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Abstract

Liposomes and nanoparticles that bind selectively to cell-surface receptors can target specific 

populations of cells. However, chemical conjugation of ligands to these particles is difficult to 

control, frequently limiting ligand uniformity and complexity. In contrast, the surfaces of living 

cells are decorated with highly uniform populations of sophisticated transmembrane proteins. 

Toward harnessing cellular capabilities, here we demonstrate that plasma membrane vesicles 

(PMVs) derived from donor cells can display engineered transmembrane protein ligands that 

precisely target cells on the basis of receptor expression. These multi-functional targeting proteins 

incorporate (i) a protein ligand, (ii) an intrinsically disordered protein spacer to make the ligand 

sterically accessible, and (iii) a fluorescent protein domain that enables quantification of the ligand 

density on the PMV surface. PMVs that displayed targeting proteins with affinity for the 

epidermal growth factor receptor (EGFR) bound at increasing concentrations to breast cancer cells 

that expressed increasing levels of EGFR. Further, as an example of the generality of this 

approach, PMVs expressing a single domain antibody against GFP bound to cells expressing GFP-

tagged receptors with a selectivity of approximately 50:1. Our results demonstrate the versatility 

of PMVs as cell targeting systems, suggesting diverse applications from drug delivery to tissue 

engineering.
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A multi-functional transmembrane protein that includes an extracellular fluorophore domain for 

tracking, an intrinsically disordered protein spacer for ligand accessiblity and an affinity domain 

for targeting was designed and expressed in donor cells. Plasma membrane vesicles extracted from 

these cells precisely and selectively target cells on the basis of target receptor expression profiles.

Keywords

extracellular vesicles; cell targeting; protein engineering; biomaterials

1. Introduction

Over the past decade extracellular vesicles such as exosomes, microvesicles, plasma 

membrane-derived vesicles, and other cell-derived particles1 have shown increasing promise 

in diverse therapeutic applications from delivery of drugs and siRNA2,3 to facilitating 

cellular interactions in regenerative medicine.4 As materials derived from living cells, these 

particles can incorporate a diverse range of complex biological macromolecules that are 

challenging to integrate into synthetic biomaterials such as conventional liposomes. For 

example, transmembrane proteins are key constituents of extracellular vesicles and are 

thought to underlie their ability to target specific cells, participate in cellular signaling,5 and 

even fuse with the membranes of cells.6

In order to direct extracellular vesicles to specific populations of target cells, it is desirable 

to display biochemical ligands on their surfaces that specifically recognize receptors 

overexpressed by the targeted cell population. This approach is inspired by the well-

documented advantages of synthetic vesicle targeting using immunoglobulins or their 

fragments,7–9 vitamins,10,11 glycoproteins,12 and other peptides.13 Motivated by the success 

of these targeted synthetic vesicles, several groups have recently reported the display of 

targeting ligands on the surfaces of extracellular vesicles including delivery of siRNA to the 

brain using exosomes decorated with neuron-specific RVG peptide;14 expression of an 

engineered peptide on exosome surfaces to target microRNAs to EGFR positive tumor 
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cells;15 and expression of an integrin-specific RGD peptide on the surfaces of exosomes to 

target αv-integrin positive breast cancer cells for delivery of doxorubicin.16 However, by 

employing simple peptide domains for targeting, these studies have not taken full advantage 

of the cell’s capacity to produce and display sophisticated molecules on membrane surfaces. 

Specifically, the ability of the cellular machinery to produce highly uniform populations of 

complex membrane proteins that contain multiple distinct functional domains creates the 

opportunity for targeting ligands that simultaneously achieve multiple goals including 

tunable biochemical affinity, greater steric accessibility, fluorescence visualization, and 

others.

To take advantage of this opportunity, here we develop and characterize a set of multi-

domain transmembrane targeting proteins, which can be expressed by donor cells and 

biologically incorporated into cell-derived vesicles. Specifically, we have designed chimeric 

targeting proteins that consist of a transmembrane anchor and a multi-functional 

extracellular domain consisting of (i) an enhanced green fluorescence protein (eGFP) 

domain for visualizing the vesicles and quantifying the density of ligands on their surfaces; 

(ii) an intrinsically disordered linker domain to increase steric accessibility of the affinity 

domain, and (iii) an affinity domain consisting of a biochemical ligand or single domain 

camelid antibody.17 Our results demonstrate expression of these targeting proteins on the 

surfaces of donor cells as well as the extraction of plasma membrane vesicles (PMVs) from 

them. Specifically, PMVs display ligands for epidermal growth factor receptor (EGFR), 

either epidermal growth factor (EGF) or a single domain antibody,18 at surface densities 

comparable to synthetic liposomes.19 These PMVs bind to the surfaces of breast cancer cells 

in proportion with EGFR expression levels. Further, as an example of the generality of this 

approach we created PMVs displaying a single domain antibody against GFP20 and 

illustrated specific binding of the PMVs to GFP-tagged receptors on the surface of targeted 

cells.

Notably plasma membrane vesicles enable expression of complex proteins on the vesicle 

surface with preserved directionality and functionality,21,22 bypassing the limitations of 

conventional chemical conjugation approaches. In particular, synthetic attachment of 

targeting ligands to the surfaces of liposomes and other synthetic particles is a multi-step 

process in which protein ligands must withstand purification, derivatization,23 and 

conjugation reactions.24. In contrast, by employing the cell’s own machinery for protein 

production, our work uses transmembrane protein engineering to produce a uniform 

population of multi-domain proteins capable of targeting extracellular vesicles to specific 

populations of cells.

2. Results and Discussion

2.1. Design and Expression of Chimeric Transmembrane Proteins for Cellular Targeting

The first model receptor we chose to target was the Epidermal Growth Factor Receptor 

(EGFR). Multiple human cancers including breast, non-small cell lung cancer, ovarian and 

colorectal cancer,25 express EGFR at elevated levels, making EGFR a popular target for 

molecular delivery to tumors. To precisely target cells on the basis of EGFR expression 

level, we began by designing a chimeric targeting protein that consisted of the intracellular 
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and transmembrane domains of the transferrin receptor. The ectodomain of the chimeric 

protein consisted of an eGFP domain followed by the first 289 amino acids of the 

intrinsically disordered C-terminal domain of the intracellular protein AP180,26 and finally a 

targeting moiety, either EGF or a single domain antibody against EGFR (Figure 1A). eGFP 

enables direct visualization and tracking of the targeting protein using a fluorescence 

microscope, while the intrinsically disordered domain, much like the polyethylene glycol 

(PEG) polymers on synthetic liposomes,27 provides a flexible linker and spacer between the 

targeting ligands and the surface of the lipid bilayer, enabling the ligands to interact with the 

targeted cell surface receptors. The expected hydrodynamic radius of the intrinsically 

disordered linker is approximately 3.8 nm,28 similar to a PEG 5000 – 10000 chain.29

