0.09, 0.10, and 0.05, respec-
tively, which indicates that all four methods demonstrate good 
reproducibility. 

In previous studies, it was revealed that, irrespective of the content of 
exosomes isolated from complex body fluids and tissues by the same 
method, the protein bands visible to the naked eye in SDS-PAGE gel 
images were almost identical in location and grey degree, and were 
similar to bands in the SDS-PAGE gel image of proteins in the original 
body fluids and tissue lysates (samples which did not undergo exosomes 
isolation). This can be explained by the low content of exosomes in body 
fluids and tissues, and their low distinct individual protein content 
[37–40]. Thus, the protein bands visible to the naked eye in SDS-PAGE 
gel images do not generally represent exosome protein bands, and most 
represent contaminating proteins from bodily fluids and tissues. As a 
consequence, SDS-PAGE images can be used as a rough estimation of 
what contaminants are co-isolated from the serum with the exosomes. 
The main contaminating proteins in exosome samples isolated by the 
four methods are shown in the SDS-PAGE gel image (Fig. 5B). The 
exosome samples isolated by the four different methods demonstrated 
different contamination trends due to their different isolation principles. 
Interestingly, the exosome sample isolated by the SiO2-pep affinity 
method had fewer macromolecular contaminating proteins than the 
other methods, either because they could not penetrate the 100 kDa 
ultrafiltration membrane in the UF method, e.g., C3 (187 kDa), C4 
(192.6 kDa), and immunoglobulins (150–200 kDa), or because the 
macromolecular contaminating proteins were contained in a complex of 

Fig. 4. Characterization of the eluted exosomes. (A) NTA of eluted exosomes: X10, 78.40 nm; X50, 127.20 nm; and, X90, 216.10 nm; (B) WB of exosomal marker 
proteins CD81 and TSG101; (C) TEM image of eluted exosomes; the eluted exosomes are indicated by red arrows and have a typical membrane structure without 
noticeable destruction. 
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similar size and density to exosomes leading to their co-separation in UC 
and DGC, such as APOB (515.3 kDa) from very low-density lipoproteins 
(VLDL, 30–80 nm; 0.930–1.006 g cm− 3) and the chylomicrons (CM; 
75–1200 nm; < 0.930 g cm− 3) which demonstrate a particle size overlap 
with exosomes, or A2M (163.2 kDa) from high-density lipoproteins 
(HDL, 5–12 nm, 1.063–1.210 g cm− 3) which demonstrates a particle 
density overlap with exosomes [11]. In addition, the exosome samples 
showed prominent albumin (ALB, ~66 kDa) and IgG (~25 kDa for the 
light chains and ~50 kDa for the heavy chains) contamination probably 
because of interactions with the surfaces of exosomes, with the excep-
tion of DGC since the non-physiological experimental conditions used 
(the sucrose density gradient medium) and high centrifugal forces (also 
used during UC) interfere with these interactions [40]. The high 
observed contamination with ALB in UF may be explained by ALB 
binding to other molecules causing an increase in their molecular size 
and thus increasing co-isolation. During the SiO2-pep affinity method, 

ALB may complex with PS molecules or other substances containing PS, 
thus explaining its high content [41]. 

Finally, we performed nano-LC-MS/MS and label-free quantitative 
analysis to determine the protein composition of serum exosome sam-
ples isolated by the four methods. As shown in Figs. 5C and 420 proteins, 
464 proteins, 461 proteins, and 420 proteins were identified in serum 
exosome samples isolated by UF, UC, DGC, and the SiO2-pep affinity 
method, respectively. Of these, 55.17%, 58.80%, 56.58%, and 55.33% 
of identified proteins in each group (respectively) were exosomal- 
proteins in the exosome database (ExoCarta database). Moreover, 
more than 60% (334 proteins) of the total identified proteins (527 
proteins) were identified in all four groups, 227 of which have an exo-
somal origin. Thus, each method isolated exosomes with similar and/or 
different contaminants. 

