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ABSTRACT: Extracellular vesicles (EVs) are increasingly used for disease diagnosis and treatment. Among them, red blood cell-
derived EVs (RBC-EVs) have attracted great attention due to their abundant sources and low risks of gene transfer (RBC-EVs lack
nuclear and mitochondrial DNA). Here, we first revealed the high expression level of membrane protein solute carrier family 4
member 1 (SLC4A1) in RBC-EVs through proteomic analysis. We then identified several binding peptides with high affinity for the
SLC4A1 extracellular domain (SLC4A1-EC) from phage display library screening. A high affinity of SLC4A1-EC and the three
peptides (XRB2, XRE4, and XRH7) were assessed in vitro using surface plasmon resonance analysis and SDS−polyacrylamide gel
electrophoresis (SDS−PAGE). The binding sites of SLC4A1-EC and polypeptides were further predicted by LigPlot + analysis, and
the results showed that these three polypeptides could bind to part of the hydrophobic residues of SLC4A1-EC. The binding
efficiency of the anchor peptides to the RBC-EVs was further verified by flow cytometry and fluorescence imaging. In conclusion, we
successfully screened three specific RBC-EV-targeting peptides which could potentially be utilized for isolating RBC-derived EVs
from serum samples. More importantly, this peptide could be coupled with targeting peptides to modify RBC-EVs for drug delivery.
Our work will provide a viable method for optimizing the function of RBC-EVs.

■ INTRODUCTION
Extracellular vesicles (EVs) are membranous vesicles released
by cells into the extracellular space under physiological or
pathological conditions, allowing cells to exchange proteins,
lipids, and genetic materials.1 Since EVs exhibit low levels of
immunogenicity, good stability, and biocompatibility, EV or
biomimetic exosome has shown broad application prospects in
the field of drug delivery.2−4 Studies have shown that drug
delivery by pre-loading methods (e.g., manipulating the
originating cell to overexpress therapeutic cargo) or post-
loading methods (e.g., electroporation, incubation, and
extrusion) into EVs has become a key cell-free therapeutic
strategy for a range of diseases.5,6

Mesenchymal stem cells (MSCs) are multifunctional stem
cells in multiple human tissues. MSC-derived EVs (MSC-EVs)
not only have the same effects as MSCs but also have the
advantages of low immunogenicity, good tolerance, and high
repairability.7,8 However, most methods for producing and
purifying MSC-EVs lack standardization and quality control. In

addition, most results are from in vitro or animal studies. The
clinical safety of MSC-EVs needs further investigation.9 In
contrast, red blood cells (RBCs) are the most abundant cell
type in the human body, and their safety has been proven in
routine blood transfusions. More importantly, since mature
RBCs lack nuclear and mitochondrial DNA, RBC-derived EVs
(RBC-EVs) do not cause DNA contamination and lack
transcription risks.10 Previous studies on RBC-EVs have
focused more on their function, and some studies have
shown that RBC-EVs may be involved in the immune response
to blood transfusion, but this may be related to the long-term
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storage of RBCs before blood transfusion. Currently, an
increasing number of studies have focused on RBC-EVs as
nanodrug delivery vehicles for drug delivery. One study
showed that immRNA and 3p-125b-ASO delivered by RBC-
EVs could trigger the RIG-I pathway and induce mouse and
human breast cancer cell death. The therapeutic effect of this
treatment method will be significantly improved if we can
achieve targeted drug delivery to tumor cells.11 Genetic
engineering and chemical strategies have been extensively
adopted to modify EVs with targeted ligands for delivering
drugs to specific tissues or cells.12−15 Since RBCs do not
possess a nucleus, RBC-EVs can only be chemically modified
by conjugating or lipid assembly of the targeted ligands.16 The
CP05 peptide, identified by phage display, enables the
targeting and capture of exosomes from diverse origins by
binding to CD63.17 In our previous study, we employed CP05-
coupled TRAP-binding peptide (TBP), a bifunctional peptide,
TBP-CP05, which binds to CD63 on RBCEVs and receptors
on osteoclasts, and used RBCEVs as a carrier to achieve the
targeting of osteoclasts for the delivery of anti-miR-214 for the
treatment of osteoporosis.18 CD63 is a protein with four
transmembrane domains enriched on the surface of exosomes
and is regarded as an exosomal marker.19 However, due to the
heterogeneity of EVs, the expression level of CD63 in EVs
from different sources is unstable, e.g., very low in EVs from
human plasma.20