To express and test the targeting proteins, 14–16,30,31we extracted giant plasma membrane 

vesicles (GPMVs), from donor cells in this study. GPMVs are micrometer-scale spherical 

protrusions from the surface of a cell, observed during normal physiological processes such 

as cytokinesis,32 apoptosis,33 and cell motility34 as a result of local contraction of the actin 

cortex.35,36 Protocols have been established to chemically induce the shedding of a 

substantial proportion of the plasma membrane in the form of GPMVs.37 Having similar 

lipid and protein profiles to the plasma membrane of donor cells, as well as the ability to 

preserve transmembrane protein orientation21,22 GPMVs are frequently used in biophysical 

studies as a model system to understand membrane phenomena, such as phase 

separation,37,38 membrane protein assembly,21 and viral membrane fusion.39 However, the 

potential of plasma membrane vesicles as targeted biomaterials has been largely unexplored 

to date. A key reason for choosing plasma membrane vesicles to demonstrate the potential of 

the transmembrane targeting proteins developed in this work is that the mechanisms of 

protein trafficking to the plasma membrane are well understood, giving us confidence that 

the transmembrane architecture we designed would appear in tact on the membrane surface. 

In contrast, the mechanisms by which protein are trafficked to the surface of exosomes are 

still emerging.40 However, despite the lack of complete mechanistic understanding, fusion to 

the transmembrane domain of the lamp2 protein14 as well as simple plasma membrane 

overexpression15 have both resulted in display of simple targeting peptides on exosome 

surfaces as cited above. These strategies could be used in the future to display the multi-

domain targeting protein architectures developed in this work the surfaces of exosomes as 

well as nanoliposomes extracted from cells by other means, including serial extrusion of 

cells 30,31.

The first targeting protein we constructed used EGF as the ligand, chosen for its strong and 

well-characterized binding affinity with EGFR (Figure 1A).41 We began by testing the cell-

surface expression of the EGF targeting protein using a live cell, fluorescence-based 

antibody-binding assay. CHO cells transiently expressing the EGF targeting protein showed 

a robust eGFP signal at the cellular plasma membrane (Figure 1B left and S1). Binding of 

ATTO 594 labeled-EGF antibodies to the cell surface demonstrated that EGF was expressed 

on the extracellular leaflet of the phospholipid bilayer (Figure 1B middle and S1). In 

addition, cells from the same culture dish with little or no expression of the eGFP-tagged 

targeting protein did not recruit antibodies against EGF, further confirming the specific 

binding between the antibodies and the chimeric targeting protein (Figure 1B right). 

Notably, the GFP-tagged EGF targeting proteins are translated and produced in the 
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endoplasmic reticulum before being transported to the Golgi apparatus for post-translational 

modifications, and eventually trafficked onto the plasma membrane of the cells. Therefore, 

the fluorescence signal of the GFP-tagged targeting protein is expected to exist throughout 

the cell interior, as observed in the left panel of Figure 1B. In contrast, the antibody binds 

from the outside of the cell and is therefore expected to be present primarily on the outer cell 

surface, though uptake of the antibody during receptor recycling produces some internal 

antibody signal, as shown in the middle panel of Figure 1B.

Following the expression of functional targeting protein, we extracted GPMVs from these 

donor cells (Figure 1C). After the extraction process the donor cells remained attached to the 

culture dish and fluorescent images suggested that they had similar morphological 

appearances to normal donor cells, in agreement with prior studies.42 Hoechst 33342 

staining showed that the nuclei of the donor cells remained intact (Figure 1D) and the 

GPMVs were free of nuclear contamination (Figure S2). Further, the proteins on the surface 

of the GPMVs are expected to remain active after vesiculation as demonstrated by several 

previous reports including studies on glycophorin A21 and hemagglutinin (HA) fusion 

proteins39 extracted by plasma membrane harvesting using the same protocol.

To test whether targeting proteins on GPMV surfaces are able to engage in molecular 

binding, ATTO 594 labeled antibodies against EGF were incubated with GPMVs. Anti-EGF 

bound to the surfaces of GPMVs that displayed the EGF targeting proteins (Figure 2A and 

Figure S3A). In contrast the labeled antibodies did not bind to GPMVs that lacked a 

significant eGFP signal, indicating lack of significant expression of the EGF targeting 

protein (Figure 2A, left and right). Fluorescence intensity analysis of the eGFP and ATTO 

594 signals demonstrated a correlation between the display of the targeting protein and the 

extent of antibody binding (Figure S3B). Taken together, these data demonstrate that 

GPMVs extracted from donor cells expressing the EGF targeting protein displayed the 

targeting protein on their surfaces such that the ligand domain was accessible to the external 

solution.

2.2. Quantifying the density of targeting proteins on PMV surfaces

Several studies have shown that increasing the density of ligands on the surfaces of targeted 

particles can significantly increase nanoparticle binding to target cells, increasing the cell-

particle binding affinity by as much as 10-fold.19,43,44 Therefore, having a sufficient density 

of ligands on the surfaces of targeted particles is critical to achieving high affinity binding. 

In particular, Nielsen et al have reported robust uptake of synthetic liposomes by target cells 

using a density of 10–30 ligands per 100-nm diameter liposome,19 a density of 300–1000 

ligands per square micrometer of the particle surface. To estimate the density of targeting 

proteins displayed on the surfaces of GPMVs, we developed two distinct fluorescence-based 

approaches. The first is based on measuring the calibrated total fluorescence of the GPMV 

sample normalized by an estimate of its total membrane content, while the second is based 

on calibrated fluorescence intensity measurements of individual GPMVs. Conventional 

methods were used to produce a stable cell line expressing the EGF targeting protein. 

Notably, more than 80% of the stably transfected cells expressed significant levels of the 

targeting proteins, as demonstrated by elevated fluorescence intensity in the GFP channel 
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during flow cytometry-based characterization (Figure S4). GPMVs were extracted from 

these cells as described in experimental section (Figure 1C). Expression of the EGF 

targeting protein was confirmed by immunoblotting GPMVs with an antibody against EGF 

(Figure S5).

First, based on the total fluorescence of GPMVs in solution and an average GPMV diameter 

of 11 µm (Figure S6, see methods), we determined that there were on average 400 copies of 

the EGF targeting proteins per square micrometer of the vesicle surface (Figure 2B red). We 

estimate that each targeting protein occupies an area of 50 nm2 on the membrane surface, 

based on a worm-like chain model of the intrinsically disordered domain.28,45 Combining 

this estimate of the area per protein with the measured density of targeting proteins on the 

membrane surface, the EGF targeting proteins cover approximately 2% of the total 

membrane surface. The auto-fluorescence of GPMVs derived from CHO cells without GFP 

expression was also measured and found to be small in comparison to the GFP signal 

(Figure S7).

As a second estimate of ligand density, we employed a quantitative fluorescence microscopy 

assay on individual GPMVs. In comparison to the bulk method described above, we expect a 

higher density of targeting proteins from this assay since GPMVs that lack significant eGFP 

fluorescence intensity cannot be clearly visualized on the basis of fluorescence and are thus 

under-represented in the analysis. To calculate the number of targeting proteins displayed 

per diffraction-limited unit of membrane area, we divided the mean fluorescence intensity of 

the GPMV surface (Figure 2C) by the integrated brightness of a single eGFP molecule. 

