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ABSTRACT

Nanoscale drug delivery systems for cancer treatment have demonstrated promising results in 

enhancing the selectivity of therapeutic agents while reducing their toxic side effects.  However, 

several biological and physical barriers, such as the immunogenicity and undesirable 

biodistributions of such delivery systems, have hindered their fast translation.  To address these 

issues, we have developed an exosome-dendrimer hybrid nanoparticle (NP) platform to combine 

the advantageous biological properties of natural exosomes and synthetic dendrimers into a 

single NP system.  The novel hybrid NPs, consisting of exosomes derived from MCF7 cells and 

functionalized poly(amidoamine) (PAMAM) dendrimers, were prepared using sonication and 

characterized in terms of loading efficiency, size, cytotoxicity, and cellular interactions.  Our 

results indicate that the loading of dendrimers into exosomes is dependent on dendrimer size and 

charge.  The hybrid NPs inherited the size (~150 nm), surface charge (-10 mV), and surface 

protein markers (CD81, CD63) of exosomes.  Importantly, the hybrid NPs enhanced cellular 

internalization of amine-terminated PAMAM dendrimers (p < 0.05), while exhibiting 

substantially lower cytotoxicity than the free positively charged dendrimers (113.3% vs. 35.6% 

of cell viability at 500 nM, p < 0.05).  These advantageous properties of hybrid NPs were 

leveraged for use as a gene delivery vehicle, resulting in enhanced oligonucleotide delivery (over 

2-fold) to cancer cells, compared to dendrimers alone.  Furthermore, hybrid NPs effectively 

delivered small interfering RNA (siRNA) as well, downregulating programmed death-ligand 1 

(PD-L1) expression significantly more (3.8-fold) than dendrimers alone (p < 0.05).  Our results 

demonstrate that the individual characteristics of both exosomes and dendrimers can be 

integrated to generate a multifaceted NP platform, proposing a novel NP design strategy.
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INTRODUCTION 

Gene therapy allowing precise genetic manipulations, either for promotion or downregulation of 

target proteins, has long been considered a promising anticancer treatment option.1–4  However, 

currently available anticancer gene therapeutic agents, such as plasmid DNA and RNA 

interference (RNAi), are afflicted with undesirable biodistribution properties, such as short half-

life, degradation by nucleases, and inability to penetrate cells.  These issues could be potentially 

addressed by employing a delivery vehicle that would allow the therapeutic agents to reach the 

target site in a viable form.5,6  A myriad of nanoparticle (NP) delivery vehicles, including viral 

vectors, liposomes, and polymers, have been extensively studied to improve the stability and 

efficacy of these therapeutics.  However, clinical translation of gene therapy has been 

disappointingly slow, primarily due to the fact that high gene therapy efficiency can be typically 

achieved at the cost of increased toxicity. 

Poly(amidoamine) (PAMAM) dendrimers have been used to deliver genetic molecules 

for the treatment of various diseases.7  These sub-10 nm hyperbranched hydrophilic polymers are 

characterized by well-defined nanoscale structures and pronounced surface group effects.  The 

size and surface properties can be leveraged to enhance tumor penetration properties as well as 

support multivalent ligand binding at high density.8–13  Similar to other cationic gene carriers, 

however, PAMAM dendrimers suffer from undesirable cytotoxicity and non-specificity due to 

electrostatic interactions with cell membranes.14,15  Attempts to reduce cytotoxicity using partial 

acetylation and PEGylation strategies have resulted in diminished transfection efficiency.16  

Additionally, the small size of PAMAM dendrimers makes them subject to rapid renal 

elimination from circulation.  To reduce the cytotoxicity, facilitate cell entry, and avoid the short 
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plasma circulation time of cationic PAMAM dendrimers, we have focused on designing novel 

gene delivery platforms through hybridization.

Our research group previously developed a hybrid NP design strategy to minimize the 

shortcomings of a single modality NP by combining two individual NPs such that the 

advantageous characteristics of both NPs are integrated into one system while negating their 

individual drawbacks.17–20  One of the multi-scale hybrid NP systems was prepared by 

encapsulating PAMAM dendrimers into larger poly(ethylene glycol)-b-poly(lactide) (PEG-PLA) 

NPs.19  Upon encapsulation, we showed that the hybrid NPs (approximately 100 nm in diameter) 

significantly improved biological behaviors of dendrimers, i.e., increased tumor accumulation 

via the enhanced permeability and retention (EPR) effect and prolonged plasma circulation.20

In parallel, similar approaches have been explored by others through hybridizing 

polymeric NPs with naturally occurring cell membranes such as platelets,21 RBCs,22 

leukocytes,23 MSCs,24 and cancer cells.25  Nanoscale extracellular vesicles, including exosomes, 

are also being explored as drug delivery systems.26  Exosomes are secreted by cells and are 

known for their important role in communication among neighboring and distant cells.27  