In this study, we tried to find a membrane protein with high
specific expression on the surface of RBC-EVs, screened its
specific binding peptide for the extracellular region of the
membrane protein and predicted that the binding peptide
could be applied to the targeted modification of RBC-EVs. We
first compared the proteomics of human RBC-EVs and
synovial fluid-derived MSC-EVs and found that the expression
of CD63 in RBC-EVs was significantly lower than that in
MSC-EVs. Nevertheless, the expression of solute carrier family
4 member 1 (SLC4A1) in the RBC-EVs increased significantly.
SLC4A1 is a crucial transmembrane glycoprotein on the
surface of the RBC membrane that is essential for maintaining
the double-concave disk shape of RBCs.21 To find RBC-EV-
specific binding peptides, we panned the SLC4A1 extracellular
domain (SLC4A1-EC) binding peptides by phage display
technology. We then performed preliminary binding identi-
fication of the screened peptides to the SLC4A1 protein on
EVs. Additionally, we predicted the binding sites of SLC4A1-
EC and the screened peptides. The SLC4A1-specific binding
peptides screened in this study will provide a potential tool to
develop a RBC-EV-based drug-targeted delivery system.

■ MATERIALS AND METHODS
Preparation and Purification of EVs. Human peripheral

blood and synovial fluid samples were approved by the ethics
committee of Shenzhen Second People’s Hospital (ethics
number: 20220518003), and all the participants signed a
written informed consent. Peripheral blood was collected from
three healthy volunteers, and RBCs were separated by Ficoll−
Paque PLUS (GE, USA). The RBCs were washed twice with
PBS, and the residual leukocytes were filtered with a leukocyte
filter (PALL, USA). The RBCs were finally resuspended in
PBS and cultured overnight at 37 °C. The synovial fluid of
three patients with osteoarthritis was collected. Our previous
study found that MSCs derived from synovial fluid from
patients with osteoarthritis had the typical immunophenotype
and multidirectional differentiation potential of MSCs.22 The

MSCs were cultured according to the method in reference,6

and P2−3 generation MSC culture medium was obtained.
When the cells were collected, both RBCs and MSCs were in a
viable state. The cells grew vigorously, the edges were clear,
and the culture medium was clear and transparent. The
collected human RBCs and MSC culture medium were
centrifuged at 600g for 15 min, 2200g for 15 min, 3200g for
15 min, and 10000g for 30 min (rotor SW 32Ti, tube 38.6 mL,
open, 4 °C) to remove cells and impurities. The supernatant
was transferred to a fresh tube, filtered with a 0.22 μm filter,
and then ultracentrifuged at 120,000 g for 70 min (rotor SW
32Ti, tube 38.6 mL, open, 4 °C) to collect the EV pellet which
was then washed with PBS, resuspended in PBS, and placed in
a −80 °C freezer for later use.
Characterization of EVs. EV size distribution was

analyzed with a nanoparticle particle size analyzer (NS300,
Malvern, England), NTA version (NTA 3.4�Sample Assistant
Build 3.4.003-SA). Briefly, EVs were diluted with distilled
water to 107−109/mL particles, and the detection threshold
was adjusted to ″10″ for analysis. Morphological identification
of EVs was performed by using high-resolution transmission
electron microscopy (TEM, JEOL microscope, JSM-7001TA,
Tokyo, Japan). Briefly, EVs were added dropwise to the copper
mesh and precipitated for 3 min, 5−10 μL of phosphotungstic
acid was added dropwise to the copper mesh, precipitated for 3
min, dried at room temperature for 5 min, and imaged under a
transmission electron microscope (electron microscope
operating voltage 100 kV).
Proteomic Data-dependent Analysis of EVs. We

obtained protein lysates by sonication of EV samples and
determined protein concentrations (to ensure at least 25 μg of
total protein in each sample) using a bicinchoninic acid assay
(BCA) kit (Pierce, Rockford IL, USA). Equal amounts of each
sample protein were taken for trypsin digestion and were then
reduced with 5 mM dithiothreitol for 30 min and alkylated
with 11 mM iodoacetamide for 15 min. The alkylated samples
were then transferred to ultrafiltration tubes and digested
overnight. After trypsin digestion, the peptides were recon-
stituted in 0.5 M triethylammonium bicarbonate buffer
(TEAB). The tryptic peptides were dissolved in 0.1% formic
acid and separated using a NanoElute ultrahigh-performance
liquid-phase system. The sample was injected into the NSI ion
source for ionization and then analyzed with an Exploris480
mass spectrometer. The data acquisition mode used data-
dependent scanning (DDA) program. The resulting MS/MS
data were processed using the MaxQuant search engine
(v.1.5.2.8).
Western Blot. After the RBCs, RBC-EVs, MSCs, and

