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Cell membrane vesicles (CMVs) have been Ereparation of cell membrane derived vesicles (CMV)

extensively used as delivery vehicles for a variety of cargos, which R — / Rsv ii
are generally prepared via membrane extrusion. Extruded CMVs .| Grinding Extusion_ ﬂ%w:“}( é@?
are not necessarily to have the outer membrane facing outward due 3 e S NI
to the randomness of membrane wrapping. Nanoparticles have "\

been used to serve as cores to direct the membrane orientation of Seperation of RSVs based on STV-MBs

CMUVs; nevertheless, there is a lack of methods to efficiently sort
coreless CMVs of desired orientations. Herein, we utilized a group
of functional DNA probes to reveal the random distribution of [@}
membrane orientations of coreless CMVs after extrusion, 3
producing either right-side-out vesicles (RSVs) or inside-out
vesicles (ISVs). More importantly, DNA probes that protrude
out from the outer membrane can serve as handles for efficiently
sorting out RSVs from ISVs to produce vesicles with a dominant right-side-out orientation. We investigated three methods to enrich
RSVs, including strand displacement reaction, photo cleavage (PC), and enzymatic cleavage. Among them, PC exhibits the highest
enrichment efficiency (~93%) and RSVs purity (~85.4%), which therefore is recommended for future applications. This work
revealed the mixed orientations of coreless CMVs and provided a technical platform to efficiently enrich CMVs of wanted membrane

orientations that shall be useful toward a vast array of biomedical applications.

cell membrane vesicles, extrusion, membrane orientation, DNA probes, vesicle sorting

With the advancement of biomedical nanotechnology, people
have been enabled to more effectively detect, prevent, manage,
and treat human diseases.' ® Inspired from nature, cell
membrane vesicles (CMVs), nanosized materials prepared by
isolating, disrupting, and extruding cell membranes, are
emerging as one of the most promising biomimetic materials
toward biomedical applications,”® such as potent delivery
vesicles for a variety of cargos.* "> Compared to other materials,
CMVs have unique advantages as delivery vesicles since they
inherit the surface characteristics and functional properties of
parental cells, granting them superior biocompatibility, low
immunogenicity, negligible toxicity, prolonged circulation, and
natural targeting ability,'”'* which therefore have found
numerous applications in drug delivery,® biosensing,'® and in
vivo imaging.l7’18

Red blood cells (RBC) are the most commonly used source of
cellular vesicles, given their abundance in quantity and simplicity
in composition.'” Cancer CMVs also have a wide range of
applications in cancer therapy because of their unique
properties, including persistent existence, homotypic targeting,
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and antigen stimulation.”'® The unique properties displayed by
various CMVs can largely be attributed to the complex antigenic
profile present on their membranes. For example, CD47 and its
analogues, which can inhibit phagocytosis and confer anti-
inflammatory properties through interactions with signal
regulatory protein alpha (SIRPa) expressed by macrophages,
have been discovered to contribute to the in vivo survival of
RBCs, cancer cells, and so on.”"** The principle by which
cancer CMVs achieve homotypic targeting is probably through
suzrsi:'ige adhesion molecules such as N-cadherin and galectin-
3.7

The preparation of CMVs employs a top-down approach,
which can be broadly classified into three categories: preparation
from intact cells, use of cell membrane left after the removal of
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Figure 1. Functional DNA probe-enabled sorting of CMVs of mixed orientations. (A) Extrusion-prepared CMVs contain both right-side-out vesicles
(RSVs) and inside-out vesicles (ISVs) due to the randomness of membrane wrapping during extrusion. (B) Working principle of using functional DNA
probes to sort RSVs from ISVs. DNA probes are anchored onto the outer cell membrane before cell grinding to ensure that RSVs have DNA probes

protruding out for subsequent capture and release from the magnetic beads.

