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SUMMARY: (Instructions)
This protocol aims to introduce a method to produce and purify mesenchymal stem cell (MSC)-derived extracellular vesicles-biomimetics for gene therapy. The nanovesicle is confined with MSC-derived lipid bilayers and encapsulates recombinant AAVs carrying gene of interest in the lumen. This nanovesicle offers an enhanced vector for in vivo gene delivery.

ABSTRACT: (Instructions)
Mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs) hold great promise for therapeutic applications and regenerative medicine. EVs are nanoscale vesicles secreted by all known cell types, carrying diverse cargos including membrane-anchored proteins, soluble factors, multiple RNA species, and metabolites that regulate the physiology and behavior of recipient cells. While MSC-derived or engineered EVs can deliver therapeutic proteins and RNAs, EV-mediated DNA delivery remains challenging due to the lack of efficient mechanisms for sorting DNA sequences into vesicles. Previous work from our group and others demonstrated that adeno-associated virus (AAV)-containing EVs enable targeted nuclear delivery and sustained gene expression in vitro and in vivo. However, their production and isolation have been limited by low yield and time-intensive procedures. Here, we report the development of MSC membrane-enveloped nanovesicles generated by a size-defined extrusion method for efficient gene delivery. These vesicles, approximately 200 nm in diameter, mimic the properties of natural EVs while encapsulating recombinant AAV vectors carrying therapeutic gene sequences. Compared with conventional AAVs, the engineered MSC vesicles improved gene delivery efficiency and achieved significantly higher yields with reduced time and cost relative to naturally secreted EV-AAVs. In summary, we present a novel MSC-based membrane nanovesicle platform that combines the advantages of EV-mimicking structures with AAV-mediated gene transfer. This approach enhances delivery efficiency and production scalability, offering a promising strategy to advance gene therapy toward clinical translation.

INTRODUCTION: (Instructions) 
Gene therapy represents a transformative approach for treating genetic and acquired diseases by introducing, replacing, or silencing specific genes to restore normal cellular function. Over the past two decades, advances in vector engineering and delivery strategies have significantly expanded the therapeutic landscape of gene therapy. Among the various vector systems developed, adeno-associated virus (AAV) has emerged as one of the most successful and widely adopted platforms due to its favorable safety profile, efficient transduction, and long-term gene expression in both dividing and non-dividing cells1,2. To date, multiple AAV-based therapeutics have received regulatory approval for clinical use, including treatments for spinal muscular atrophy, retinal dystrophies, and hemophilia, marking important milestones in translational medicine3. The broad tropism and low immunogenicity of AAV vectors have also enabled their application across a variety of tissues, including the liver, muscle, central nervous system, and eye4. As a result, AAV has become a leading platform for in vivo gene delivery, supporting ongoing preclinical and clinical studies targeting metabolic, neurological, and cardiovascular disorders.

Despite its remarkable clinical success, AAV-based gene therapy faces several intrinsic challenges that continue to limit its broader application. One major constraint lies in the limited genome packaging capacity of the AAV capsid (~4.7 kb), which restricts its use for delivering large or multiple therapeutic genes5,6. In addition, the biodistribution and cellular tropism of AAV vectors are largely determined by their serotypes, each exhibiting distinct affinities for specific tissues. Although extensive capsid engineering and peptide display strategies have been employed to enhance tissue targeting and transduction efficiency, achieving precise and predictable tropism across diverse biological contexts remains a significant hurdle7. Another critical limitation is the prevalence of pre-existing neutralizing antibodies (NAbs) against natural AAV serotypes in the human population. Even low titers of NAbs can substantially reduce vector transduction efficiency, limiting patient eligibility and complicating repeated dosing8,9. Various strategies such as rational capsid redesign, immunosuppressive regimens, and transient plasma exchange, have been explored to mitigate antibody-mediated neutralization10,11, yet these approaches offer only partial or transient relief. Collectively, these limitations reduce the overall therapeutic efficacy and reproducibility of AAV-mediated gene delivery in clinical settings.

In recent years, extracellular vesicle-enveloped AAV (EV-AAV) has been explored as an alternative vector with the potential to overcome several key limitations of conventional AAVs12-15. During vector packaging, a portion of AAV particles can be secreted through vesicular trafficking pathways and become enclosed within extracellular vesicles. This process is believed to involve AAV-encoded membrane-associated accessory protein (MAAP), which facilitates viral egress and promotes membrane association16,17. The resulting EV-AAV particles exhibit improved transduction efficiency and enhanced resistance to neutralizing antibodies compared with conventional AAV, primarily due to the vesicular membrane that promotes cellular uptake and provides partial shielding from antibody recognition18. However, despite these advantages, EV-AAV production remains inefficient. Typically, only a small fraction of vector genomes (approximately 0.5–12%) are secreted into the culture medium as EV-associated AAVs, while the majority remain intracellular or exist as free AAVs12,13. Consequently, large-scale production is required to obtain sufficient vector yield. Furthermore, EV-AAV generation has been primarily demonstrated using HEK293T producer cells, whose EVs may exhibit rapid hepatic clearance, short circulation half-life, and potential biosafety concerns. These limitations highlight the need for a more efficient and customizable membrane-envelopment strategy, motivating the development of the cell membrane–enveloped AAV (CME-AAV) platform presented in this study.