To further evaluate the protein composition of the serum exosome 
samples, we compared the quantities of common exosomal proteins and 

Fig. 5. Separation of serum exosomes using 
the SiO2-pep affinity method and compari-
son with those isolated by UF, UC, and DGC 
methods. (A) Grayscale ratio of bands CD9 
and GAPDH in WB images of different exo-
some samples quantified by ImageJ soft-
ware, which reflects the purity of exosomes 
to a reasonable extent; (B) SDS-PAGE gel 
image illustrating the main contaminating 
protein compositions of different exosome 
samples; (C) Venn diagram of identified 
proteins in different exosome samples using 
mass spectrometry analysis; (D) Log2-fold 
differences in the quantities of common 
exosomal proteins and contaminating pro-
teins in different exosome samples.   
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common contaminating proteins identified in these samples [16]. We 
listed nineteen typical exosome markers belonging to the top 100 pro-
teins that are commonly identified in exosomes (ExoCarta database), 
and nine common contaminants in serum — highly abundant proteins 
that represent approximately 85% of the total protein mass, including 
ALB, IgG (IGHG1 – IGHG4), IgA (IGHA1 and IGHA2), haptoglobin (HP), 
and transferrin (TF) [42]. After normalization using the corresponding 
protein quantity obtained by UF as a reference, the log2-fold differences 
in the quantities of the nineteen exosome markers and nine common 
contaminants in samples from the other three methods were evaluated. 
In the resulting histogram (Fig. 5D), the positive values indicate that the 
content of a certain protein in the exosome sample isolated by one of the 
other three methods was higher than that of the corresponding protein 
in the UF-enriched exosome sample (and the content increased with an 
increase in the absolute value). Conversely, the negative values indicate 
that the content of a certain protein in the exosome sample isolated by 
one of the other three methods was lower than that of the corresponding 
protein in the UF-enriched exosome sample (and the content decreased 
with an increase in the absolute value). The log2 quantity values of most 
of the exosome markers were positive in the UC-, DGC-, and SiO2-pep 
affinity method-enriched samples. The majority of the log2 quantity 
values were larger in the DGC-enriched sample, followed by the 
UC-enriched sample. Interestingly, the log2 quantity values obtained 
using the SiO2-pep affinity method were very similar; this trend corre-
lates with the detection of marker CD9 from the WB results (Fig. 5A). 
Moreover, several log2 quantity values obtained with the SiO2-pep af-
finity method were even larger compared with the other methods. In 
contrast, the log2 quantity values of most of the common contaminants 
were negative in the UC-, DGC-, and SiO2-pep affinity method-enriched 
samples. As demonstrated in the SDS-PAGE image (Fig. 5B), ALB 
contamination was more prominent in SiO2-pep affinity 
method-enriched exosome samples compared with samples isolated by 
UC and DGC, but remained markedly below that of UF. As discussed 
above, this can be simply explained by considering the principles of the 
SiO2-pep affinity method. Strikingly, the SiO2-pep affinity method had 
the lowest content of other contaminants (e.g., HP, which forms higher 
order oligomers and binds to hemoglobin in the blood to form com-
plexes) [43]. 

To sum up, each enrichment method for exosome samples from 
serum inevitably co-separates contaminants, but the type and content is 
method dependent due to the different separation principles. Combining 
the results of the WB and protein composition analysis of serum exosome 
samples, the purity of SiO2-pep affinity method-enriched exosome 

samples was far higher than that of the UF-enriched samples, and 
approached that of the DGC- and UC-enriched samples, and the DGC and 
UC are the most commonly used methods for exosome isolation with a 
high purity but at comparatively low yield compared with other 
methods in the literature. In the present study, the final protein yields 
from exosome samples obtained using the UF, UC, DGC, and SiO2-pep 
affinity methods (after 1 h, 15 h, 32 h, and 2 h, respectively) were 22.10 
μg, 0.16 μg, 0.05 μg, and 0.72 μg protein per microliter of serum, 
respectively. In the other hand, the applications of the DGC and UC 
methods are limited by the complicated processing and the need for 
expensive instrumentation, especially in case of large-scale samples, and 
the harsh conditions may be detrimental to the structural integrity of 
exosomes. Fortunately for SiO2-pep affinity method, because of its spe-
cific separation principle, contaminants in the serum exosomes gener-
ally belong to the same category, i.e. the variety of contaminants co- 
separated is decreased compared with the other three methods. There-
fore, despite a small sacrifice in purity, the SiO2-pep affinity method 
offers a simplified operating process, a relatively high yield, a narrower 
range of contaminants, and the possibility of high throughput, at a 
relatively low-cost. These undeniable advantages make the SiO2-pep 
affinity method more suitable for processing large numbers of clinical 
samples. Table 1 details a direct comparison of the different methods for 
the isolation of exosomes. 