MSC-EVs were lysed with protein RIPA lysis buffer (Beyotime,
China), an aBCA protein detection kit (Pierce, Rockford IL,
USA) was used to measure the total protein content. The total
mass of the cells and EV proteins was 75 μg, and the proteins
were separated by SDS−polyacrylamide gel electrophoresis
(SDS−PAGE) using a 4% concentration gel and a 10%
separation gel. After electrophoresis, the proteins were
transferred to PVDF membranes. The membranes were sealed
with 5% skim milk powder in Tris-buffered saline containing
0.1% Tween 20 for 1.5 h and then incubated with primary
antibodies against SCL4A1, CD63, HSP70, flotillin, CD9,
CD81, and calnexin (CANX) (Abcam, England) overnight at 4
°C. The next day, the protein membrane was washed and
incubated with a secondary antibody at room temperature for
1.5 h, and the protein bands were detected by a
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chemiluminescence kit. Protein imaging was performed using a
two-color near-infrared laser imaging system (LI-COR, USA).
SLC4A1-EC Expression Plasmid Construction and

Expression. The gene encoding two extracellular regions of
SLC4A1 was repeated three times in series and cloned into the
pET28b vector (Novagen) at the EcoRI and Ncol restriction
sites. The sequences of SLC4A1-EC are listed in Supporting
Information Table 1. The synthetic GSHHHHHH peptide
coupled to BSA was used as a negative control for screening.
The cDNA sequence of SLC4A1-EC mentioned above was
ligated into the pET28b expression vector. After being
transformed into the DH5α strain, the positive cloned strain
was extracted to obtain sufficient expression plasmid. Double-
enzyme digestion verification was performed with EcoRI-Ncol,
and the plasmid was verified by sequencing.
Expression and Purification of SLC4A1-EC Protein. E.

coli strains T7E and Rosetta (DE3) were transformed with
expression plasmids. Bacteria were grown at 37 °C in LB
medium containing kanamycin (50 μg/mL). After growing
until reaching an OD600 of 0.6, the expression of SLC4A1-EC
was induced by adding 0.5 mM IPTG. One group was cultured
at 37 °C for 4 h, and the other was cultured at 16 °C for 16 h
to optimize the time and temperature of induction expression.
Briefly, the bacteria were first expanded and centrifuged at
5000g for 10 min, and the supernatant was discarded. The
bacteria were resuspended in lysis buffer (PBS pH 7.5, 10%
glycerol), sonicated, and centrifuged at 5000g for 3 min.
Aspirate the supernatant into a new EP tube labeled NPE.
After centrifugation, the pellet was resuspended in 200 μL of
buffer (PBS pH 7.5, 10% glycerol, and 8 M urea) and labeled
DPE. Five microliters of loading buffer was added to 20 μL of
NPE/DPE samples; then, the samples were heated at 99 °C for
5 min, and SDS−PAGE was performed. After electrophoresis,
the separation gel was stained with Coomassie brilliant blue for
2−4 h. Once the gel was dark blue, it was placed into a
decolorizing solution for decolorization. The optimal con-
ditions for protein expression were determined according to
the results of SDS−PAGE analysis. The sample (DPE) was
purified by Ni + NTA resin. The purified target protein was
further verified by SDS−PAGE.
Panning of SLC4A1-EC Protein-Specific Anchor

Peptides by Phage Display Technology. SLC4A1-EC
protein was panned in vitro using 7 and 12 phage display
libraries, combinatorial libraries of random 7/12-mer peptides
fused to a minor coat protein (pIII) of M13 phage. Each
library consists of approximately 109 electroporated (i.e.,
unique) sequences. In brief, the ELISA plate was coated with
50 μg/mLSLC4A1-EC protein, and then the phage display
peptide library was added. After incubation at 37 °C for 1.5 h
for complete reaction, the unbound free phages were removed
by washing with 0.05% PBST, and the bound phages were
eluted with glycine-HCL eluent. The plate was soaked with
host E. coli and recovered after amplification, followed by
another round of screening. After three to four rounds of
screening, the recognition of SLC4A1-EC protein was first
detected by polyclonal phage ELISA. Then, 96 clones were
selected from the plate for monoclonal phage ELISA. The first
10 clones were selected for validation, and the exogenous short
peptide sequence carried by the phage clone was identified by
high-throughput sequencing.
Conjugation Reactions of Peptides and Proteins.

SLC4A1-EC protein (8 μg) was coincubated with peptides
XRB2, XRE4, and XRH7 (4 μg) at 37 °C for 1 h, and peptides