Mesenchymal stem cells (MSCs) and their EVs have been extensively studied for their regenerative potential and immune-evasive properties. Beyond therapies based on cells or naturally secreted EVs, recent studies have demonstrated an alternative approach for enhanced drug delivery using nanoparticles cloaked with MSC membranes19-21. The MSC membrane coating confers active targeting capability, reduces immune clearance, and prolongs circulation time, of which effects likely attributed to the intrinsic molecular composition of MSC-derived membranes22,23. Building on this concept, we utilized MSC-derived membrane material to construct a cell membrane–enveloped AAV (CME-AAV) nanovesicle for gene delivery. To achieve this, purified MSC membrane fragments were mixed with recombinant AAV particles and subjected to a controlled extrusion process, a technique originally established for liposome fabrication24,25. Through size-defined extrusion, the membrane components spontaneously assemble into nanoscale vesicles encapsulating AAV particles. The resulting CME-AAVs were further purified from free, unencapsulated AAVs using density gradient–based centrifugation. This strategy enables efficient and reproducible preparation of membrane-enveloped AAV vectors, which exhibit markedly enhanced transduction efficiency compared with conventional AAVs and maintain comparable resistance to neutralizing antibodies as EV-AAVs. By substituting different transgenes, the CME-AAV platform holds broad potential for the treatment of various genetic and acquired diseases.

PROTOCOL: (Instructions)

1. Preparation and formation of CME-AAV via pore size-defined extrusion

1.1 Production of Recombinant AAV Vectors

The AAV production protocol follows previously published and widely used procedures. Detailed optimization steps and variations have been described in prior studies12,26.

1.1.1 Culture HEK293T cells in complete growth medium and maintain them at 70–80% confluency on the day of transfection. 

1.1.2 Prepare three plasmids encoding (i) the AAV transfer vector carrying the transgene of interest, (ii) the AAV rep/cap genes corresponding to the desired serotype, and (iii) adenoviral helper functions.  

1.1.3 Co-transfect HEK293T cells with the three plasmids using an established transfection method (e.g., calcium phosphate or polymer-based transfection), following standard laboratory practice.  

1.1.4 Incubate transfected cells for 48–72 h to allow AAV assembly and accumulation.  

1.1.5 Collect cells and culture medium, and release AAV particles by repeated freeze–thaw cycles or an equivalent cell lysis method. 

1.1.6 Centrifuge the lysate at low speed to remove cell debris and collect the supernatant containing AAV particles. 

1.1.7 Purify AAV particles using density gradient ultracentrifugation or another established purification approach.  

1.1.8 Exchange purified AAV vectors into sterile phosphate-buffered saline (PBS) and store aliquots at −80 °C until use.

1.2 Preparation of MSC membrane fraction

Human mesenchymal stem cells (MSCs) were isolated in compliance with institutional guidelines. The cells were cultured and expanded under established conditions or laboratory-modified protocols. MSC identity can be confirmed by assessing the expression of phenotypic markers such as CD73, CD90, and CD105 using flow cytometry. The multipotency of MSCs is verified by their ability to differentiate into osteoblasts, chondrocytes, and adipocytes in vitro. Cells are ready for collection when they reach 70–90% confluency. The following procedures are not necessarily required to be performed under sterile conditions.

1.2.1 Remove the culture medium and detach MSCs from the culture dish using a cell scraper.

1.2.2 Collect detached cells into a conical tube containing PBS and centrifuge at 300 × g for 5 min at 4 °C to pellet the cells.

1.2.3 Wash the cells twice with PBS, centrifuging each time at 300 × g for 5 min at 4 °C.

1.2.4 Resuspend the final cell pellet in PBS supplemented with a protease inhibitor cocktail.

1.2.5 Subject the cell suspension to three cycles of freeze–thaw to disrupt the plasma membrane and generate a crude cell lysate.

1.2.6 Pipette the lysate thoroughly to homogenize, then centrifuge at 1,000 × g for 20 min at 4 °C to remove cellular debris.

1.2.7 Transfer the supernatant to a new tube and centrifuge at 18,000 × g for 1 h at 4 °C to pellet the membrane fraction.