Exosomes are implicated in several biological functions such as T-cell stimulation, antigen 

presentation, and tissue repair, by eliciting their responses through direct cell surface receptor 

binding or by transferring proteins and RNAs.27–29  Being a natural messenger of information, the 

therapeutic potential of exosomes has been exploited both in their innate state (tissue 

regeneration,30 immune modulation31) and as a delivery vehicle for small interfering RNA 

(siRNA),32,33 microRNA (miRNA),34 curcumin,35 and doxorubicin.36  Importantly, these 

naturally-occurring extracellular vesicles improved biocompatibility when compared to synthetic 

materials such as PAMAM dendrimers and PEG-PLA polymers. 
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In this paper, we have created a novel hybrid NP system to combine the advantageous 

biological properties of exosomes with the gene delivery potential of PAMAM dendrimers.  By 

encapsulating dendrimers into exosomes, we anticipated the cellular interactions of hybrid NPs 

will primarily be driven by the exosomal lipid membrane and associated proteins, which would 

also efficiently mask the cytotoxic, electrostatic interactions of dendrimers with cells.  We 

assessed the following three hypotheses in this study: i) positively charged dendrimers are 

efficiently hybridized with exosomes through electrostatic interactions; ii) exosomes reduce 

cytotoxicity of PAMAM dendrimers by masking the surface exposure of their primary amine 

groups; and iii) exosomes facilitate cell entry of dendrimers by multiple mechanisms of cellular 

uptake.  In confirming these hypotheses, we demonstrate the potential for exosome-dendrimer 

hybrid NPs in gene delivery applications.
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RESULTS 

Characterization of Exosomes and Modified Dendrimers

Exosomes were isolated using a differential centrifugation method from cell culture media of 

either human mesenchymal stem cells (MSC) or a breast cancer cell line (MCF7).  The isolated 

exosomes were characterized in terms of size, morphology, membrane potential, and protein 

markers using transmission electron microscopy (TEM), atomic force microscopy (AFM), 

nanoparticle tracking analysis (NTA), Zetasizer, and Western Blot analysis (Figure S1).  

Exosomes derived from MSC and MCF7 cell lines were respectively 139 nm and 156 nm in 

diameter while having the characteristic negative membrane zeta potential (-10.3 mV for MSC 

exosomes and -11.1 mV for MCF7 exosomes).  Western blotting also revealed the presence of 

exosome protein markers, such as CD9, CD81, HSP70, and CD63, in both exosomes.37  All these 

results confirmed that exosomes were successfully isolated from both MSC and MCF7 cultures.

PAMAM dendrimers of generation 2 (G2, 2.9 nm in theoretical diameter), G4 (4.5 nm), 

and G7 (8.1 nm) were labeled with rhodamine and modified to have either amine (positively 

charged, -NH2), acetyl (neutrally charged, -Ac) or carboxyl (negatively charged, -COOH) 

surface groups using our previously published protocols.11,38  The reaction scheme for the surface 

group modifications and the characteristic 1H NMR spectra of modified dendrimers are shown in 

the supplementary material (Scheme S1 and Figures S2, S3, and S4). 

Loading Efficiency of Dendrimers into Exosomes

To systematically investigate the effect of dendrimer and exosome properties on hybrid NP 

formulation, we prepared a total of 18 configurations of hybrid NPs by varying the source of the 
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exosomes, along with dendrimer size and surface charge.  Exosomes and dendrimers were 

hybridized via sonication (Scheme 1), a method commonly used to load drugs into exosomes 

without damaging the vesicle structure and surface proteins.39–41  Throughout this paper, the term 

loading capacity was used to indicate the exosome properties, whereas loading efficiency was 

defined by the amount of dendrimers loaded into exosomes equivalent to 100 µg of exosomal 

proteins.

Scheme 1. Exosome hybridization with G2, G4, and G7 PAMAM dendrimers with either 

positively charged (NH2), neutrally charged (Ac), or negatively charged (COOH) surface 

termini.

Loading efficiencies of the prepared dendrimers with various sizes and surface charges 

into exosomes are demonstrated in Figure 1A. Overall, both MCF7- and MSC-derived exosomes 

did not display any significant differences in terms of their loading capacity. However, 

significant differences in loading efficiency were observed depending on the size and surface 

charge of PAMAM dendrimers. The % loading of G7-NH2, G7-Ac, and G7-COOH with MCF7 

exosomes were measured to be 6.33 ± 1.99%, 0.69 ± 0.26%, and 0.20 ± 0.16%, respectively.  