XRB2, XRE4, and XRH7 alone and SLC4A1-EC protein alone
were used as controls. After the reaction, glycerol (final
concentration 10%) was added, and the peptide−protein
mixture was heated at 99 °C for 15 min for denaturation and
then subjected to SDS−PAGE. After electrophoresis, fluo-
rescent protein imaging was first performed on a two-color
near-infrared laser imaging system (LI-COR, USA). Then,
Coomassie brilliant blue staining was performed for further
observation and verification.
Surface Plasmon Resonance. The binding affinity

assessment was conducted by using the OpenSPRTM
instrument. SLC4A1 served as the ligand, and XRB2, XRE4,
and XRH7 were used as analytes. Initially, the buffer was run at
a maximum flow rate of 150 μL/min and then adjusted to 20
μL/min once the signal reached baseline. The COOH chip
was activated with an EDC/NHS (1:1) solution. First, a 200
μL solution of ligand SLC4A1 diluted with fixed buffer was
applied for 4 min, followed by a 200 μL blocking solution.
Subsequently, an analyte buffer containing 2% DMSO PBST
(pH 7.4) was introduced. A stability check was performed by
observing the baseline for 5 min. Then, samples of XRB2,
XRE4, and XRH7 analytes were collected at a flow rate of 20
μL/min each, and the protein−peptide binding time lasted for
240 s with a natural dissociation time of 360 s. The surface
plasmon resonance (SPR) sensogram data were evaluated with
TraceDrawer (Ridgeview Instruments AB, Sweden) evaluation
software. The KD values were determined by the one-to-one
analysis model.
Binding Affinity of Candidate Peptides on Extrac-

ellular Vesicles. To detect the binding ability of peptides
XRB2, XRE4, and XRH7 to RBC-EVs, we incubated
tetramethylrhodamine (TMR) fluorescent dye-labeled pep-
tides and RBC-EVs for 6 h at 4 °C and then passed the mixture
through a 100 kDa centrifugal ultrafilter (Millipore, USA) to
remove unbound peptides. The above-grouped samples were
incubated with 4 μm aldehyde/sulfuric acid latex beads
(Invitrogen, USA) for 15 min at room temperature, blank
magnetic beads were set as negative controls, and peptides
without ultrafiltration combined with magnetic beads were
used as positive controls. The aldehyde/sulfuric acid latex
beads contain many aldehyde groups bound to the surface of
the polymer particles. The high density of aldehyde groups
enables the coupling of RBC-EVs and polypeptides to the latex
particles. The fluorescence ratios of different groups were
detected by flow cytometry (BD, USA) and observed by
fluorescence microscopy. To determine these peptides with
MSC-EVs, the CD63 immunopurification of EVs from synovial
fluid MSCs was conducted by exosome capture beads
(ab239686). The capture beads with the biofluid sample
were inverted and placed at 4 °C overnight, and then, the
bead-exosomes were recovered in a pellet by low-speed
centrifugation. After carefully removing the supernatant,
TMR-labeled polypeptides were added for 6 h at 4 °C. A
100 kDa centrifugal ultrafilter (Millipore, USA) was used to
remove unbound peptides. The capture antibody beads were
suspended in 400 μL of PBS for flow cytometry. Flow
cytometry was performed with a combined gate of FSC and
SSC to exclude the interference of debris or noise, and 100,000
cells were collected for analysis. To detect PE fluorescence, the
excitation wavelength was set to 640 nm, the detector used was
FL4, and the filter used was 675/25. The laser scanning
confocal microscope (Zeiss LSM 800, Germany) uses a laser
channel of 561 nm for capturing images.
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In addition, TMR-labeled RBC-EVs or MSC-EVs were
collected using exosome spin columns (MW4000). Fluores-
cence measurements were made by using a Synergy HT
Microplate Reader (BioTek Instruments). The binding
efficiency of TMR peptides with RBC-EVs or MSC-EVs was
calculated by the following formula: Binding efficiency =
TMR-peptide-EVs/initial input of TMR-peptide ×100%.
Statistical Analysis. SPSS 23.0 statistical software was

used to process experimental data. Statistical significance
between two groups was compared using Student’s t-test, and
one-way ANOVA was used to compare multiple groups. P <
0.05 was considered statistically significant.

■ RESULTS
To search for RBC-EV-specific binding peptides, in this study,
we compared the proteomics of human RBC-EVs and MSC-
EVs and identified the specific highly expressed membrane
protein SLC4A1 of RBC-EVs. The specific binding peptides of
SLC4A1-EC were screened by phage display technology. The

binding sites and binding capacity of SLC4A1 for binding
peptides were predicted and evaluated.
High Expression Level of SLC4A1 Protein in RBC-EVs.