1.2.8 Discard the supernatant and resuspend the resulting membrane pellet in PBS. This suspension represents the crude MSC membrane fraction and will be used for AAV encapsulation.

1.2.9 Homogenize the membrane suspension by sequentially passing it through syringes equipped with 20G to 27G needles.

1.2.10 Determine the protein concentration of the homogenized membrane suspension using a BCA assay. Aliquot and store the suspension at −80 °C, or proceed directly to the following steps. Re-homogenize the membrane suspension using a 27G syringe after each thaw cycle.

1.3 Formation of CME-AAV via extrusion

1.3.1 Mix the prepared membrane suspension with AAVs at a defined ratio of 150 µg membrane protein per 1×1010 genome copies (g.c.) of AAV. Incubate the mixture at 37 °C for 30 min with gentle shaking.

1.3.2 Load the membrane–AAV mixture onto a mini-extruder equipped with a 400 nm polycarbonate (PC) membrane. Pass the sample through the extruder 20 times to promote membrane–AAV encapsulation.

1.3.3 Replace the 400 nm PC membrane with a 200 nm membrane and repeat the extrusion process 20 times to further reduce vesicle size heterogeneity.

1.3.4 Collect the processed mixture. If a larger quantity is required, pool multiple extrusion batches. The resulting suspension contains CME-AAVs, along with unencapsulated AAVs and empty membrane vesicles. Proceed immediately to CME-AAV purification.

2. Purification of CME-AAV by density gradient centrifugation

This section describes the separation of pure CME-AAV from unencapsulated AAVs, protein aggregates, and residual nucleic acids using iodixanol-based density gradient ultracentrifugation. The purified CME-AAV obtained from this step is suitable for both in vitro and in vivo studies. All procedures are recommended to be performed under a sterile tissue culture hood.

2.1 Preparation of iodixanol gradient

2.1.1 Prepare 40% and 25% iodixanol solutions by diluting the stock solution with 10× PBS and sterile deionized water to achieve a final concentration in 1× PBS.

2.1.2 In a 13.2 mL open-top thin-wall Ultra-Clear tube, carefully establish a discontinuous density gradient by underlaying 1 mL of 40% iodixanol and 3 mL of 25% iodixanol from the bottom.

2.1.3 Gently overlay 7 mL of the CME-AAV-containing suspension obtained from Step 1.14 onto the top of the gradient. Balance the tubes and load them into a swing bucket ultracentrifuge rotor.

2.2 Ultracentrifugation and collection of CME-AAV fractions

2.2.1 Centrifuge the gradient at 150,000 × g for 3 h at 4 °C using fast acceleration and slow deceleration (level 9 and level 1, respectively).

2.2.2 Carefully remove the tubes from the rotor without disturbing the gradient. Collect 1 mL fractions from the top to the bottom of the tube into labeled 1.5 mL microcentrifuge tubes (F1–F11). Keep all fractions on ice.

2.2.3 Identify and pool fractions F7 and F8, which contain the purified CME-AAVs, into a new open-top ultracentrifuge tube. Add PBS to a total volume of 11 mL and gently mix with a 1 mL pipette.

2.3 Washing and recovery of CME-AAV

2.3.1 Centrifuge the pooled fractions again at 150,000 × g for 3 h at 4 °C using fast acceleration and fast deceleration (level 9 for both settings).

2.3.2 Carefully discard the supernatant and resuspend the CME-AAV pellet in 50–200 µL of sterile PBS, depending on the desired concentration.

2.3.3 Aliquot as needed and store at −80 °C until further use.

3. Characterization of CME-AAV using transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is used to visualize the morphology, size, and membrane structure of CME-AAV particles. The procedure follows a standard negative-staining protocol similar to that used for extracellular vesicles. All steps are performed at room temperature unless otherwise indicated.

3.1 Sample preparation and fixation

3.1.1 Dilute the purified CME-AAV suspension obtained from Section 2 to a concentration of approximately 1×109 – 1×1010 particles/mL in PBS.

3.1.2 Fix the sample by adding an equal volume of freshly prepared 4 % paraformaldehyde (final concentration 2 %) and incubate for 30 min at room temperature.

3.1.3 Place a Formvar/carbon-coated copper grid (200-mesh) on a sheet of Parafilm, carbon side up.

3.1.4 Pipette 10 µL of the fixed CME-AAV suspension onto the grid and allow adsorption for 30 min at room temperature. Avoid drying during adsorption.