3.5. Proteomics of exosomes isolated from healthy, HCC patient, and 
CCA patient serum samples using the SiO2-pep affinity method and its 
application in cancer diagnosis and typing 

HCC is a very common cancer with an incidence increasing every 
year, and CCA has a high mortality rate due to its difficulty of diagnosis 
[44,45]. Detection of cancer at its onset and identification of type is 
critical for subsequent treatment and for improving survival rates. 
Current diagnostic methods such as radiation tests and biopsies can be 
harmful and are comparatively long. Therefore, the discovery of new 
biomarkers for cancer diagnoses which can be used in low invasive 
methods is an imperative. Exosomes are widespread in body fluids, and 
these provide valuable information for disease diagnosis because they 
carry biomolecules such as proteins and nucleic acids which reflect the 
state of the organism. Thus, exosomes represent a good target for 
biomarker discovery. In the present study, the proteomes of SiO2-pep 
affinity method-enriched exosomes from healthy individuals, HCC pa-
tients, and CCA patients were analyzed to expand and verify the appli-
cation value of this new method. 

Table 1 
Comparison of different methods for the isolation of exosomes.  

Methods UF UC DGC SiO2-pep affinity 

Processing time (h) 1 15 32 2 
Yield (μg protein in 

exosome samples per 
microliter of serum) 

22.10 0.16 0.05 0.72 

Purity (grayscale ratio 
of CD9/GAPDH 
compared to DGC, %) 

28 87 100 64 

Reproducibility (SD of 
grayscale ratio of 
CD9/GAPDH) 

0.04 0.09 0.10 0.05 

Main contaminants Macromolecular 
contaminants, VLDL, 
CM, HDL, ALB, IgG 

Macromolecular contaminants, VLDL, 
CM, IgG 

Macromolecular contaminants, HDL ALB, IgG, Complexes containing 
PS 

Advantages Simple, fast, does not 
rely on equipment [6] 

High purity, High sample capacity [6] High purity [6] Simple, fast, cheap, high yield, 
relatively high purity, single 
contamination, can preserve 
vesicular structure 

Disadvantages Low purity, loss of 
exosomes during the 
process [6] 

Cumbersome process, time consuming, 
requires expensive equipment, may 
destroy vesicular structure, low yield, not 
suitable for high-throughput analysis [6] 

Cumbersome process, time consuming, 
requires expensive equipment, may 
destroy vesicular structure, low yield, not 
suitable for high-throughput analysis [6] 

Purity needs further 
improvement, low sample 
capacity  
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For the simple and rapid differentiation of healthy individuals (Con), 
HCC patients, and CCA patients, the proteomes of exosomes isolated 
from the serum of these three groups using the SiO2-pep affinity method 
(nine samples per group) were analyzed by nano-LC-MS/MS, and a 

quantitative comparison was conducted using a label-free quantification 
method (intensity-based absolute quantification). A total of 695 proteins 
were detected in the three groups, of which 438 proteins were in the 
exosome database (ExoCarta database). These proteins were further 

Fig. 6. Discrimination between Con, HCC, 
and CCA groups, and biological information 
concerning differentially-expressed proteins 
in pair-wise comparisons. (A) PCA and (B) 
Hierarchical clustering dendrogram of the 
Con, HCC, and CCA groups demonstrated 
that the three groups can be well separated 
by the quantitative expression normalization 
data of identified credible exosome proteins; 
(C) GO enrichment analysis of differentially- 
expressed proteins in each pair-wise com-
parison (top10 of each classification ac-
cording to -log10 P-value). Bubble diagrams 
of KEGG pathways (top15 according to 
-log10 P-value in each comparison group) 
analyzed using differentially-expressed pro-
teins in the (D) HCC vs. Con groups, (E) CCA 
vs. Con groups, and (F) HCC vs. CCA pair- 
wise comparisons (the size of each bubble 
represents the number of differentially- 
expressed proteins involved in this 
pathway, while the color represents the P- 
value).   
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screened into 370 credible proteins, and these were compared to identify 
biomarkers and to provide biological information. After median 
normalization and log2 logarithmic conversion of the quantitative 
expression data from the 370 credible proteins, only a few outlier data 
points were observed, and the median of the data tended to the center in 
the boxplots (Figs. S8A and S8B). The density maps (Figs. S8C and S8D) 
demonstrated that the data before normalization were strongly skewed, 
while the normalized data tended to display normal distributions. Both 
visual presentations demonstrated the necessity of data normalization, 
which facilitates subsequent statistical analyses. PCA analysis (Fig. 6A) 
and a hierarchical clustering dendrogram of sample Euclidean Distance 
(Fig. 6B) revealed that the Con, HCC, and CCA groups were well sepa-
rated, indicating a significant difference between the three groups. 