Forty total GPMVs from 3 independent sample preparations yielded an average of 1200 

(400–2200) copies of the EGF targeting protein per square micrometer (Figure 2D). A 

detailed explanation of the targeting ligand density calculations can be found in 

experimental section of this manuscript. Notably, both measures of targeting protein density 

fall within or above the range cited above from the work of Nielsen et al and are therefore 

expected to provide robust targeting of plasma membrane vesicles. The substantial variation 

in the targeting protein density among GPMVs likely arises from variation in targeting 

protein expression among the donor cells, suggesting that sorting or gene editing of the 

donor cells would provide a more uniform targeting protein density.

2.3. EGFR Targeting is Sensitive to Cellular Receptor Expression

To evaluate cell targeting, GPMVs were extruded through one-micrometer polycarbonate 

filters to produce plasma membrane vesicles (PMVs). Vesicles of this size are convenient for 

targeting studies because they are small enough to avoid gravitational settling yet large 

enough to track easily using fluorescence microscopy. However, PMVs can be further 

extruded through 100 nm filters to produce a homogenous population of vesicles of the 

appropriate size for in vivo studies (Figure S8 and S9). Transmission electron micrograph 

images conveyed that PMVs have similar morphology to other liposomal particles (Figure 

2E). To investigate the ability of PMVs to target specific cells (Figure 3A), PMVs expressing 

the EGF targeting protein were incubated with HeLa cells transiently expressing mRFP-

tagged EGFR. At the end of the incubation following repeated washing of the cells, there 

was extensive colocalization of PMVs (eGFP signal) with cells overexpressing mRFP-
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tagged EGFR (Figure 3B). In contrast, PMVs bound much less strongly to cells in the same 

culture dish that lacked a significant mRFP-EGFP signal (Figure 3C). Notably, HeLa cells 

express EGFR endogenously,46 such that some binding of EGF-PMVs to all cells was 

expected.

We also quantified the amount of PMV binding to cells with a high endogenous level of 

EGFR (MDA-MB-468 cells), as a function of increasing PMV concentration. Specifically, 

the shift in fluorescence intensity in a spectral region corresponding to eGFP was quantified 

using flow cytometry (Figure 3D right). Cells were incubated with EGF-PMVs at a range of 

concentrations for 4 hours at 37 °C. The cells were carefully washed 3 times with PBS to 

remove unbound PMVs and then trypsinized for flow cytometric analysis. As the 

concentration of PMVs increased, binding to MDA-MB-468 cells also increased (Figure 2D 

left), indicating a positive correlation between PMV dosage and binding.

To further confirm the specificity of EGF-PMVs for EGFR expressing cells, we used three 

breast cancer lines (MCF-7, MDA-MB-231, and MDA-MB-468), which have increasing 

endogenous levels of EGFR expression.47 We confirmed this trend of increasing EGFR 

expression using flow cytometry studies on cells exposed to a fluorescent-labeled antibody 

against EGFR, obtaining a trend consistent with literature values (Figure S10). Following 

this confirmation, the three cell types were individually incubated with EGF-PMVs. PMV 

bound cells were first visualized using fluorescence confocal microscopy. As expected, the 

PMVs bound most abundantly to the MDA-MB-468 cells, which had the highest EGFR 

expression level, while they bound least to the MCF-7 cells, which had the lowest EGFR 

expression level (Figure 4A). To quantify the amount of binding, cells that had been 

incubated with PMVs were washed and analyzed using flow cytometry as described above. 

The results from these experiments confirmed an increasing level of EGF-PMV binding to 

the cells as the expression level of EGFR increased, demonstrating that EGF-PMVs are 

sensitive to EGFR expression level (Figure 4B and 4C; example scatterplots see Figure S11).

As an alternative to the EGF ligand, we also developed PMVs that used the 7D12 nanobody 

against EGFR as the targeting ligand.18 This choice of targeting ligand is more appropriate 

for therapeutic applications, since it lacks the potential mitogenicity of a growth factor. 

Specifically, nanobodies, single-domain antibodies derived from camelids,18,20,48 have 

nanomolar binding affinities and are much smaller in size, (~15 kDa18,20,49), in comparison 

to conventional antibodies, averaging around 150 kDa.50 They have emerged as a useful tool 

for cellular targeting, as studies have shown that gold nanoparticles chemically conjugated to 

nanobody against human epidermal growth factor receptor 2 (HER2) bound selectively to 

HER2 overexpressing cells.51 The 7D12 nanobody binds EGFR with high affinity and 

blocks downstream EGFR signaling.18 As such, the 7D12 nanobody provides an alternative 

to the EGF ligand for targeting EGFR positive cells (Figure 3A). 7D12-PMVs were prepared 

from a CHO cell line stably expressing the 7D12 targeting protein, using the same 

procedures used to prepare EGF-PMVs. The density of the 7D12 targeting protein on PMVs 

was somewhat lower in comparison to expression of the EGF targeting protein, with an 

average of over 300 copies per square micrometer (based on the ensemble assay), yielding a 

total surface coverage of approximately 1.6% (Figure 2B blue).
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When incubated with each of the three breast cancer cell lines (MCF-7, MDA-MB-231, and 

MDA-MB-468), 7D12-PMVs behaved similarly to EGF-PMVs, showing a trend of 

increasing binding with increasing EGFR expression level (Figure 4B and 4C), though the 

absolute fluorescence values in the flow cytometry studies were somewhat lower. The 

reduced signal from 7D12-PMVs likely resulted from two factors. First, 7D12, has a 

reported dissociation constant for EGFR binding of 200 nM,18 which is substantially higher 

than the dissociation constant for EGF binding to EGFR, 5 nM,41 indicating weaker binding. 

Further, the density of the 7D12 targeting protein was approximately 30% less than the 

density of EGF targeting proteins, as noted above (Figure 2B). Nonetheless, 7D12-PMVs 

demonstrated clear sensitivity to EGFR expression level.