3.1.5 Gently remove excess liquid from the grid edge using filter paper without touching the center.

3.2 Washing and post-fixation

3.2.1 Float the grid, sample side down, on a 50 µL drop of PBS for 2 min to wash. Repeat twice.

3.2.2 Transfer the grid onto a 50 µL drop of 1 % glutaraldehyde for 5 min to stabilize the membrane structure.

3.2.3 Sequentially wash the grid 5 times with drops of deionized water (30 s each) to remove buffer salts. Blot gently after the final wash.

3.3 Negative staining

3.3.1 Place the grid on a 50 µL drop of 2 % aqueous uranyl acetate for 1 min to achieve negative staining.

3.3.2 Remove excess stain by gently touching the grid edge with filter paper and allow it to air-dry completely at room temperature.

3.4 Imaging

3.4.1 Examine the stained grids using a transmission electron microscope operated at 200 kV.

3.4.2 Capture representative images at magnifications between 30,000× and 120,000× to assess CME-AAV morphology and membrane integrity.

3.4.3 Optionally, measure particle diameters using TEM image analysis software to confirm vesicle size consistency with NTA results.

Note

Sample concentration: Adjust CME-AAV concentration to obtain moderate particle density; overly concentrated samples lead to particle overlap, while overly dilute samples yield few detectable vesicles.

Avoiding artifacts: Incomplete washing may leave salt crystals that obscure particle visualization. Ensure grids remain hydrated throughout staining to prevent membrane collapse.

Alternative stains: Phosphotungstic acid (PTA, 1–2 %, pH 7.0) may be used as an alternative to uranyl acetate if radioactive handling restrictions apply.

Storage: Prepared grids can be stored in a dust-free container at room temperature for several days before imaging, although immediate observation is recommended for best contrast.

4. Quantification of CME-AAV using qPCR

This section describes a qPCR-based method for quantifying CME-AAV genome copies (g.c./µL). The protocol emphasizes CME-AAV–specific sample preparation and data reporting. All other aspects of qPCR setup and cycling should follow standard laboratory practice and the manufacturer’s instructions for the selected qPCR kit.

4.1 Sample and standard preparation

4.1.1. Thaw aliquots of purified CME-AAV on ice and mix gently by pipetting. Avoid vortexing. 

4.1.2. Prepare the AAV standard dilutions from 1×10⁶ to 1×10³ g.c./µL by sequential 10-fold dilutions using nuclease-free deionized water or TE buffer. Prepare standards fresh or aliquot and store at −20 °C for short-term use.

4.1.3. Prepare the following controls: a no-template control (NTC; water), a negative control (PBS or blank matrix), and a positive control (AAV sample of known concentration), if available.

4.1.4. Prepare qPCR master mix on ice according to the manufacturer’s instructions for the chosen chemistry (dye- or probe-based).

4.2 qPCR cycling and data analysis

4.2.1. Run the qPCR using the cycling parameters recommended by the qPCR master mix manufacturer.

4.2.2. Generate a standard curve by plotting  (y-axis) versus  (x-axis). Fit a linear regression to obtain slope () and y-intercept ().

4.2.3. Calculate CME-AAV genome concentration for each sample replicate using the regression equation:

,    or



where  is genome copies per µL. 

4.2.4. Average technical replicates and report final CME-AAV concentration as g.c./µL. 

Note

Because heat denaturation during qPCR preparation disrupts both the enveloping membrane and AAV capsids, no separate DNA extraction is required. 

Do not perform DNase treatment on samples prior to heat lysis; DNase can access and degrade AAV genomes once capsids/membranes are disrupted but before the sample reaches temperatures that inactivate DNase. 

Standards must be matched where possible: prepare a standard curve from a well-characterized AAV standard. If your samples or standards differ in genome configuration (single-stranded AAV vs self-complementary/double-stranded AAV), adjust reported values accordingly.

Primer/probe design: primers may target any conserved AAV sequence; as an example, primers targeting the CMV promoter (upstream of the transgene) are commonly used. 

5. Quantification of CME-AAV particle profiles

Nanoparticle tracking analysis (NTA), tunable resistive pulse sensing (TRPS), or comparable particle analysis techniques can be used to determine the size distribution and particle concentration of CME-AAV preparations. Thaw purified CME-AAV samples on ice and gently homogenize by pipetting prior to analysis. Perform measurements following standard laboratory practice and the manufacturer’s instructions for the selected instrument, as described in previously published protocols12,27-29.

6. In vitro analysis of CME-AAV-mediated gene transfer

This section describes the procedure to evaluate CME-AAV-mediated gene delivery and transgene expression in cultured cells. The assay is demonstrated using HEK293T cells and CME-AAV9.EGFP, but can be adapted to other cell types or reporter constructs. Conventional (non-membrane-enveloped) AAV9.EGFP serves as a positive control, while PBS or empty AAV particles are used as negative controls.