cytoplasm and nucleus, or preparation of hybrid CMVs.”” The
predominant method to prepare CMVs is based on membrane
extrusion through pores of defined sizes using a microextruder,
which has been reported in many articles.”®*’ The complete
preparation process mainly involves four steps: hypotonic
treatment, dounce homogenization, continuous high-speed
centrifugation, and sequential extrusion.’’ Given the random-
ness of membrane wrapping during extrusion, as-prepared
CMVs exhibit either right-side-out orientation or inside-out
orientation theoretically. CMVs primarily function as a delivery
platform through the interaction between proteins or glycans on
their outer membranes and the corresponding ligands.*!
Therefore, right-side-out CMVs (RSVs) are the wanted vesicles
that may function well, while inside-out CMVs (ISVs) may lead
to adverse reactions such as immune clearance and off-target

. . .32
effects due to inverted membrane orientation.
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A few studies have explored methodologies for characterizing
the membrane orientation of CMVs with nanoparticle cores.”
For instance, Luk et al. demonstrated that negatively charged
nanoparticles could direct the formation of right-side-out
CMVs, whereas positively charged nanoparticles only formed
polydisperse aggregates.’* Fan et al. developed an innovative
approach to investigate membrane orientation of CNPs by
employing the FRET between a 6-FAM ssDNA probe and a
BHQI ssDNA probe quencher with a complementary
sequence.”® The investigation and regulation of membrane
orientation of coreless CMVs is crucial as they have served as
vital carriers for many therapeutics,'¥*"*°~** which however has
rarely been investigated. Although one study has examined the
orientation of membrane vesicles prepared from Escherichia
coli,*” there is currently a scarcity of research on the membrane
orientation of coreless CMVs prepared from mammalian cells.**
Development of such preparation methods would greatly
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Figure 2. Revealing the mixed membrane orientations of extrusion-prepared red blood cell-derived CMVs. (A) Illustration of using DNA probes to
distinguish RSVs from ISVs. (B) CMVs as measured by nanoparticle tracking analyzer (NTA) and imaged by transmission electron microscopy
(TEM). (C) Confocal microscopy imaging of CMVs after adding strand displacement strand to recover the fluorescence of the anchored DNA probes.
Note: only the fluorescence of DNA probes on RSVs is recovered given they are protruding out from the membrane. (D) Quantitative nanoflow
cytometry analysis for CMVs with or without the addition of strand displacement strands.

contribute to enhancing the functionality of CMVs for use in
biomedical applications.

In this study, we first verified that extrusion-prepared coreless
CMVs exhibit mixed orientations using functional DNA probes.
Amphiphilic DNA molecules, which were modified with
hydrophobic groups, can stably adhere to the outer membrane
of cells by integrating into the phospholipid bilayer of the cell
membrane, ™™’ enabling the labeling, modification, and
regulation of the cell surface. DNA probes were anchored
onto the outer cell membrane prior to extrusion, serving as a
handle for distinguishing RSVs from ISVs. Our study revealed
that coreless CMVs extruded from RBCs membranes and cancer
cell membranes exhibit mixed orientations. Then, we proposed
three potent methods (strand displacement reaction (SDR),
photo cleavage (PC), and enzymatic cleavage (EC)) based on
functional DNA probes for sorting and enriching CMVs of
wanted orientations, RSVs in this case. Through sequential
reactions of functional DNA probes, we successfully enriched
RSVs via binding to and then release from magnetic beads,
realizing the sorting of CMVs. Additionally, we quantified the
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releasing efficiency of the RSVs and analyzed the purity of
released RSVs. PC showed the highest releasing efficiency
(~93%) and highest sorting specificity (~85.4%). We believed
this study could bring important insights to draw people’s
attention to this critical issue of CMV membrane orientation
and provide a robust technical platform to enable RSV
enrichment toward various biomedical applications.