This result clearly indicates that amine-terminated dendrimers could exhibit an order of 

magnitude greater loading into exosomes than acetylated or carboxylated dendrimers.  Moreover, 

the quantity of cationic dendrimers hybridized with exosomes increased as dendrimer generation 

(size and terminal groups) increased from G2 to G7, given that the % loading of G2-NH2, G4-
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NH2, and G7-NH2 with MCF7 exosomes was found to be 0.51 ± 0.36%, 1.70 ± 0.16%, and 6.33 

± 1.99%, respectively.  Such size-dependent increase, however, was not observed from either 

acetyl- or carboxyl-terminated dendrimers.  These results demonstrate hybridization efficiency, 

or loading, is largely dependent on the physical properties of dendrimers, yet is independent of 

the source of exosomes.  The hybrid NPs obtained from the positively charged G7-NH2 and 

MCF7 exosomes exhibited the most efficient loading at approximately 6.3%.

The fact that the highest loading efficiency was observed from G7-NH2 among the 

dendrimers tested indicates the hybridization process is likely dependent on electrostatic 

interactions between exosomes and dendrimers.  To exclude any potential role played by 

exosomal proteins on the hybridization efficiency, we employed liposomes consisting of either 

net negative surface charge (anionic liposomes) or net positive surface charge (cationic 

liposomes), as a simplified model of exosomes.  The lipid compositions and the measured zeta 

potential values of both liposomes are summarized in the supplementary material (Table S1).  

The loading efficiencies of various dendrimers into liposomes were then measured, as shown in 

Figure 1B.  As expected, anionic liposomes with a zeta potential of -17.3 mV, which are similar 

to exosomes in terms of surface charge, showed the highest loading capacity with G7-NH2 (3.73 

± 0.84 %).  In contrast, the cationic liposomes (28.6 mV in zeta potential) exhibited the most 

efficient loading of G7-COOH (8.04 ± 1.33 %).  These results confirm the primary driving force 

for hybridization between exosomes and dendrimers is charge-based interactions. 
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10

 

Figure 1. Loading efficiencies of various dendrimers into A) exosomes and B) liposomes.  G7-

NH2 exhibits the maximum loading with the negatively charged exosomes at approximately 6.33 

± 1.99%, indicating that the loading efficiency is proportional to the size of dendrimers when 
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they are positively charged.  Similar results obtained using cationic and anionic liposomes 

confirms the dependency of loading efficiency on electrostatic interaction.

Characterization of Hybrid NPs

Next, the hybrid NPs (MCF7/G4-NH2, MCF7/G4-Ac, MCF7/G7-NH2, and MCF7/G7-Ac) were 

characterized in terms of their morphology, size, and exosomal protein markers (Figure 2).  The 

size and morphology of the hybrid NPs were measured and compared to each of the dendrimers 

and exosomes using AFM (Figure 2A). The hybrid NP system showed similar morphology to 

exosomes without any apparent aggregation.  Whereas dendrimers and naïve exosomes presented 

uniform morphologies validating the original dendrimer size, and pure exosomes, respectively.  

These studies are supported by TEM and NTA analysis. Hybridization of MCF7 exosomes (148 

nm in diameter) with all dendrimers, including G4-NH2 (8 nm), G4-Ac (8 nm), G7-NH2 (20 nm), 

and G7-Ac (20 nm), did not result in a noticeable increase in size, generating hybrid NPs with 

approximately 150 nm in diameter, as measured using NTA (Figure 2C). The morphology of the 

hybrid NPs observed using TEM were consistent to that of free exosomes, and was not altered by 

dendrimer size and surface charge (Figure 2B). Furthermore, immunogold labeling of CD63 on 

hybrid NPs revealed vesicles formed with exosomal membranes in the correct orientation with 

membrane proteins on the external surface. Additionally, the western blot analysis for protein 

markers CD63 and CD81 confirmed hybrid NPs retained the membrane proteins of the exosome 
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after hybridization (Figure 2D). These results collectively indicate the hybrid NPs inherit the 

morphology, size, and membrane proteins of exosomes.  

Figure 2. Physicochemical characterization of various nanoparticles used in this study. A.  AFM 

images show that hybrid NP shape and diameters are similar to blank MCF7 exosomes, whereas 

the free dendrimers are signifcantly smaller.  Scale bar: 200 nm.  B.  TEM confirms hybrid NP 

morphology and size.  TEM immunogold staining to CD63 (gold nanoparticle-conjugated CD63 

antibodies bound to CD63 proteins of exosomal membranes as shown in figure insets) also 

shows that the hybrid NPs retain the surface protein on the exosomal membranes.  Scale bar: 50 

nm.  C. NTA analysis of the hybrid NPs provides additional confirmation of size. D.  Western 
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blotting confirms the presence of exosome-enriched protein markers CD63 (26 kDa) and CD81 

(25 kDa) in hybrid NPs.