6.1 Cell preparation

6.1.1 Culture HEK293T cells under standard conditions (DMEM with 10% FBS, 1% penicillin-streptomycin) at 37 °C in 5% CO₂.

6.1.2 Seed cells into 48-well or 96-well plates to reach approximately 70% confluency at the time of transduction (typically 24 h post-seeding). Adjust seeding density according to well size (e.g., ~5 × 10⁴ cells/well for 48-well plate or ~1 × 10⁴ cells/well for 96-well plate).

6.1.3 Allow cells to attach and equilibrate for 24 h before adding vectors.

6.2 Vector application

6.2.1 Prepare CME-AAV9.EGFP and AAV9.EGFP working solutions in sterile PBS. Typical viral dose: 5 × 10⁸ g.c. per 48-well (adjust based on promoter strength, target gene, and experimental objectives).

6.2.2 For each well, add equal genome copies (g.c.) of CME-AAV9.EGFP or AAV9.EGFP directly to the culture medium.

6.2.3 Include negative control wells with an equivalent volume of PBS or empty AAV particles.

6.2.4 Gently swirl the plate to ensure uniform distribution and return to incubator.

6.2.5 Continue incubation for 24–72 h, depending on promoter activity and transgene expression kinetics. For CMV-driven EGFP in HEK293T cells, strong fluorescence is typically observed within 48 h.

6.3 Imaging and live-cell analysis

6.3.1 When ready for imaging, gently aspirate the culture medium and wash cells twice with PBS to remove unbound particles. Avoid dislodging cells.

6.3.2 Stain cell nuclei with Hoechst 33342 (live-cell compatible) following manufacturer’s instructions. Do not use DAPI for live cells.

6.3.3 Perform live-cell fluorescence imaging using an inverted fluorescence microscope equipped with appropriate filters (e.g., excitation 488 nm/emission 513 nm for EGFP; excitation 350 nm/emission 460 nm for Hoechst).

6.3.4 Use 10× or 20× objectives for quantification of transduction efficiency and 63× objective for high-resolution subcellular localization if needed.

6.3.5 Acquire at least five fields of view per well (e.g., four corners and one center) using identical imaging parameters (exposure time, gain, aperture, etc.).

6.3.6 Save all images in raw and grayscale formats for quantitative analysis.
[bookmark: _GoBack]
6.4 Quantitative image analysis

6.4.1 Open images in ImageJ (FIJI) or equivalent software.

6.4.2 Measure mean fluorescence intensity for both the EGFP and Hoechst channels for each field.

6.4.3 Determine background intensity by selecting a region without fluorescent signal and averaging pixel values.

6.4.4 Calculate corrected intensity for each channel:



6.4.5 Compute normalized intensity for each field as:



6.4.6 Average normalized intensities from at least five fields per well, and report the mean ± SD across three independent biological replicates.

Note

CME-AAV typically demonstrates enhanced fluorescence intensity relative to conventional AAV when equal genome copies are applied, reflecting improved cellular uptake and/or protection from neutralizing antibodies.

Optimal transduction efficiency depends on CME-AAV preparation quality, cell type, promoter strength, and viral titer.

If weak signals are observed, increase genome copy input, confirm vector integrity by qPCR, and verify microscope calibration.

Other fluorescent reporters (e.g., mCherry, mNeonGreen, tdTomato) or luciferase constructs may be used depending on experimental needs.

When working with primary or non-adherent cells, adjust seeding and imaging conditions accordingly (e.g., coating plates with poly-L-lysine or using chamber slides).

7. Evaluation of CME-AAV–mediated gene delivery in murine model

This protocol describes the evaluation of CME-AAV–mediated gene delivery in vivo using a murine model.

7.1 Animal preparation

7.1.1 Use wild-type mice such as C57BL/6. Ensure all animal procedures are approved by the institutional animal care and use committee and performed in accordance with relevant regulations.

7.1.2 Select mice aged 4–6 weeks for optimal consistency across experiments.

7.1.3 Maintain animals under standard housing conditions with ad libitum access to food and water prior to injection.

7.2 Vector preparation and administration

7.2.1 Select an AAV serotype according to the study purpose and target tissue. In this protocol, AAV9 and CME-AAV9 are used.

7.2.2 Prepare viral vectors encoding a luciferase reporter gene (e.g., CME-AAV9.luciferase) for noninvasive imaging.

7.2.3 Dilute the viral vectors in sterile saline to a final concentration of 1 × 10¹⁰ genome copies (g.c.) per 50 μL for each mouse.

7.2.4 Warm the tail gently using a heating pad or warm water to dilate the vein prior to injection.

7.2.5 Load 50 μL of viral suspension into a 31-gauge insulin syringe and slowly inject into the lateral tail vein to minimize leakage and vein rupture.