The workflow of our method is illustrated in Figure 1. In
principle, the extrusion-prepared coreless CMVs contain both
RSVs and ISVs due to the randomness of the membrane
wrapping during the extrusion process (Figure 1A). To enable
distinguishing between RSVs and ISVs, cholesterol-modified
DNA probes that were used (Table S1) were anchored onto cell
membranes prior to grinding and extrusion to serve as indicator
of the outer membrane and as a handle for magnetic beads
capturing (Figure 1B). After extrusion, DNA probes protrude
outward on RSVs, but protrude inward on ISVs, thus enabling

https://doi.org/10.1021/jacsau.4c01251
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Figure 3. Sorting and validating RBC-derived CMVs. (A) Workflow of using DNA probes and magnetic beads to sort and enrich RSVs. (B)
Quantitative flow cytometry analysis to reveal the binding and releasing of RSV from magnetic beads. 46% of RSVs got released after SDR. ****P <
0.0001. (C) Size distribution and morphology of sorted RSVs as measured by NTA and TEM, respectively. (D,E) Confocal microscopy imaging of
RSVs and ISVs, respectively. (F) Quantitative nanoflow cytometry analysis of RSVs and ISVs. (G) Validation of RSVs and ISVs by using antibody and
gold nanoparticles targeting extracellular domain of protein CD47 on the outer membrane.

discrimination between these two populations. Streptavidin-

coated magnetic beads (STV-MBs) were used to specifically

. . . . Considering that RBCs are one of the main source cells for

capture RSV, given that RSVs bearing biotin-modified DNA biomimetic vesicles, we first used the SDR-based sorting method

probes protrude outward. RSVs were released from MBs by to reveal whether RBC-derived CMVs exhibit mixed orienta-

breaking the binding between DNA probes and MBs via various tions. The workflow is illustrated in Figure 2A. First, amphiphilic
, _ DNA probes (ADP) modified with cholesterol in the 3’ end and

strategies. We should note that extruded CMVs may contain Cy3in the 5’ end form DNA duplex with quencher strands (QS)

membranes from internal vesicles such as late endosomes. Given modified with BHQ2, which were then incubated with RBCs.

CMVs were extruded using duplex-anchored membranes.

DNA ly label 1 MV
probes can only label external membranes, CMVs Subsequently, displacement strand 1 (DS1) was added to

originated from intracellular membranes will be characterized displace the QS strand to recover the fluorescence of the
as ISVs, which shall not impose apparent adverse effect since anchored ADP on RSVs, given that ADP on ISVs are not

RSVs are the vesicles that will be enriched for later ch accessiple.
s are the vesicles that will be enriched for later character- ADP and QS were mixed at equal molar concentrations to
izations and applications. form a DNA duplex at room temperature. The change in
1731 https://doi.org/10.1021/jacsau.4c01251
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Figure 4. Sorting and validating MCF-7 cancer cell-derived CMVs. (A) Size distribution of CMVs derived from MCF-7 membrane as measured by
NTA. (B) Typical saucer-like morphology of tumor CMV as revealed by TEM. (C) Confocal microscopy imaging of CMVs of mixed orientations,
RSVs, and ISVs. (D) Quantitative nanoflow cytometry analysis of CMVs, CMVs with displacement strands, and sorted RSVs, I1SVs. (E) Size
distribution of sorted RSVs as measured by NTA. (F) Morphology of sorted RSVs imaged by TEM. (G) Quantitative flow cytometry analysis of RSV
uptake by MCF-7 and EA.hy.926 cells. (H) Quantitative flow cytometry analysis of RSV and ISV uptake by MCF-7 cells.

fluorescence intensity of Cy3 was measured before and after the
assembly of the DNA duplex in the solution to assess quencher
efficiency. The result showed that after forming the duplex, the
fluorescence signal of the ADP significantly decreased, with the
fluorescence intensity being only 0.8% of the original (Figure
S1). Gel electrophoresis results indicated that the displacement
strand invaded the single-stranded portion of the DNA duplex
and subsequently displaced the QS in solution. Through the
calculation of the gray value of the bands, it was found that when
equal molar concentrations of displacement strands 1 and 2 were
added, the displacement strand efficiencies of DS1 and DS2 in
buffer were measured to be 95.8% and 96.5%, respectively
(Figure S2).