2.4 Targeting cells that express GFP-tagged receptors

Our work so far has demonstrated selective binding of PMVs on the basis of EGFR 

expression level using two different targeting ligands. To evaluate whether this strategy can 

be extended to an arbitrary receptor, we designed a targeting protein that selectively binds to 

any GFP-tagged receptor. The ligand domain of this targeting protein is a single domain 

antibody that specifically recognizes GFP (Figure 5A). For this targeting protein the 

fluorophore domain consisted of mRFP, rather than eGFP, so that the targeting protein and 

its ligand (GFP) would have distinct fluorescent signatures. Creating PMVs that target GFP-

tagged receptors provides an opportunity to evaluate the absolute specificity of PMVs for 

target cells, since cells lack endogenous GFP expression. Further, the ability to target PMVs 

to cells that express GFP-tagged receptors could be useful for molecular delivery to 

engineered cell lines in complex contexts such as engineered tissues and cell implantation 

studies, where engineered cells are surrounded by other cell types. 52

Following the expression of the GFPnb targeting protein by donor cells, the external 

accessibility and functionality of the targeting ligand was tested. We transiently expressed 

the GFPnb targeting protein in CHO cells and then incubated these with soluble eGFP 

(Figure 5B). The soluble eGFP bound significantly only to cells expressing the GFPnb 

targeting protein and was not recruited by cells in the same dish that lacked significant 

expression of the targeting protein. Further, GPMVs derived from CHO cells stably 

expressing the GFPnb targeting protein were also capable of recruiting soluble eGFP from 

solution (Figure 5C), confirming that the GFP nanobody on the surfaces of GPMVs was 

accessible to the external environment and able to bind to eGFP. Fluorescence intensity 

analysis of the GPMVs and the soluble eGFP revealed a correlation between the expression 

of the GFPnb targeting proteins and the amount of soluble eGFP binding (Figure 5D).

Next, we evaluated the ability of GFPnb-PMVs to target eGFP-expressing cells. In 

particular, we conducted a competitive binding assay where CHO cells stably expressing 

eGFP on the cell surface (GFP positive cells) and CHO wild type cells (GFP negative cells) 

were co-cultured in a single culture dish (Figure 6A). At the end of incubation, extensive 

colocalization between PMVs and the cell membrane of GFP positive cells was observed. In 

contrast GFP negative cells bound significantly fewer PMVs (Figure 6B). This experiment 

was repeated using purified PMVs (Figure S12), which also selectively bind to GFP positive 

cells, in agreement with the results shown here. Detailed purification methods can be found 
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in experimental section of this manuscript. To confirm this finding, flow cytometry analysis 

was conducted on the co-cultured cells. The significant difference in green channel 

fluorescence signal was used to distinguish GFP positive and control cells on a cell-by-cell 

basis (Figure 6C top). Only the GFP positive cells had a detectable increase in the mRFP 

fluorescence channel as a result of PMV binding (Figure 6C bottom). We calculated the 

mean fluorescence increase in the mRFP channel for the two cell populations (Figure 6D). 

The results indicated that the PMVs have a selectivity for GFP positive cells of 

approximately 50:1, which is comparable to the selectivity that chemically conjugated 

synthetic liposome particles can achieve for their target cells.7 Collectively, these results 

demonstrate that GFPnb-PMVs bind selectively to cells expressing GFP tagged 

transmembrane proteins.

Lastly, while the preservation of membrane protein orientation in membrane blebs has been 

frequently demonstrated in the literature,21,22 we used GFPnb PMVs to explicitly 

demonstrate this principle for the transmembrane targeting proteins developed in this work. 

Specifically, we transiently transfected separate populations of CHO cells with plasmids 

encoding recombinant proteins, one of which displays an extracellular GFP domain (Figure 

6E, top), while the other displays an intracellular GFP domain (Figure 6E, bottom). GPMVs 

were harvested from each population of transfected cells using the protocols described in the 

experimental section. Then the GPMVs were incubated with GFPnb PMVs. Line plots of the 

fluorescence intensity of the GPMV membranes showed that GFPnb PMVs bound to 

GPMVs displaying extracellular GFP. In contrast, no detectable binding was observed 

between GFPnb PMVs and GPMVs displaying intracellular GFP, indicating that a GFP 

domain expressed on the inner leaflet of the plasma membrane remains inaccessible on the 

surfaces of GPMVs. These results demonstrate that the process of harvesting GPMVs 

preserves the orientation of these model transmembrane proteins.

3. Conclusion

This work has demonstrated that plasma membrane vesicles (PMVs) can display a high 

density of multi-functional transmembrane targeting proteins, creating a versatile system for 

targeting cells on the basis of receptor expression. Specifically, we have extracted PMVs 

from donor cells expressing engineered transmembrane targeting proteins. These targeting 

proteins employ a modular architecture that combines fluorescence visualization with the 

display of a range of sterically accessible ligands including growth factors and nanobodies. 

PMVs displayed high densities of these targeting proteins, comparable to the density of 

antibodies conjugated to the surfaces of targeted synthetic liposomes.19 Quantitative flow 

cytometry-based studies demonstrated that cellular binding of PMVs was highly sensitive to 

the cellular level of receptor expression, with a selectivity of 50:1 over off-target cells, 

comparable to synthetic targeted particles.7 To our knowledge, this work represents the first 

example of extracellular vesicle targeting using multiple types of protein ligands for which 

the ligand density on the particle surface and the selectivity of cellular targeting have been 

quantified.

The unique ability of cells to manufacture sophisticated transmembrane proteins endows 

extracellular vesicles with some desirable features that are difficult to achieve using 
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chemically-conjugated synthetic particles. In particular, by taking advantage of the cellular 

biosynthesis and trafficking machineries, the engineered proteins can have multiple domains 

and functions without loss of homogeneity. Beyond the basic demonstrations in this work, 

multi-domain transmembrane targeting proteins could be engineered to further improve the 

sophistication and precision of cellular targeting by several mechanisms. For example, the 

affinity of ligands for their targets can be increased by serially repeating copies of the 

targeting domain connected by short disordered linkers. Here the affinity could be tuned by 

varying the number of copies and the lengths of linkers between them. Additionally, 

combining several distinct ligand domains could be used to target multiple receptors and cell 

types, helping to address challenging problems such as tumor cell heterogeneity.53 Beyond 

cell targeting, PMVs can be engineered to display transmembrane proteins that drive other 

cellular processes including cell signaling and membrane fusion. Ultimately, the ability of 

cell-derived particles to display a diverse range of transmembrane protein architectures will 

enable the development of multi-functional biomaterials for a broad range of biomedical 

applications.

4. Experimental Section

Chemical Reagents

DTT (dithiothreitol), PFA (paraformaldehyde), NaCl, CaCl2, HEPES (4-(2-hydroxyehtyl)-1-

piperazineethanesulfonic acid), imidazole, EDTA (ethylenediaminetetraacetic acid), sodium 

bicarbonate, TCEP-HCl solution (Tris(2-carboxyehtyl)phosphine hydrochloride) and ATTO 

594-NHS ester, were purchased from Sigma-Aldrich (St. Louis, MO). β -ME (β-

mercaptoethanol) was purchased from Fisher Scientific (Waltham, MA). Trypan blue was 

purchased from Life Technologies (Charlesbad, CA). Trypsin, penicillin, streptomycin, L-

glutamine, PBS (phosphate buffered saline), Ham’s F-12, Ham’s F-12 without phenol red, 

DMEM (Dulbecco’s modified Eagle medium) and DMEM without phenol red were 

purchased from GE Healthcare (South Logan, UT). FBS (fetal bovine serum) was purchased 

from both GE Healthcare and Life Technologies. Geneticin (G418) was purchased from 

Corning (Corning, NY). All chemical reagents were used without further purification.