7.2.6 After injection, return the mice to their cages and monitor them until fully recovered.

7.3 In vivo bioluminescence imaging

7.3.1 Two weeks after administration, anesthetize the mice using isoflurane and inject D-luciferin (150 μg/g body weight; Sigma) intraperitoneally in PBS.

7.3.2 Place the anesthetized mice in a bioluminescence imaging system.

7.3.3 Acquire luminescence images every 2 minutes post-injection until the signal reaches a plateau.

7.3.4 Quantify bioluminescence using proper software. Define regions of interest (ROIs) around luminescent areas and calculate the total photon flux (photons/sec) for each animal.

7.3.5 Include AAV9.luc–treated and PBS-injected groups as positive and negative controls, respectively, for comparison.

7.4 Ex vivo imaging (optional)

7.4.1 Immediately after in vivo imaging, euthanize the mice and collect major organs (liver, heart, spleen, kidney, and brain).

7.4.2 Image the isolated organs under identical imaging parameters using the same IVIS system to determine tissue-specific luciferase expression.

Note

Alternative administration routes (e.g., intramuscular, intracerebral, or intraperitoneal injection) may be adopted depending on experimental goals.

Bioluminescence intensity reflects both gene delivery efficiency and tissue biodistribution.
CME-AAV–mediated luciferase expression typically exhibits earlier onset and enhanced peak expression compared to free AAV due to membrane-mediated endocytosis by up-taking cells.
Ensure consistent luciferin dose, timing, and imaging settings across samples for accurate comparison.
The described viral dose (1 × 10¹⁰ g.c. per mouse) typically provides a detectable signal 2–4 weeks post-injection, but optimization may be required for different vectors or animal models.

REPRESENTATIVE RESULTS: (Instructions) 
MSCs used in this study were isolated from human umbilical cord tissue under protocols in accordance with relevant ethical guidelines. MSC membrane fractions were prepared according to the described protocol. AAV9.EGFP was produced in-house using a transient dual-plasmid transfection system in HEK293T cells, as previously reported12,26. For CME-AAV fabrication, membrane preparations and AAV9.EGFP were co-incubated at a ratio of 150 µg of membrane protein per 1 × 10¹⁰ viral genomes, as specified in the protocol. One milliliter of the mixture was then loaded into a mini-extruder equipped with a 400 nm polycarbonate porous membrane and extruded 20 times, followed by another 20 passes through a 200 nm membrane. This process yielded MSC membrane–enveloped AAV9.EGFP (CME-AAV9.EGFP).

Following purification, the morphology of CME-AAVs was examined using TEM (Figure 1A). TEM imaging revealed that CME-AAVs exhibited size dimensions and membrane-bound structures similar to EVs. As with previously reported EV–AAV complexes, individual encapsulated AAV particles were not consistently distinguishable12,26. Therefore, TEM primarily serves to confirm successful nanovesicle formation, intact membrane structure, and uniform particle size following extrusion. The MSC membrane markers CD73 and CD90 were probed and demonstrated in CME-AAV by Western blot analysis (Figure 1B). In addition, the three major AAV capsid proteins, including VP1, VP2, and VP3, were identified in CME-AAV through SDS–PAGE electrophoresis (Figure 1C), collectively confirming the successful incorporation of AAV particles within MSC membrane–derived vesicles.

The size distribution and particle concentration of purified CME-AAV9.EGFP were analyzed using a NanoSight NS300 instrument. The sample exhibited a modal diameter of 121.9 nm and a mean diameter of 128.6 nm, with a total particle concentration of 1.32 × 10¹⁰ particles/mL (Figure 1D). Larger particles (>200 nm) were nearly eliminated after density gradient purification, while smaller signals below 50 nm were occasionally detected but should not be overinterpreted, as they may reflect instrument limitations in NTA resolution. Based on NTA and qPCR measurements, the CME-AAV9.EGFP preparation can be quantitatively characterized by particle concentration, viral genome titer (g.c./mL), and the particle-to-genome ratio.

The gene transfer efficiency of CME-AAVs was assessed in vitro according to the protocol. Cultured HEK293T cells were treated with equal viral doses (5 × 10⁸ g.c.) of CME-AAV9.EGFP or conventional AAV9.EGFP in 48-well plates and incubated for 48 hours. EGFP expression was visualized by fluorescence microscopy (Figure 2A). Compared with conventional AAV9.EGFP, the membrane-enveloped virus achieved a markedly higher level of gene expression (approximately 2.5-fold) (Figure 2B), suggesting enhanced cellular uptake and potentially improved intracellular trafficking.