1732

Next, we verified the stability of the duplex and the efficiency
of the SDR on CMVs. The assembled DNA duplex was
anchored onto the outer membrane of RBC, and RBC-derived
CMVs with a mean diameter of about 150 nm after extrusion
were measured by NTA (Figure 2B). CMVs exhibited a typical
saucer-like shape, as revealed by TEM (Figure 2B). The confocal
microscopy imaging results are shown in Figure S3, indicating
that the probes maintain a stable duplex state without Cy3
fluorescence leakage during the CMV preparation process.
49.2% of CMVs recovered the fluorescence of the anchored
ADP after adding DSI as revealed by confocal microscopy,
which means the RSVs accounted for 49.2% in CMVs because
only the QS facing outward on RSVs can be displaced by DS1**
(Figures 2C and S4). Meanwhile, quantification nanoflow

https://doi.org/10.1021/jacsau.4c01251
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Figure 5. Enhancing CMV sorting efficiency by using PC or EC of DNA probes. (A) The schematic of sorting CMVs based on PC of DNA probes. (B)
Flow cytometry analysis shows that RSVs could be captured by MBs. ****P < 0.0001. (C) Flow cytometry analysis indicates 15 min of UV irradiation
is sufficient for inducing high releasing efficiency of RSVs. **#P < 0.00S, ****P < 0.0001. (D) Nanoflow cytometry analysis of CMVs, CMVs with PC,
RSVs, and ISVs. (E) The schematic of sorting CMVs based on EC of DNA probes. (F) Flow cytometry analysis of RSVs binding to MBs and releasing
after EC. **#*P < 0.0001. (G) Nanoflow cytometry analysis of CMVs, CMVs with EC, RSVs, and ISVs. (H) RSVs release efficiency for SDR, PC, and

EC. #¥#*%P < 0.0001.

cytometry (nFCM) analysis revealed that 43.1% of CMVs
recovered fluorescence with the addition of DS1 (Figure 2D).
The results from the above experiments confirmed that the
RBC-derived CMVs exhibit mixed orientations and the
percentage of RSVs is close to 50%, which is in line with the
principle of random wrapping.

After confirming that CMVs exhibit mixed orientations, we
proposed a method using functional DNA probes based on SDR
to sort and enrich RSVs. The workflow of distinguishing RSVs
from ISVs is illustrated in Figure 3A. First, DS1 and STV-MBs
were introduced to a mixed orientation CMVs sample. DS1
invaded and displaced QS protruding outward on RSVs, forming
a DNA duplex with ADP. Then RSVs were enriched onto the
MBs through the interaction between biotin on DS1 and
streptavidin on the MBs. Second, displacement strand 2 (DS2)
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was added to release the RSVs from MBs, which is designed to
displace DS1 and form a DNA duplex with ADP.

Quantitative flow cytometry analysis indicated the binding
and release of RSVs from MBs with 46% of RSVs being released
after SDR (Figures 3B and SS). NTA and TEM were performed
to characterize the sorted RSVs and ISVs. The maintenance of
the size and morphology of the sorted RSVs and ISVs indicated
that the method would not damage the structure of CMVs
(Figures 3C and S6). Having confirmed that SDR is effective for
CMV sorting, we next explored the specificity of this method in
enriching and releasing RSVs. Confocal microscopy imaging and
nFCM analysis of RSVs and ISVs revealed that the specificity of
the SDR method was not high enough to sort CMVs perfectly
since the RSVs accounted for less than 80% of released RSVs
(Figures 3D—F and S7). This may be due to the low efficiency of
SDR in a complex environment. To validate the orientation of
sorted CMVs, we conducted immunostaining experiments
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(Figure 3G). Gold-labeled anti-CD47 antibodies were used to
target the extracellular domain of CD47 on the cell membrane,
which could serve as an indicator of membrane orientation. As
revealed, many gold nanoparticles were found attached to the
external membrane of RSVs, while in contrast, very few were
observed for ISVs. These data unambiguously confirmed the
successful sorting of RSVs and ISVs.