We collected EVs from human RBCs (n = 3) and human
synovial fluid-derived MSCs (n = 3) and characterized the size
and morphology of the EVs by nanoparticle tracking analysis
(NTA) and TEM (Figure 1A, B). The results showed that the
range of the diameter of the RBC-EVs and MSC-EVs was
100−250 nm, and the main peak was approximately 160 nm.
The typical cup-shaped morphology was consistent with the
morphology of EVs.
We subsequently performed proteomic analysis on the two

groups of EVs and identified a total of 1428 proteins, of which
954 contained quantitative information. To identify the purity
of EVs, we first examined the expression of EV common
marker proteins23 in the two groups of samples. The results
showed that most of the typical EV common proteins were
expressed in RBC-EVs and MSC-EVs (Figure 2A). We then
performed Pearson correlation coefficient analysis among

Figure 1. Characterization of EVs. (A) Nanoparticle tracking analysis of the RBC-EVs and MSC-EVs and (B) representative TEM image of the
RBC-EVs and MSC-EVs.
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samples to evaluate the reproducibility of protein quantifica-
tion (Figure 2B). The results showed that the Pearson
coefficients between the samples in the RBC-EV group or
MSC-EV group were both close to 1, while those between the
RBC-EV and MSC-EVs group were far from 1, confirming that
the reproducibility of protein quantification within the sample
groups was better, and there were significant differences in
protein expression between the two groups. For the differ-
entially expressed proteins between the two groups, when P <

0.05, the change in the differential expression level was more
than 1.5 as the threshold for significant upregulation and less
than 1/1.5 as the threshold for significant downregulation.
There were many different proteins between the RBC-EV
group and the MSC-EV group, among which 302 proteins
were upregulated and 340 proteins were downregulated in the
RBC-EV group (Figure 2C). To search for membrane proteins
that are specifically highly expressed by the RBC-EVs, we
further analyzed the membrane proteins that were significantly

Figure 2. Proteomics comparison and western blot analysis of EVs derived from MSCs and RBCs. (A) Expression of extracellular vesicle
markers classically enriched by RBC-EVs and MSC-EVs; (B) Pearson correlation coefficient analysis to evaluate the reproducibility of protein
quantification; (C) proteomic volcano plot showing differentially expressed proteins between the RBC-EV and MSC-EV groups; (D) heatmap
analysis: compared with MSC-EVs, RBC-EVs had significantly upregulated membrane proteins; (E) quantification of SLC4A1 and CD63 protein
expression levels in RBC-EVs and MSC-EVs, *** p < 0.001; (F) quantification of SLC4A1, CD63, CD9, and CD81 protein expression levels in
RBC-EVs, *** p < 0.001; and (G) representative western blot bands of SLC4A1, CD63, and other EV-related proteins in RBC-EVs and MSC-EVs.
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upregulated in the RBC-EV group compared with the MSC-
EV group based on the proteomic data. As shown in Figure
2D, the RBC-EV group had more highly expressed membrane
proteins than the MSC-EV group, and the quantification of
SLC4A1 protein in the RBC-EV group was significantly higher
than that in the MSC-EV group (RBC-EV/MSC-EV = 1256.2,
p < 0.001), while CD63, the most common membrane protein
marker for EVs, was significantly lower in the RBC-EV group
than in the MSC-EV group (RBC-EV/MSC-EV = 0.149, p <
0.001) (Figure 2E). In addition, we also compared the protein
quantification of SLC4A1 in RBC-EVs and other membrane
proteins commonly used in EVs. We found that the
quantification of SLC4A1 protein in the RBC-EVs was
significantly higher than that of other membrane proteins
such as CD63, CD9, and CD81 (Figure 2F). To further verify

the increased expression of SLC4A1 in the RBC-EVs, we
examined the expression of SLC4A1 protein in the RBC-EVs
and MSC-EVs by western blotting and compared the results
with those in RBCs and MSCs. Western blot analysis showed
that compared with MSCs and MSC-EVs, both RBCs and
RBC-EVs showed a higher expression of SLC4A1, and the
expression of SLC4A1 in RBC-EVs was higher than that in
RBCs, suggesting that SLC4A1 protein was enriched during
the release of RBC-EVs. Similar to the quantitative proteomic
results, the level of CD63 expression in the RBC-EVs was
lower than that in the MSC-EVs. Other EV-related proteins
such as HSP70, flotillin, CD9, and CD81 showed little
differences in expression between the two groups, while
CANX, an endoplasmic reticulum protein, was not expressed
in EVs or RBCs (Figure 2G).