Plasmid constructs

EGF (Tf-RΔEcto-eGFP AP180 EGF) and 7D12 (Tf-RΔEcto-eGFP AP180 7D12) DNA 

constructs. The cDNA of human EGF (BC093731), acquired from Mammalian Genome 

Collection, and the 7D12 plasmid (pET22b backbone), kindly provided by Dr. Kathryn M. 

Ferguson (University of Pennyslvania), were PCR amplified using primers containing MluI 

sites. PCR amplified products were restriction cloned into the Tf-RΔEcto-eGFP AP180 CTD 

plasmid, the construction of which we have previously described.28 GFP nanobody construct 

(Tf-RΔEcto-mRFP AP180 GFPnb). The Tf-RΔEcto-mRFP AP180 CTD plasmid was first 

constructed by excising eGFP from the Tf-RΔEcto-eGFP AP180 CTD plasmid above with 

BamH1 and SalI digestion and inserting the PCR amplified mRFP (Addgene plasmid 

#13032, pcDNA3 backbone), a generous gift from Dr. Douglas Golenbock (University of 

Massachusetts Medical School). The pOPINE GFP nanobody sequence, a gift from Brett 

Collins (Addgene plasmid #49172), was PCR amplified and restriction cloned into Tf-

RΔEcto-mRFP AP180 CTD using primers containing MluI sites. EGFR-mRFP construct. 
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The EGFR-mRFP plasmid was constructed by excising the GFP from the EGFR-GFP 

plasmid54 (Addgene #32751) kindly provided by Dr. Alexander Sorkin (University of 

Pittsburgh) with HindIII and NotI enzymes and inserting the PCR amplified mRFP above. 

Model transmembrane protein with extracellular eGFP construct (Tf-RΔEcto-eGFP EGF). 

The Tf-RΔEcto-GFP construct which we have described previously28 was modified without 

a stop codon. PCR ampliflied EGF was then inserted in frame with the modified Tf-RΔEcto-

GFP backbone by digestion with NotI enzymes. Model transmembrane protein with 

intracellular eGFP construct (EGFR-GFP). As described above, this plasmid (Addgene 

#32751) was a generous gift from Dr. Alexander Sorkin (University of Pittsburgh). All 

constructs were confirmed by DNA sequencing.

Tissue culture and cell transfection

CHO-K1 cells were purchased from American Type Culture Collection (ATCC). These cells 

were cultured in Ham’s F-12 nutrients mixture supplemented with 10% Fetal Bovine Serum 

(FBS), 1% penicillin, 1% streptomycin, 1% L-glutamine (PSLG). Wild type HeLa cells were 

also purchased from ATCC. MDA-MB-468 and MDA-MB-231 cells were a kind gift from 

Dr. Tim Yeh (UT Austin). MCF-7 cells were a kind gift from Dr. Amy Brock (UT Austin). 

These cells were cultured in DMEM high glucose supplemented with 10% FBS and 1% 

PSLG. All cells were incubated at 37 °C with 5% CO2 and passaged every 48 to 72 hours. 

For transfection, wild type HeLa or CHO cells were grown for 24 hours on acid-cleaned 22 

mm square glass coverslips (Fisherbrand) in 6 well plates (Corning) before being transfected 

with chimeric plasmids DNA using Fugene transfection reagent (Promega). For expression 

and binding studies, 1 µg of plasmid was used for transfection and the studies were 

conducted one day after transfection. For making stable expression cell lines, 2 µg of 

plasmid was used in the initial transfection.

Fluorescence Microscopy

A Zeiss Axio Observer Z1 Spinning Disc confocal microscope with Yokagawa CSU-X1M 

was used to image live cells and vesicles. Both fluorescent and brightfield images were 

collected using a Plan-Apochromat 100X, 1.4 NA oil immersion objective. Two laser 

wavelengths of 488 nm and 561 nm were used for excitation and three filters: 525 nm with a 

50 nm width, 629 nm with a 62 nm width and a triple pass dichroic mirror 405/488/561 nm 

were used for emission. For spinning disk confocal and brightfield imaging, cells were 

cultured on acid-cleaned 22 mm square coverslips (Fisherbrand) or 35 mm collagen coated 

glass bottom dishes (MatTek). All experiments were imaged on a cooled (−70 °C) EMCCD 

iXon3 897 camera (Andor Technology; Belfast, UK). Fluorescence and brightfield images 

have been optimized for brightness and contrast using imageJ software (NIH). A Zeiss Axio 

Observer Z1 microscope with conventional epi-fluorescence capabilities was used to screen 

fluorescence of cell colonies in selecting stable expression cell lines.

Flow Cytometry

An Accuri C6 Flow Cytometer (BD Biosciences) with 488 nm and 551 nm lasers was used 

for all flow cytometry assays. Two band-pass filters centered at 530 nm with a 30 nm width, 

and 610 nm with a 20 nm width were used to establish the detecting channels. All data was 

collected at a flow rate of 35 µL/min and the gate was drawn on the majority population on 
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the scatterplot. Once the appropriate gate was determined, the same gate was applied to all 

experiments of the same cell types. All flow cytometry data was analyzed using FlowJo 

software (Treestar).

Transmission Electron Microscopy

Three microliters of GFPnb PMVs were applied to glow-discharged 300 mesh carbon-coated 

copper grids (Electron Microscopy Science, Hatfield, PA). After PMVs had been allowed to 

be absorbed onto the grid for 1 minute, the grids were negatively stained with 2% uranyl 

acetate (Electron Microscopy Science, Hatfield, PA). Electron micrographs were recorded 

with a FEI Tecnai TEM (Technai, Hillsboro, OR).

Production of Stable Cell Lines

Wild type CHO-K1 cells were transfected with chimeric protein plasmids as described 

above. One day following transfection, cells were washed once with F-12 media before 

being cultured in the same media with an additional 0.4 mg/mL geneticin (Corning). Cell 

media was changed and fresh geneticin added every 48 hours until confluency. Cells were 

then transferred to a 100 mm tissue culture treated dish (Corning) and cultured in F-12 

media with geneticin. Once cells were confluent, they were plated onto a 96 well plate 

(Corning) at a density of 50 cells/well with geneticin free F-12 media. All 96 wells were 

screened for expression of fluorescent proteins 4 to 6 days after plating. Wells with the 

brightest cell colonies were selected and cells transferred into 6 well plates and subsequently 

100 mm dishes until confluency. Cell media was changed at least every 48 hours and fresh 

geneticin added at a concentration of 0.4 mg/mL. Expanded cells were once again plated 

onto fresh 96 well plates at a density of 1 cell/well. Fluorescence of cell colonies was 

screened 7–10 days following plating. Wells with a single cell colony and strong 

fluorescence were selected and expanded as a stable expression line of chimeric constructs. 

Following selection, cells were propagated in geneticin-free F-12 media. The fluorescence of 

the stable expression line was characterized using flow cytometry and compared to the 

fluorescence of the CHO wildtype cells. Both cells were resuspended in 50 µL of phosphate 

buffered saline for analysis.