We next sought to conduct sorting of CMVs derived from cancer
cells, another major source of CMVs for biomedical
applications. Breast cancer cell line MCF-7 was selected as the
model cell line. The size of the CMVs derived from MCF-7 was
measured to be approximately 140 nm by NTA (Figure 4A) and
the morphology of the CMVs was imaged by TEM, which
revealed a saucer-like structure (Figure 4B), confirming the
successful extrusion of CMVs. We then attempted to verify the
mixed orientations of MCF-7-derived CMVs following the
above protocol. Confocal microscopy imaging (Figures 4C and
S$8) and nFCM (Figure 4D) both confirmed the coexistence of
RSVs and ISVs within CMVs, with RSV accounting for ~ 40%
of total populations. It is worth noting that the percentage of
RSVs from MCEF-7 cells is a bit lower than that derived from
RBC:s. This disparity could potentially be attributed to the purity
difference of the two cell membrane samples. Unlike RBCs,
MCEF-7 cells contain many internal membrane vesicles (e.g.,
lysosomes) that cannot be labeled by DNA probes, leading to a
lower percentage of the labeled cell membrane and thus a lower
percentage of RSVs. After sorting CMVs by using the same SDR
and magnetic beads method, RSVs were significantly enriched to
~ 80% (Figure 4C,D). The size and morphology of enriched
RSVs were characterized by NTA and TEM, respectively
(Figure 4E,F and S9), which indicated that RSVs stayed intact
after sorting.

The biological function of MCEF-7-derived CMVs was
investigated to demonstrate the superiority of RSVs with a
right-side-out membrane orientation. First, MCF-7-derived
RSVs were treated to two different cell lines, MCF-7 and
EAhy.926 cells. As revealed by flow cytometry (Figure 4G),
RSVs exhibited significantly higher uptake efficiency into MCF-
7 cells, which was expected given the well-known homotypic
targeting effect. Second, MCF-7-derived RSVs and ISVs were
treated to MCF-7 cells in parallel to verify whether the difference
in membrane orientation affects their cell uptake efliciency
(Figure 4H). As expected, MCF-7 cells showed much higher
uptake efficiency of RSVs than that of ISVs, suggesting the right-
side-out membrane orientation could promote its internal-
ization into targeted cells, which is therefore a more superior
delivery vehicle with pronounced application potential.

Although the SDR-based method showed relatively successful
sorting of RSVs and ISV, its enrichment efficiency of RSVs was
not sufficiently high to meet the requirement of later practical
applications. Therefore, in this section, we aimed to explore
alternative strategies to achieve greater enrichment efficiency of
RSVs. Specifically, PC and EC of DNA probes were investigated
to release captured RSVs from magnetic beads. We chose RBC
as the model cell due to its ease of operation and the high purity
of the labeled membranes. The workflow of PC-based protocol
is illustrated in Figure SA. PC-strandl (PC-S1) is modified with
cholesterol in the 5’ end, with PC-linker in the middle and biotin
in the 3’ end, which was anchored onto RBC outer membranes.
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PC-S1 anchored CMVs were extruded, followed by enrichment
of RSVs through binding to MBs and release of RSVs upon
ultraviolet (UV) irradiation. Gel electrophoresis confirmed the
effective and rapid cleavage of the PC-linker strand after 10—30
min of UV irradiation in solution*”*? (Figure $10). The size of
the CMVs derived from the RBC was measured to be
approximately 160 nm by NTA (Figure S11), which can be
efficiently captured by MBs (Figure SB). Confocal microscopy
imaging revealed that after UV irradiation the fluorescence
signal on the MBs decreased significantly, indicating that RSVs
were successfully released from MBs (Figure S12). Furthermore,
quantitative analysis by flow cytometry showed that ~93% of
RSVs could be released after 15 min of UV irradiation (Figure
5C), much higher than the SDR-based method (~46%). The
purity of the released RSVs reached ~85.4% (Figure SD).