Figure 3. Screening of the phage display peptide library against the human SLC4A1-EC protein. (A) Maps of SLC4A1-EC expression plasmids.
(B) Verification of the designed plasmid pET28b-SLC4A1-EC. Lane 1: plasmid digested with EcoRI and Ncol and lane 2: plasmid. (C) Protein gel
electrophoresis analysis of SLC4A1-EC expression in the T7E and DE3 strains. NPE: the soluble supernatant after centrifugation of the plasmid-
expressing bacteria resuspended in lysis buffer (PBS pH 7.5, 10% glycerol) and DPE: the precipitate after centrifugation was resuspended in 200 μL
of buffer (PBS pH 7.5, 10% glycerol, and 8 M urea). (D) SLC4A1-EC protein was obtained by DPE purification. (E) ELISA validation results for
the top 10 positive monoclines in phage peptide library screening. (F) Statistical chart of OD (450−620 nm) value of the binding of peptides
XRB2, XRE4, and XRH7 to SLC4A1-EC antigen, control peptide, or PBS. Ag: SLC4A1-EC protein, NC1: GSHHHHHH-BSA, NC2: PBS. * p <
0.05.
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Selection and Identification of SLC4A1 Binding
Peptides. Human protein SLC4A1 has a total of 911 amino
acids (AAs) and 13 transmembrane regions. To use the
extracellular segment as the panning source, the amino acids of
the two extracellular regions of SLC4A1 were repeated three
times in series, 6*His was added to the C-terminus for protein
purification, and the protein was labeled SLC4A1-EC. The
synthetic GSHHHHHH peptide coupled with BSA was used
as a negative control for screening. The SLC4A1-EC protein
was then expressed and purified by a mammalian system, but
the results indicated that the purity was not high (Supporting
Information Figure 1). Therefore, we switched to the E. coli
system for expression and optimized the culture temperature
and time. Protein expression vector pET28b was constructed,
as shown in Figure 3A. The obtained expression plasmid was
identified by double digestion with EcoRI and Ncol. The results
showed that the size of the target band (SLC4A1-His) was
approximately 650 bp, which was in line with expectations

(Figure 3B). Then, the optimal expression conditions of
SLC4A1-EC protein were found: the T7E strain was incubated
at 37 °C for 4 h in precipitation buffer (DPE) (Figure 3C).
Finally, the SLC4A1-EC protein with higher purity was
obtained after purification (Figure 3D). We then used the
purified SLC4A1-EC protein for phage display panning. After
multiple rounds of repeated panning and judging that there
was specific enrichment, we first performed polyclonal enzyme-
linked immunosorbent assay (ELISA) verification and then
picked 96 clones for monoclonal ELISA detection. A validated
ELISA was performed on positive clones (Figure 3E). The
statistical results showed that compared with the control
group, the OD values of XRB2, XRE4, and XRH7 combined
with SLC4A1-EC were significantly increased (Figure 3F).
In Vitro Verification of the Binding of Panned

Peptides to the SLC4A1-EC Protein. To verify whether
the panned peptides can bind to the SLC4A1-EC protein, we
synthesized three peptides (XRB2, XRE4, and XRH7) based

Figure 4. In vitro detection of peptides binding to SLC4A1-EC protein. (A) 10 candidate peptide sequences screened by phage display
technology and (B) statistical chart of net peptide content detection of synthetic peptides XRB2, XRE4, and XRH7. NS, no significance. (C)
Affinity between the SLC4A1-EC and XRB2, XRE4, and XRH7 polypeptides (125, 250, 500, and 1000 μM/L) was determined using the SPR
method at a flow rate of 20 μL/min. The binding duration between the protein and peptide was 240 s, with a natural dissociation time of 360 s.
TraceDrawer analysis software was employed for evaluating the SPR sensing data. (D) KD values were calculated using the one-to-one analysis
model. (E) SDS−PAGE gel staining with Coomassie brilliant blue showing SLC4A1-EC protein; (F) fluorescence image showing that the peptide
binds to the SLC4A1-EC protein.
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on their respective amino acid sequences (Figure 4A,
Supporting Information Figure 2). Additionally, the net
peptide content of these three peptides was determined. The
net peptide content refers to the percentage of peptides in
relation to nonpeptide substances, most equilibrium ions, and
water. The results revealed that all the three peptides had a net
peptide content exceeding 70%, with no significant differences
observed among them (Figure 4B), suggesting that subsequent
flow and fluorescence detection methods are comparable.
Initially, we employed SPR to detect the binding strength
between SLC4A1-EC and XRB2, XRE4, and XRH7 peptides.
SPR provides real-time sensing information through a sensor,
which the instrument converts to response values. Response

values increase during binding and decrease during dissocia-
tion. The resulting SPR signal generates the sensing map over
time (Figure 4C). All obtained data (response value and
concentration) were fitted using TraceDrawer software’s one-
to-one analysis model to get KD values (Figure 4D). The
results indicated that SLC4A1-EC exhibited high affinity
toward XRB2, XRE4, and XRH7 peptides. Among them,
SLC4A1-EC displayed the highest affinity toward XRB2(KD =
141 μM). Furthermore, tetramethylrhodamine (TMR) red
fluorophores were added to the N-terminal of each polypeptide
before they were incubated with SLC4A1-EC at 37 °C for 1 h.
After the protein was denatured, it was detected by SDS−
PAGE and stained with Coomassie brilliant blue. The results in