To screen for significantly up- or down-regulated proteins in each 
group, a moderate t-statistic analysis was performed. In total, 60 up- 
regulated and 23 down-regulated proteins were identified in the HCC 
group (compared to the Con group), and 54 up-regulated and 17 down- 
regulated proteins were identified in the CCA group (compared to the 
Con group). In a pair-wise comparison of the two cancer groups (HCC vs. 
CCA), 15 up-regulated and 15 down-regulated proteins were identified 
in the HCC group (moderate t-statistic, Adj. P-Value < 0.05, FC > 2 or 
<0.5; Figs. S9A, S9B, S9C; Table S3). Next, each pairwise comparison 
was displayed in a heat map and evaluated by unsupervised hierarchical 
cluster analysis using normalized quantitative expression data for the 
differential proteins (Fig. S10). As expected, the groups could be well 
separated, thus demonstrating the potential of using exosomal protein 
profiling for biomarker screening of HCC patients and CCA patients to 
improve cancer diagnosis and typing. 

Finally, we analyzed the functions of the differentially-expressed 
proteins and their involvement in biological processes and pathways. 
According to the GO enrichment analysis, KEGG pathway analysis, and 
protein-protein interaction results on differentially-expressed proteins 
in each pair-wise comparison (Figs. 6C, 6D, 6E, 6F and S11), the func-
tions, processes, and pathways enriched by these proteins mainly 
include natural immune response, blood coagulation, inflammatory 
response, and receptor binding, such as neutrophil degranulation, 
cornification, and complement and coagulation cascades, which are 
related to tumor promotion, suppression, and metastasis. By comparing 
the biological information on the differentially-expressed proteins in 
serum exosomes isolated by our SiO2-pep affinity method, we can 
further deepen our understanding of the mechanisms of the occurrence 
and progression of these two cancers, and identify reliable biomarkers 
and potentially new drug actionable targets [46,47]. 

4. Conclusion 

In the present study, we explored a novel separation strategy for 
exosomes based on specific interactions between peptide ligand immo-
bilized silica microspheres (SiO2-pep) and PS moieties on the surface of 
exosomes. Model exosomes isolated from Hela cell medium by ultra-
centrifugation were used as adsorption samples to investigate the 
specificity of adsorption onto the surface of SiO2-pep microspheres, and 
to optimize the isolation conditions. We found that exosomes with an 
intact structure could be isolated and recovered in a short processing 
time (about 2 h). Next, our novel method was used to extract exosomes 
from serum, and these were compared with those isolated using three 
well-established methods. Evaluation of exosome purity through WB, 
examination of contaminating proteins through SDS-PAGE, and analysis 
of exosomal protein composition revealed that the purity of SiO2-pep 
affinity-enriched exosomes was comparable to that of exosomes isolated 
by DGC and UC, and markedly higher than that of exosomes isolated by 
UF. Moreover, the yield of SiO2-pep affinity-enriched exosomes was 
higher and the range of contaminants was decreased (compared with 
DGC and UC). Finally, our novel SiO2-pep affinity method for the 
isolation of exosomes was used to search for potential biomarkers and to 
explore the mechanisms of HCC and CCA by analyzing the proteomes of 

serum exosomes from Con, HCC, and CCA groups by nano-LC-MS/MS. 
Our method provides a novel approach to isolating exosomes by 

targeting high density PS molecules on the surface of exosomes with 
immobilized small peptide molecules; despite a small sacrifice in purity 
compared to the UC and DGC methods, the SiO2-pep affinity method 
potentially has a wide application because of its advantages. These 
include its simple operation process, high yield, and low-cost. The 
resulting exosomes can be used in deeper functional experiments, as 
drug delivery carriers, or be lysed directly for proteomics and metab-
olomic analyses. 

It is inevitable to introduce contaminants into the exosome samples 
during the process of isolation independently of the used method. 
However, by controlling the composition of the contaminants, the 
experimental effects of contaminants can be greatly reduced, and mea-
sures may be developed for further purification. During the SiO2-pep 
affinity isolation of serum exosomes, the main contaminants introduced 
were complexes containing PS (in addition to common contaminants 
such as ALB and IgG). This problem needs further exploration, for 
instance, we can first dissociate these complexes before the capture 
process. Another way to reach higher purity of exosome samples is the 
combination of several methods with different principles to have an 
orthogonal capture. Finally, our study provides a new research direc-
tion, which does not rely on the physical properties of exosomes or on 
expensive high molecular weight marker proteins. The targeting of 
specific molecules on the exosome surface using small molecules with 
high affinity such as peptides or oligonucleotides warrants further 
investigation in the future. 
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