The EC-based releasing protocol utilizes the cutting activity of
an endonuclease, BamHI1 for the enrichment of RSVs (Figure
SE). DNA probes (BamS1) modified with cholesterol in the S’
end and biotin in the 3’ end formed DNA duplex with BamS2.
The duplex contains specific double-stranded DNA sequence of
GGATCC, which can be specifically cleavaged by BamH1.”"*
The gel electrophoresis result proved that BamH1 was capable
of recognizing specific cleavage sites and cutting the strands
(Figure S13). CMVs bearing DNA probes were successfully
extruded (Figure S14). RSVs were then bound to MBs and
released upon enzymatic treatment (Figure SF), achieving a
releasing efficiency of ~51%, with 80.2% of the released vehicles
exhibiting right-side-out membrane orientation (Figure SG).

In comparison, the PC-based method exhibited the highest
enrichment efficiency of RSVs (Figure SH), which was also
more straightforward to operate; therefore, it shall be used for
later applications. People may strive for higher purity of RSVs by
further optimizing the binding conditions of CMVs and MBs, for
instance by blocking nonspecific binding, by thorough washing,
or by optimizing the amount of STV-MBs used.

In summary, we have revealed that extrusion-prepared coreless
CMVs exhibit mixed orientations from both RBC and cancer
cell membranes, which can be categorized into RSVs and ISVs.
Given the strong correlation between the membrane orientation
and target ability properties, the enrichment of RSVs is very
beneficial for potential applications. For example, RSVs derived
from RBCs can be utilized as delivery vehicles to enable the
sustained release of drugs due to their long-circulating
properties. RSVs derived from cancer cells, with their inherent
homotypic targeting capability, can be employed for the targeted
delivery of anticancer drugs into cancer cells of high specificity to
minimize off-target delivery induced side effects. They may also
be formulated into cancer vaccines to enhance immunogenicity
and activate the patient’s immune system, thereby achieving the
goal of controlling or eliminating cancers.

We used three methods for sorting CMVs based on SDR, PC,
and EC. All methods realized the sorting of CMVs, with PC
emerging as the method with the highest RSV enrichment
efficiency. It should be noted that it is currently unclear whether
and how the integration of DNA into cell membranes may affect
the orientation of as prepared CMVs. We suspect that the
anchoring of DNA probes may slightly favor the formation of
right-side-out vesicles given that this orientation imposes less
spatial steric hindrance between probes compared to the inside-
out orientation. Nevertheless, this effect was not observed in our
experiments. As revealed, 40—50% of CMVs from both cell lines
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were shown to exhibit the right-side-out orientation, suggesting
a relatively equal distribution of membrane orientations. In the
meantime, DNA probes on the outer membrane may potentially
affect the biological activity of RSVs, which demands further
studies. However, DNA probes can be erased by DNase to
minimize its potential influence on subsequent applications.
Magnetic beads are employed for the sorting and enrichment of
RSVs, which is relatively hard to scale up toward future practical
applications. Potential large-scale methods may be developed in
conjunction with high-performance liquid chromatography and
gradient centrifugation. Nonspecific binding of ISVs to the
beads or any other purification matrices shall be minimized (e.g.,
with harsh washing conditions) to enhance the purity of released
RSVs for better biomedical performances.

In summary, we conclude that DNA can act as a powerful tool
for indicating CMV orientations and for sorting CMVs of
desired orientations owing to the precise and controllable nature
of programmable DNA materials. This technology offers a
universal platform to produce desired and homogeneous CMVs
that shall find broad applications in the field of drug delivery and
beyond.

The data that support the plots and other findings of this study
are either included in the Supporting Information or available
from the corresponding author upon reasonable request.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01251.

Verification of quenching efficiency of ADP and QS;
verification of SDR and EC by gel electrophoresis;
confocal microscopy imaging of DiD, Cy3, CMVs, RSV,
and ISVs; flow cytometry analysis showing RSVs can be
captured by MBs; size distribution and morphology of
sorted ISVs; cleavage verification of DNA probes; size
distribution of DNA duplex; DNA sequences; and
additional experimental details, materials, and methods
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