Figure 5. Predicting the binding sites of SLC4A1-EC to the screened anchor peptides XRB2 (A), XRE4 (B), and XRH7 (C). Most of the
residues in the peptide−protein binding site are hydrophobic, and three of them (F584, L588, and F591) have a common binding mode with the
screened peptides.
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Figure 6. Peptide binding to human RBC-EVs. (A) Flow cytometry was used to detect the binding of XRB2, XRE4, and XRH7 anchor peptides
to the RBC-EVs. NC refers to polystyrene beads, which is a negative control. Peptides (F) refer to beads bound to unbound peptides after
ultrafiltration. Peptides-RBC-EVs (F) refer to the peptides conjugated by RBC-EVs after ultrafiltration and then conjugated with beads. Peptides
(UF) refer to beads bound to peptides without ultrafiltration, as a positive control. (B) Representative fluorescence microscopy images showing
TMR-labeled peptides bound to RBC-EVs.
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Figure 4E show that the band approximately 25 kDa is the
SLC4A1-EC protein. Fluorescent bands could be seen at
approximately 25 kDa in the lanes of peptides XRB2, XRE4,
and XRH7 incubated with SLC4A1-EC protein. In contrast,
we could not detect fluorescent bands in the lanes of the
SLC4A1-EC protein or peptides XRB2, XRE4, and XRH7
alone (Figure 4F). These results indicate that peptides XRB2,
XRE4, and XRH7 may bind to the SLC4A1-EC protein in
vitro.
Molecular Interaction between SLC4A1-EC and

Anchor Peptides. This study further analyzed the inter-
actions between SLC4A1-EC and the screened peptides
(XRB2, XRE4, and XRH7). Structures of screened peptides
were predicted using AlphaFold224 and were then docked into
SLC4A1 (PDB ID: 4YZF chain A) using ZDOCK.25 The
structural SLC4A1 pictures predicted using AlphaFold2 are
shown in the Supporting Information Figure 3. The interface
residues of the docked complex were analyzed using LigPlot
+26 and are shown in Figure 5. Peptide XRB2 interacts with
SLC4A1-EC through residues F584, L588, F591, Y596, F597,
I605, I612, and I616 (Figure 5A). Peptide XRE4 interacts with
SLC4A1-EC through residues F583, F584, M587, L588, F591,
F597, I605, I612, and S613 (Figure 5B). Peptides XRH7
interact with SLC4A1-EC through residues F583, F584, M587,
L588, F591, I616, M617, L619, V620, F622, F623, and N625
(Figure 5C). Most of those residues are hydrophobic, and
three residues (F584, L588, and F591) are shared by XRB2,
XRE4, and XRH7, indicating that those residues are hotspot
regions for peptide screening in the ectodomain of SLC4A1.
In Vitro Detection of the Binding of Panned Peptides

to the Human RBC-EV Surface. To further test whether
peptides XRB2, XRE4, and XRH7 can bind to the SLC4A1
protein on the surface of RBC-EVs, we incubated equal
amounts of TMR-labeled XRB2, XRE4, and XRH7 peptides
with the RBC-EVs for 6 h at 4 °C and then transferred the
mixture to an ultrafiltration tube to remove unbound peptides
after continuous ultrafiltration. The conjugates of peptides and
RBC-EVs (peptides-RBC-EVs (F)) and filtered unbound
peptides (peptides (F)) were incubated with polystyrene
beads, and blank polystyrene beads were used as negative
controls (NC). The coincubation solution of simple peptides
and polystyrene beads was used as a positive control (peptides
(UF)). Flow cytometry and fluorescence microscopy were
used to detect the binding of the peptides to the RBC-EVs.
Flow cytometry results showed that TMR-labeled XRB2,
XRE4, and XRH7 peptides could bind to RBC-EVs, but the
positive rate of XRE4 and XRH7 binding was higher than that
of XRB2. Nevertheless, the positive ratio of unbound XRH7
was also significantly higher than those of XRB2 and XRE4
(Figure 6A, Supporting Information Figure 4A, B). Consistent
with the flow cytometry results, the fluorescence results
suggested that peptides XRB2, XRE4, and XRH7 could bind to
RBC-EVs, but they have different binding capacities (Figure
6B).
To further demonstrate that XRB2, XRE4, and XRH7 could

specifically bind to RBC-EVs, we captured MSC-EVs using
exosome capture beads and then coincubated them with TMR-
labeled peptides, and flow analysis of peptides with MSC-EV
conjugates showed that this interaction was less successful in
MSC-EVs (Supporting Information Figure 4C). In addition,
we calculated the binding of XRB2, XRE4, and XRH7 to RBC-
EVs or MSC-EVs using fluorescence. The results suggested
that the binding rate of RBC-EVs to peptides was significantly

higher than that of MSC-EVs. Moreover, XRE4 showed
stronger binding to RBC-EVs than XRB2 and XRH7
(Supporting Information Figure 4D).
Discussion. In this study, we analyzed the proteomes of