CME-AAV delivery efficiency was further evaluated in vivo using a wild-type mouse model. For live imaging, AAV9.Luciferase (AAV9.Luc) was packaged, and CME-AAV9.Luc was fabricated following the same procedure. Equal titers of CME-AAV9.Luc or conventional AAV9.Luc were injected via tail vein, with PBS-injected mice serving as negative controls. Three weeks post-injection, bioluminescence imaging was performed using an IVIS system. The biodistribution of CME-AAVs displayed a pattern similar to that of EVs, with the liver showing the strongest luminescence signal (Figure 3A). Quantitative analysis of liver regions across three mice per group revealed that CME-AAV administration led to significantly higher gene expression levels compared to free AAVs, consistent with the in vitro observations (Figure 3B).

FIGURE AND TABLE LEGENDS: (Instructions)
Figure 1. Characterization of CME-AAV morphology, molecular composition, and size distribution.
(A) Purified CME-AAV9.EGFP was negatively stained and imaged using TEM at 200 kV. A representative image is shown. Scale bar = 100 nm.
(B) MSC biomarkers CD73 and CD90 were detected in CME-AAV.EGFP by Western blot analysis.
(C) CME-AAV.EGFP samples were subjected to membrane disruption followed by density gradient–based separation of AAV particles, and the three major capsid proteins were identified by SDS–PAGE.
(D) The nanoparticle size distribution and concentration of purified CME-AAV9.EGFP were determined by NTA. Data represent the mean of three biological replicates.

Figure 2. In vitro evaluation of CME-AAV gene transfer efficiency.
(A) Cultured HEK293T cells were treated with equal titers (5 × 10⁸ g.c.) of CME-AAV9.EGFP or conventional AAV9.EGFP, with PBS serving as a negative control. After 48 h of incubation, EGFP expression was visualized using an inverted fluorescence microscope. Representative images are shown. Scale bar = 100 µm.
(B) EGFP fluorescence intensity was quantified from four independent fields of view per group. Bars represent mean values ± SEM. Statistical significance was determined using a one-way ANOVA followed by Bonferroni’s test (**p<0.01, ****p<0.0001).

Figure 3. In vivo assessment of CME-AAV delivery efficiency.
(A) Male C57BL/6 mice (4–6 weeks old) were intravenously injected with equal titers (1 × 10¹⁰ g.c.) of CME-AAV9.Luc or AAV9.Luc, or with PBS as a negative control. Bioluminescence imaging was performed using the IVIS® system 2 weeks after injection. Representative images of three mice per group are shown.
(B) Bioluminescence intensity in the liver region was quantified using Living Image® software. Data are presented as mean ± SEM. Statistical significance was determined using a one-way ANOVA followed by Bonferroni’s test (*p<0.05, **p<0.01, ***p<0.001).

DISCUSSION: (Instructions)

Critical steps of the CME-AAV protocol
In this protocol, we describe a method for generating MSC membrane–enveloped AAVs, and several steps are critical for successful CME-AAV formation. First, careful preprocessing of the cell membrane is essential. The goal of this step is to obtain membrane fragments that are suitable for extrusion while minimizing contamination from nuclear DNA, cytosolic proteins, and subcellular organelles. In addition, the size of membrane fragments is a key determinant of extrusion efficiency. Fragments that are too large may clog the polycarbonate extrusion membrane, whereas overly disrupted membrane material may be inefficient in reassembling into stable nanovesicles under extrusion-induced deformation. In this protocol, sequential centrifugation steps with increasing centrifugal force are used to remove non-membrane components, followed by syringe-based homogenization to generate membrane fragments of an appropriate and reproducible size distribution.

Following nanovesicle formation, efficient separation of membrane-enveloped AAVs from un-enveloped AAVs represents another critical step. This step is particularly important because free AAVs present in CME-AAV preparations can be readily neutralized by circulating neutralizing antibodies during in vivo administration, thereby reducing effective gene delivery efficiency8,9,30. In addition, free AAVs may further stimulate host immune responses and promote the generation of additional neutralizing antibodies, potentially compromising repeat dosing. To address this, the protocol incorporates an iodixanol-based density gradient ultracentrifugation step to enrich membrane-enveloped AAVs while excluding free viral particles. This separation exploits the density difference between ~200 nm membrane nanovesicles and ~20 nm free AAVs: membrane-enveloped vesicles are recovered from the upper fractions (approximately 22% iodixanol), similar to extracellular vesicles, whereas free AAVs accumulate in denser layers (>40% iodixanol)26,27,31. This purification step effectively removes un-enveloped AAVs from the final preparation and is critical for achieving enhanced delivery performance of CME-AAVs. 