Preparation of Cell-derived Vesicles and Purification

According to published protocols,37 giant plasma membrane vesicles (GPMVs) were 

derived from donor cell lines that stably expressed the targeting proteins. These donor cells 

were rinsed twice with GPMV buffer (10 mM HEPES, 2 mM CaCl2, 150 mM NaCl, pH 7.4) 

and once with active buffer (10 mM HEPES, 2 mM CaCl2, 150 mM NaCl, 25 mM PFA, 1 

mM DTT). The cells were then incubated in active buffer at 37 °C for 6 hours. Supernatants 

containing GPMVs were collected and concentrated by centrifugation at 17,000 × g for 30 

minutes at 4 °C. The GPMV pellet was then resuspended in 100 µL fresh DMEM phenol red 

free media. Notably, the concentration of fixative (PFA) used in the GPMV extraction 

procedure is 100 times lower than the concentration used for fixation reactions, such that 

very limited protein fixation is likely to occur, allowing most proteins to remain active. To 

test whether the GPMVs were free of contamination from the nuclei, both the donor cells 

after vesicles extraction and the resulting GPMVs were stained with Hoechst 33342 (Life 

Technologies) at a concentration of 6 µg/mL for 30 minutes prior to imaging. To determine 
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the average size of the GPMVs, the diameters of 100 GPMVs from 3 independent sample 

preparations were analyzed using images taken in the green fluorescent channel. To prepare 

vesicles for targeting assays, resuspended GPMVs were extruded to PMVs through 1.0 µm 

pore polycarbonate filters (VWR) with 11 passes. The efficiency of extrusion was measured 

using a Cytation 3 fluorimeter (BioTek). Fluorescence intensities with excitation of 485 nm 

and emission of 515 nm were collected before and after the extrusion process. The 

percentage of GPMVs surviving the extrusion process was then estimated by dividing the 

background subtracted fluorescence intensity after extrusion by the background subtracted 

fluorescence intensity before extrusion. The extruded vesicles were pelleted using a Sorvall 

MX150+ ultracentrifuge (Thermo Fisher Scientific) at 100,000g for 1 hour at 4°C and 

washed once with phenol red free DMEM media.

eGFP purification

The pRSET vector containing the non-dimerizable hexa-his-tagged eGFP (hisGFP A206K) 

was generously shared by Dr. Adam Arkin (University of California, Berkeley). Following 

published purification protocols,55,56 his-eGFP was expressed in BL21(DE3) pLysS cells 

overnight at 18 °C and purified from bacterial extracts by incubating with Ni-NTA agarose 

beads in 25 mM HEPES, pH 7.4, 150 mM NaCl, 1mM imidazole, and 1 mM β-ME. After 

extensive washing with 25 mM HEPES pH 7.4, 150–300 mM NaCl, 15mM imidazole and 1 

mM β-ME, proteins were eluted via gradient imidazole wash to a final concentration of 250 

mM. Eluted proteins were concentrated and dialyzed in 2 L 25 mM HEPES, pH 7.4, 150 

mM NaCl, 1mM EDTA and 1 mM β-ME at 4 °C overnight and again for 2 hours in fresh 

buffer at 4 °C.

Anti-EGFR antibody labeling

Anti-EGFR (Clone E225, Sigma Aldrich) was first buffer exchanged to 150 mM sodium 

bicarbonate, 140 mM NaCl, 1 mM TCEP, pH 8.2 using Centri-spin 20 size exclusion 

columns (Princeton Separations). The labeling reactions were performed using amine-

reactive, NHS-ester functionalized dyes ATTO 594 (ATTO-TEC). The dye was added to 

protein solution and the reactions proceeded at room temperature for 30 minutes. The 

amount of dye added was optimized to achieve a labeling ratio of approximately 1:1. The 

unconjugated dye was then removed using another Centri-spin 20 size exclusion column 

(Princeton Separations). The final antibody concentration was measured on a Nanodrop 

2000 spectrophotometer (Thermo Scientific) and the labeling ratio estimated according to 

the published formula by ATTO-TEC.

Quantification of targeting ligands on vesicles

Ensemble fluorescence measurements. All fluorescence intensity readings in this study were 

measured using a Cytation 3 fluorimeter (BioTek). Purified eGFP was serially diluted to 

generate a calibration curve of fluorescence intensity vs. protein concentration. eGFP 

concentrations were determined by measuring the absorbance at 280 nm using a Nanodrop 

2000 spectrophotometer (Thermo Scientific). The total number of GPMVs in a sample 

preparation as described above was estimated by counting the GPMVs on a hemacytometer 

under a 20x objective. Based on the estimated average diameter and the number of GPMVs, 

the total lipid surface area was calculated. The fluorescence of the GPMV samples were 
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measured and plotted against the calibration curve to calculate the molar concentration of 

eGFP in the GPMV sample. This concentration was converted to estimate the number of 

eGFP molecules and then divided by the total lipid surface area to yield an average number 

of eGFP molecules per 1 square micron on the vesicle surface. Since each targeting 

construct molecule contains only 1 eGFP molecule, the calculated number of eGPF 

molecules is equivalent to the number of targeting protein molecules. To determine the 

percent surface area coverage, each targeting protein was 2 assumed to have a 50 nm 

projected area on the membrane based on polymer theory. The average surface area of one 

GPMV was calculated based on the average diameter. A division between the area covered 

by the transmembrane targeting proteins on one GPMV and the total surface area of this 

GPMV yielded the percent surface area coverage. Quantitative imaging measurements. We 

divided the brightness of the GPMV membrane by the integrated28 total brightness of 

individual eGFP molecules. As described previously, the brightness of individual fluorescent 

molecules was determined by adding a dilute solution (~50 pM) of eGFP to an ultraclean 

coverslips hydrated with PBS followed by imaging the surface of the coverslips. The 

acquired images contained sparse fluorescent puncta having uniform intensities, which 

correspond to individual eGFP molecules. These puncta were selected and a 2D Gaussian 

function was fit to the background subtracted pixel intensity. This function was integrated to 

determine the brightness of individual eGFP molecules. Confocal images of GPMVs were 

then acquired using the same laser power and camera gain settings. The confocal slice where 

the GPMVs rested on the coverslip and formed a region of approximately uniform 

fluorescent intensity was selected. The average intensity of this region was calculated. The 

number of targeting proteins was estimated simply by dividing the background subtracted 

average intensity of the GPMV membrane by the integrated brightness of individual eGFP 

molecules.