RBC-derived and MSC-derived EVs and screened a membrane
protein, SLC4A1, with a highly specific expression in RBC-
EVs. To identify an SLC4A1-specific peptide, we purified the
extracellular segment of the SLC4A1 protein and identified the
SLC4A1-specific binding peptide using phage display technol-
ogy. Additionally, we identified the binding ability of three
peptides, XRB2, XRE4, and XRH7, to both the SLC4A1-EC
protein and RBC-EVs. These RBC-EV-anchor peptides can be
modified by other homing peptides, which can target specific
cells, tissues, or organs.
Currently, RBC-EVs have attracted increasing attention in

the field of drug delivery due to their unique advantages. A
study showed that nearly half of the leukemia cells remained in
mice treated with RBC-EV-delivered ASOs (antisense
oligonucleotides) by tail vein injection, and many EVs
accumulated in other organs.27 This result suggests the
importance of targeting specific cells with RBC-EVs. EVs are
selectively enriched in some transmembrane proteins that can
display ligands/homing peptides on their surface, which could
confer RBC-EV targeting capability.28 Our study showed that
compared with MSC-EVs, common exosomal membrane
proteins, such as CD63 and CD9, were expressed less in
RBC-EVs, while SLC4A1 was expressed more specifically.
Then, we screened the peptides that specifically bind to the
extracellular segment of the membrane protein SLC4A1 using
phage display technology. Phage display technology has been
widely used in the screening of cell-targeted peptides since the
Smith report in 1985.29,30 Compared with other modification
methods that directly confer EVs with targeting, such as
common bioconjugation and click chemistry reactions, which
may impair EV function by altering or obscuring the active site
of modified surface proteins. Additionally, multivalent electro-
static interactions may increase EV toxicity through membrane
thinning and hole formation.31 Therefore, there is an increased
need to identify more specific EV anchor peptides via phage
display technology. We found that XRB2, XRE4, and XRH7
had strong binding ability to SLC4A1-EC by phage display
technology. Among them, XRB2 has the most vital binding
ability, and further in vitro experimental verification results also
suggested that XRB2 has a stronger binding ability to SLC4A1-
EC. In addition, when the binding of XRB2, XRE4, and XRH7
to RBC-EVs and MSC-EVs was tested, these peptides were
found to have strong binding ability to RBC-EVs, with XRE4
binding capacity to RBC-EVs being more specific. This may be
related to the spatial conformation of SLC4A1 on the RBC-EV
surface.
The connection of EVs to their surface protein-anchored

peptides has broad application prospects. Nguyen A.et al. used
purified EVs as bait for screening a phage display peptide
library. Once identified, the selected peptides could be used for
EV isolation.32 Iaccino E. et al. selected Id peptides by
screening a phage display library to bait the Ig-BCR expressed
by 5T33MM cells. By FACS, FITC-conjugated Id peptides
detected MM-released exosomes in the serum of 5T33MM-
engrafted mice earlier than serum paraprotein, and the level of
MM-released exosomes was correlated with tumor progres-
sion.33 In addition, by phage display technology, Gao X. et al.
identified exosome membrane protein CD63 as a specific
anchor peptide, CP05. CP05 modifications did not alter the

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06527
ACS Omega 2024, 9, 6492−6504

6501

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06527/suppl_file/ao3c06527_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06527/suppl_file/ao3c06527_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06527/suppl_file/ao3c06527_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06527/suppl_file/ao3c06527_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exosome morphology, size, or tissue distribution. Approx-
imately 77% of the peptide remained intact after 6 h in serum.
This indicates that modifying EVs with anchor peptides
screened by phage display technology is a safe and stable
method. CP05 can not only capture exosomes from serum for
disease diagnosis but can also be simultaneously coupled with
muscle targeting peptide M12 and drug phosphorodiamidate
morpholino oligomer (PMO) for treatment of Duchenne
muscular dystrophy (DMD).17 However, our study still has
some limitations. We will further investigate the tissue
distribution, metabolic time, serum immune indices, and
organ structure changes in mice treated with anchored peptide-
modified RBC-EVs to clarify the safety and stability of the
anchored peptide. In addition, the binding of the screened
polypeptides to RBC-EVs has only been preliminarily verified,
and further experimental studies are still needed to determine
their functions, such as isolating RBC-EVs in serum and
targeting the delivery of drugs.

■ CONCLUSIONS
We identified the highly expressed membrane protein SLC4A1
specific for RBC-EV and screened the specific binding peptides
XRB2, XRE4, and XRH7 for SLC4A1 using phage display
technology. RBC-EV’s binding sites and efficiency with
different binding peptides were preliminarily predicted and
evaluated. The discovery of RBC-EV-specific anchoring
peptides provides a novel strategy for targeted drug delivery
therapy. However, it is essential to note that further verification
of the interaction between polypeptides and RBC-EVs through
peripheral blood or in vivo experiments and stability detection
is necessary.
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