Modifications and troubleshooting of the CME-AAV technique
This protocol allows for several modifications depending on experimental objectives. One important variable is the source of cell membrane material used for CME-AAV fabrication. Although MSC membranes are used in this protocol, membranes derived from other cell types can be readily substituted to tailor biological properties. For example, membranes from red blood cells (RBCs) can be used to generate CME-AAVs with prolonged circulation time; because RBCs lack a nucleus, membrane preprocessing can be simplified by reducing centrifugation steps32,33. Alternatively, membranes derived from engineered HEK293T can be used for proof-of-concept studies; however, their use in vivo should carefully consider potential immunogenicity. Importantly, different membrane sources confer distinct surface protein and lipid compositions to the resulting CME-AAVs, which can influence cellular targeting, uptake efficiency, and biodistribution. Selection of membrane source should therefore be guided by the intended biological application.

Another critical modifiable parameter is the mixing ratio between membrane fragments and AAV input, which directly affects the particle-to-genome (P/G) ratio of purified CME-AAV preparations. The P/G ratio, defined as the total vesicle particle concentration measured by NTA (particles/mL) divided by the AAV genome copy concentration determined by qPCR (g.c./mL), serves as an important indicator of encapsulation efficiency and batch quality. A P/G ratio below 1 indicates that, on average, more than one AAV genome is encapsulated within a single membrane vesicle. In contrast, a P/G ratio greater than 1 suggests that the preparation contains more vesicles than AAV genomes, indicating that a fraction of vesicles is not associated with AAV, while most AAV-associated vesicles likely encapsulate a single AAV genome. Although vesicles containing multiple AAV genomes may still be present, they are expected to represent a minor population under these conditions. Based on our experience, a mixing ratio of approximately 150 µg of MSC membrane protein per 1 × 10¹⁰ viral genomes provides a balanced outcome by minimizing excessive empty vesicle formation due to surplus membrane material while avoiding low encapsulation efficiency caused by excess free AAVs. Nevertheless, this ratio may require further optimization depending on the cell source, AAV serotype, and intended downstream application.

Limitations of the CME-AAV technique
Despite its advantages, the CME-AAV approach has several limitations that should be considered. First, the iodixanol-based density gradient purification used in this protocol is effective at separating membrane-enveloped AAVs from free, un-enveloped AAVs but cannot exclude empty membrane nanovesicles that lack AAV genomes, as these vesicles exhibit densities similar to CME-AAVs. As a result, a fraction of empty membrane vesicles may remain in the final preparation, which contributes to an increased P/G ratio. While this does not necessarily impair gene delivery, it should be considered when interpreting particle-based measurements and comparing batches. Second, CME-AAV preparations inherently exhibit heterogeneity in vesicle size and AAV loading, as extrusion-based vesicle assembly is a stochastic process. Individual vesicles may encapsulate zero, one, or multiple AAV genomes, and current bulk analytical methods, such as NTA and qPCR, provide only averaged measurements across the population. Single-particle–level characterization methods would be required to fully resolve vesicle occupancy, but these are beyond the scope of the present protocol. Finally, the protocol relies on ultracentrifugation, which may limit scalability and accessibility in laboratories without specialized equipment. Although the extrusion and purification steps are robust at small to moderate scales, further optimization or alternative purification strategies may be required for large-scale or clinical-grade production.

Significance and future applications
Biomimetic camouflage strategies using MSC membranes have been widely demonstrated as effective approaches to enhance delivery efficiency while reducing immunogenicity and rapid clearance of therapeutic nanoparticles19,34. However, most previously reported membrane-coating techniques were developed for synthetic nanoparticles and rely on thermodynamic or mechanical forces, such as ultrasonication, to drive membrane fusion. In these approaches, cell membranes are fragmented and directly adhere to solid nanoparticle surfaces, a configuration that is poorly suited for cloaking viral vectors with exposed capsid proteins. To overcome this limitation, the present protocol employs a co-extrusion strategy using pore size–defined polycarbonate membranes, enabling the formation of MSC membrane–enveloped AAVs as closed, aqueous nanovesicles. This architecture closely resembles that of naturally secreted extracellular vesicles, in contrast to conventional membrane-coated nanoparticles that typically consist of dense cores surrounded by discontinuous membrane layers.

Once established, the CME-AAV platform provides a versatile strategy for enhancing AAV-based gene delivery. By combining the immune-shielding and surface-functional properties of cell membranes with the high transduction efficiency of AAVs, this method addresses key limitations of conventional AAV vectors, including neutralizing antibody sensitivity and restricted targeting specificity, while avoiding the production inefficiencies associated with EV-AAV systems. Looking forward, this protocol can be readily adapted to alternative membrane sources or engineered donor cells to tailor tissue targeting, biodistribution, or immunological profiles. As such, CME-AAVs represent a promising foundation for future translational applications in gene therapy, including repeat dosing regimens and precision delivery strategies.
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