Targeting Protein Expression and Function

Western blot analysis. GPMVs derived from one confluent 100 mm dish of wild type CHO 

cells as well as from one dish of CHO cells stably expressing the EGF targeting protein were 

collected separately and boiled at 100 °C for 10 minutes for western blotting. Protein 

extracts, separated by SDS-PAGE and transferred onto nitrocellulose membranes, were 

probed with antibodies against EGF (sc-166779, 1:200, Santa Cruz Biotechnology, Santa 

Cruz, CA). Antibody binding was detected with HRP conjugated goat anti-mouse IgG 

(sc-2005, 1:2000, Santa Cruz Biotechnology, Santa Cruz, CA) and visualized with 

SuperSignal west femto maximum sensitivity substrates (ThermoFisher Scientific). Live cell 

and vesicle antibody binding. To demonstrate protein expression on the cell surface and 

functional binding, CHO cells transiently expressing the EGF targeting protein were 

incubated with ATTO 594 labeled EGF antibody at a concentration of 220 nM. Fluorescence 

images were collected 20 minutes after antibody incubation. The same study was conducted 

on GPMVs derived from CHO cells transiently transfected with the same plasmid DNA. 

Soluble eGFP binding. CHO cells transiently expressing the GFPnb targeting protein were 

cultured for 24 hours before co-incubated with ~250 nM soluble eGFP for 20 minutes at 

37 °C. Cells were rinsed twice with PBS and then imaged. To test the expression and 

functionality of the GFPnb targeting protein, GPMVs collected from GFPnb stable 

expression cell lines were incubated with 1 µM purified eGFP. Images were taken after 20 
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minutes of incubation at 37 °C. Expression and binding correlation analysis. A line was 

drawn across the GPMVs bound to either ATTO 594 labeled antibody (EGF-PMVs) or 

soluble eGFP (GFPnb-PMVs) (Figure 1D and Figure 4C) and the fluorescence intensity 

profile of the line was plotted. The two points where the line intersected the membranes of 

GPMVs (green fluorescence for EGF-PMVs and red fluorescence for GFPnb-PMVs) had 

significantly higher intensities than the background. The intensity of GPMV was then 

determined by subtracting the background fluorescence from these two points respectively. 

Similarly, the intensities of the GPMV-bound antibody or eGFP were determined with the 

same line scan before the background fluorescence was subtracted. A total of 23 GPMVs 

were analyzed with two distinct points per GPMV. All images were taken under the same 

camera gain setting and the intensity was linearly converted onto the same scale based on 

exposure times before plotting.

Targeting Study

HeLa EGFR overexpression study. Wild type HeLa cells were transfected with mRFP 

tagged EGFR plasmid as described above. GPMVs were collected from 2 confluent 100 mm 

dishes of cells stably expressing the EGF targeting protein and were extruded to 1.0 µm. The 

extruded vesicles (PMVs) were diluted to a total volume of 700 µL with DMEM phenol red 

free media. The media was aspirated away from confluent HeLa cells and the PMVs were 

added to the well and coincubated with the cells for 4 hours at 37 °C. Cell samples were 

imaged on the spinning disc confocal microscope at the end of the incubation after being 

washed 3 times with PBS to remove unbound PMVs. Cells with a range of EGFR expression 

levels could be found in the same dish, as is the nature of transient overexpression. Cellular 

binding studies. A similar approach was used to demonstrate binding of i) EGF-PMVs to 3 

breast cancer cell lines, MDA-MB-468, MDA-MB-231, and MCF-7 and ii) the GFPnb-

PMVs to GFP expressing cells and wild type CHO cells. For imaging experiments, recipient 

cells were plated on a six well plate one day before the experiment. On the day of the study, 

total cell number in the well was determined by live cell counting on a hemocytometer with 

trypan blue stain. GPMVs were also counted before extrusion and the PMVs were 

coincubated with each of those three cell lines at a PMV to cell ratio of 1300. The PMV 

number was estimated using the measured diameter of GPMVs and efficiency of extrusion 

under the assumption that all the PMVs have a diameter of 1.0 µm. The coincubation 

condition and duration were the same as the HeLa EGFR overexpression study. To quantify 

the amount of binding, we prepared samples for flow cytometery analysis following the 

same protocol above. MDA-MB-468, MDA-MB-231, and MCF-7 cells were plated in a 96 

well plate (Corning) one day before the study at the following densities, 30,000, 15,000, and 

32,000 cells/well respectively. CHO cells stably expressing the model transmembrane 

protein with an extracellular eGFP domain (GFP positive cells) and CHO cells (GFP 

negative cells) were plated in the same well at 16,000 cells/well respectively and co-cultured 

for the competitive binding experiment. The plating densities were determined based on 

their growth rates so that the recipient cells would be confluent by the time of the study. The 

average cell yield per well of a 96 well plate was used to estimate the number of PMVs 

needed. GPMVs were extruded and co-incubated with breast cancer cells at a PMV to cell 

ratio of 1058 for 4 hours. An internal negative control sample was set up for every 

experiment. Instead of coincubating with targeted vesicles, negative controls cells were 
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incubated with 100 µL of DMEM phenol red free media without PMVs under the same 

condition. At the end of the incubation, cells were trypsinized and resuspended in 50 µL of 

PBS for flow cytometery analysis. In all flow cytometry analysis, each sample consisted of 

two wells of a 96 well plate with the same incubation conditions. EGFR expression 

measurements. To determine the relative EGFR expression levels of MDA-MB-468, MDA-

MB-231, and MCF-7, these cells were plated on 96 wells plates one day before the study 

with densities reported above. ATTO 594 labeled monoclonal EGFR antibody (Clone E225, 

Sigma Alridge) with a dye: antibody labeling ratio of 1.8:1 was incubated with all three cell 

lines at a final antibody concentration of 264 nM for 2 hours at 37 °C. At the end of the 

incubation, cell samples were prepared for flow cytometry analysis.

Transmembrane Protein Orientation Study

CHO wildtype cells were transfected with Tf-RΔEcto-eGFP EGF plasmid (extracellular 

eGFP, see plasmid constructs for details) and EGFR-GFP plasmid (intracellular eGFP, see 

plasmid constructs) respectively. The transfected cells were selected using geneticin 

(Corning) at a concentration of 0.4 mg/mL for two days after transfection. GPMVs were 

then extracted from these cells following the protocol described above and mixed with 50 µL 

of GFPnb PMVs produced from one confluent 100mm dish of cells with stable expression 

of GFPnb targeting proteins. Free GFPnb PMVs were removed by spinning at 17,000xg for 

20 minutes and resuspending the GPMV pellet in fresh buffer prior to imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multi-functional targeting proteins expressed by the donor cells can be harvested 
through the extraction of plasma membrane vesicles
A) Cartoon schematics showing the architecture of the targeting protein, consisting of the 

intracellular and transmembrane domain of transferrin receptor (Tf-R), an eGFP, a long 

stretch of intrinsically disordered amino acids (289 aa) and an EGF ligand domain. B) 
Confocal images of live CHO cells transiently expressing the EGF targeting protein (green) 

and incubated with red ATTO 594-labeled antibodies against EGF (red). The green 

fluorescent cell is an example of a cell expressing the targeting protein. The dotted line 

Zhao et al. Page 20

Small. Author manuscript; available in PMC 2017 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shows a cell with little or no expression, which clearly does not recruit the antibody. C) 
Cartoon schematics of extraction of giant plasma membrane vesicles (GPMV) (left) and a 

confocal image of a CHO cell stably expressing the targeting protein undergoing GPMV 

extraction (right). Membranes are in green to indicate the expression of the targeting protein 

throughout the donor cell. The arrowheads point to the growing GPMVs from this donor cell 

plasma membrane surface. The image is intentionally saturated to show GPMV formation. 

D) Donor cells after GPMV extraction (left and middle) have similar morphological 

appearance compared to healthy cells. Hoechst 33342 staining illustrated that the nuclei 

remained intact after the extraction process. All scale bars represent 10 µm.
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Figure 2. Vesicles extracted from the plasma membranes of donor cells display functional 
targeting proteins on their surfaces at a high density
A) Confocal images of GPMVs derived from CHO cells transiently expressing the EGF 

targeting protein (green) and incubated with red-labeled antibodies against EGF. Fluorescent 

GPMV displays the targeting protein while the brightfield image shows three other GPMVs 

that do not display the targeting protein, presumably because they came from cells with low 

expression levels. The GPMVs that do not display the targeting protein clearly did not 

recruit the antibody. Scale bar represents 10 µm. B) A calibration curve of GFP 
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fluorescence. A linear fit to the curve was used to calculate the GFP content of a solution of 

GPMVs based on the intensity of eGFP fluorescence of the solution. The measured average 

of GPMV brightness represents 5 independent trials normalized to 2×107 GPMVs and the 

error bars represent the standard deviation. 7D12 protein is an alternative targeting protein 

we developed using a single chain variable domain only antibody, otherwise known as a 

nanobody, against EGFR as the ligand. A detailed discussion on the 7D12 protein can be 

found after the dicussion of Figure 4. C) Confocal z-stack images of vesicles were taken and 

the frame where the vesicles settled on the glass coverslip and appeared as a solid circle of 

relatively uniform intensity was chosen for analysis. The average fluorescence intensity of 

the vesicle was determined from the intensity profile (shown in white). Scale bar represents 

10 µm. D) Copies of targeting proteins per square micrometer. The histogram shows the 

brightness distribution of 43 GPMVs. E) Transmission electron micrographs of plasma 

membrane vesicles showed that they have similar morphology to other liposomal particles.
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Figure 3. PMVs displaying targeting proteins bound to EGFR-expressing cells
A) Cartoon schematics of the targeting proteins. B) Confocal images of HeLa cells 

transiently overexpressing mRFP-tagged EGFR extensively recruited EGF-PMVs. C) Cells 

from the same culture dish, which had low levels of mRFP-tagged EGFR expression, 

recruited the PMVs to a much lesser extent. Both red and green fluorescent images from B 

and C are under identical brightness and contrast setting. The brightfield image was overlaid 

to show the cell.. D) Dosage response curve for EGF-PMVs binding to MDA-MB-468 cells, 

a cell line with high endogenous EGFR expression. Each point is the average of 3 
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independent trials and the error bars show the standard deviation. At low PMV to cell ratios 

the peak shifts were small and variable owing to variations in the cellular autofluorescence. 

However as the PMV to cell ratio increased, a clear correlation with increasing peak shift 

was observed. Example histograms from flow cytometry analysis showing the shift in GFP-

channel fluorescence upon exposure of the cells to PMVs. From top to bottom, the 

histograms correspond to 100 PMVs per cell, 600 PMVs per cell and 1300 PMVs per cell 

respectively. The p values are derived from a one-tailed unpaired t-test on the mean 

fluorescence values with (+ vesicle) and without vesicles (− vesicle). All scale bars, 10 µm.
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Figure 4. PMV binding to cells is correlated with cellular expression of EGFR
A) Breast cancer cell lines with increasing EGFR expression level recruit increasing 

densities of EGF-PMVs. The green fluorescent images are maximum intensity Z projects. B) 
Example histograms from flow cytometry analysis showing an increase in the GFP-channel 

fluorescence upon exposure of cells to EGF and 7D12-PMVs. Breast cancer cells were 

incubated with PMVs at a concentration of 1300 PMVs per cell. The p values are derived 

from a one-tailed unpaired t-test on the mean fluorescence values with (+ vesicle) and 

without vesicles (− vesicle). C) Mean fluorescence analysis quantified using flow cytometry, 

showing PMV binding vs. EGFR expression level. The relative EGFR expression level of 

these cancer cells was also quantified using flow cytometry (Figure S10). The error bars 

represent the standard deviation of 3 independent measurements. All scale bars, 10 µm.
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Figure 5. Targeted PMVs provide a general strategy for specific binding to any cell-surface 
protein, including GFP-labeled receptors
A) Cartoon schematics showing the GFPnb targeting protein binding to soluble eGFP. Here 

the ligand, GFPnb, is a nanobody against GFP. B) Confocal images of CHO wild type cells 

transiently expressing the GFPnb targeting protein. The single bright cell in the mRFP 

fluorescent channel is the only cell in this field of view that expresses the GFPnb targeting 

protein (compare brightfield and mRFP fluorescent images). As expected, only this cell 

recruits soluble eGFP from solution, demonstrating specific binding. C) Confocal images of 
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a GPMV derived from CHO cells stably expressing the GFPnb targeting protein (red). 

Incubation of GPMVs with soluble eGFP shows binding. D) Display of the GFPnb targeting 

protein is correlated with recruitment of soluble eGFP based on fluorescence intensity 

analysis. A total of 39 GPMVs were analyzed, using two measurements per GPMV on 

opposite edges. All scale bars, 10 µm.
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Figure 6. GFPnb-PMVs bind to eGFP expressing cells with high specificity
A) Cartoon schematics showing competitive binding assay. Only cells that express GFP-

tagged receptors on their surfaces are expected to recruit GFPnb-PMVs. B) The specificity 

GFPnb-PMV binding to cells was evaluated by co-culturing GFP negative and GFP positive 

cells in a 1:1 ratio (brightfield, green) and then exposing them simultaneously (in the same 

culture dish) to GFPnb-PMVs (red). GFP positive cells recruited GFPnb-PMVs in 

substantially greater quantities. The red fluorescent image is a maximum intensity Z 

projection. C) Flow cytometry analysis of GFPnb-PMV binding to the co-cultured cells. 
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Top: The green fluorescence signals of GFP positive and negative cells were used to set 

separate gates to distinguish these two co-cultured populations of cells. Bottom: The overlay 

of recipient cell fluorescence with (red) and without (blue) GFPnb-PMVs. Only the GFP 

positive cells (right) have a clearly detectable fluorescence shift upon PMV binding. D) 
Mean fluorescence increase owing to GFPnb-PMV binding. E) GFPnb PMVs were used to 

demonstrate the preservation of transmembrane protein topology. GPMVs extracted from 

CHO cells transiently express transmembrane receptors with an extracellular GFP recruited 

GFPnb PMVs (top) while those from CHO cells transiently express EGFR with an 

intracellular GFP did not (bottom). The line scans show the intensity of mRFP signal from 

GFPnb PMVs. These images were taken under same camera setting and displayed using 

identical brightness and contrast for direct comparison. All scale bars, 10 µm.
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