Cytotoxicity of Hybrid NPs

Hybrid NPs inherit the membrane properties of the exosome including the surface charge 

(Figure 3A, B).  The hybridization of MCF7 exosomes (-10 mV) with G4-NH2 (7.54 mV) and 

G4-Ac (-1.85 mV) dendrimers generated hybrid NPs MCF7/G4-NH2 and MCF7/G4-Ac, 

respectively, with -10 mV zeta potential.  Similarly, hybridizing MCF7 exosomes with G7-NH2 

(57.3 mV) or G7-Ac (1.44 mV) generated MCF7/G7-NH2 and MCF7/G7-Ac hybrid NPs, 

respectively, with -10 mV zeta potential. These results suggested the primary amines were 

masked in the hybrid NPs.  We next examined the cytotoxicity of amine-terminated dendrimers 

by measuring the viability of MCF7 and MDA-MB-231 cells after 24 h treatment with G7-NH2 

and MCF7/G7-NH2 (Figure 3C, D).  Hybridization of G7-NH2 with MCF7 exosomes markedly 

improved the cell viability of MCF7 (79.6 ± 14.1% vs. 44.7 ± 6.3% at 500 nM, p < 0.05) and 

MDA-MB-231 cells (113.3 ± 17.28% vs. 35.6 ± 4.1% at 500 nM, p < 0.05) compared to 

dendrimer alone.  Branched poly(ethyleneimine) (bPEI), a cationic vector commonly used for 

gene delivery, was used as a positive control with cytotoxicity statistically equivalent to G7-NH2.  

We concluded that hybridization effectively counters the cytotoxic characteristics of the amine-

terminated dendrimers by masking the surface charges, supporting hypothesis ii.  
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A B

C D

Figure 3. Hybrid NPs exhibit reduced cytotoxicity compared to G7-NH2 A.  The net charge of 

hybrid NPs containing G4-NH2 or G4-Ac resembles the net charge of exosomes alone rather than 

either dendrimer. B.  The net charge of hybrid NPs containing G7-NH2 or G7-Ac was similarly 

equal to that of exosomes. C.  Concentration dependence of MCF7 cytotoxicity. bPEI 25 KDa 

(), G7-NH2 (), MCF7/G7-NH2 (). B.  Concentration dependence of MDA-MB-231 cells. 

Both conditions were quantified by CCK-8 assay after 24 h treatment. **p < 0.05.

Cellular Interaction of Hybrid NPs

We then investigated cellular interactions of PAMAM dendrimers, exosomes, and hybrid 

NPs upon incubation with two breast cancer cell lines, MCF7 (Figure 4A and 4B) and MDA-

MB-231, using confocal microscopy (Figure 4C and 4D).  Rhodamine-conjugated G7-NH2 and 
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G7-Ac dendrimers were prepared, followed by hybrid NP formulations using MCF7 exosomes 

(MCF7/G7-NH2 and MCF7/G7-Ac) .  Based on our previous observations, G7-NH2 dendrimers 

are readily taken up by cells.11,38  The corresponding hybrid NPs resulted in significantly higher 

cellular uptake in both cell lines (p < 0.05).  Interestingly, acetylated dendrimers, which exhibit 

minimal cellular interactions on their own, were also internalized when formulated as exosome-

dendrimer hybrid NPs.  Furthermore, differences in loading efficiency of G7-NH2 (6.33%) and 

G7-Ac (0.69%) into hybrid NPs translated to the variances observed in cell uptake, as hybrid 

NPs with higher loading efficiency (MCF7/G7-NH2) exhibited enhanced cell binding in a 6-hour 

incubation.  The internalization of the dendrimers and hybrid NPs by MDA-MB-231 cells was 

also validated by acquiring z-stack images of the cells (Figure S5B). Moreover, the hybrid NPs 

appeared to remain intact for up to 48 h as seen by the colocalization of the dendrimer and 

exosome signals in the microscopy of MDA-MB-231 cells (Figure S6).  Thus, we could 

conclude that the promoted cellular uptake of dendrimers was primarily due to the exosomal 

membranes. 

In cancer pathology, exosomes have been implicated in the formation of the premetastatic 

niche, cancer progression, tumor growth, metastasis and drug resistance.28,29,42  Exosomes in 

cancer not only communicate with neighboring cancer cells to transfer oncogenic signals and 

promote epithelial-mesenchymal transition (EMT) but also with the endothelial cells and 

immune cells in the stroma to promote pro-angiogenic, pro-metastatic and immune suppressive 

tumor microenvironment.43  The role of exosomes in intracellular communication led us to 

determine if exosomes derived from cancer cells have specificity towards the parent cell line 

over other cancer cell lines.  To test the specificity, hybrid NPs and empty exosomes were 

incubated with either MCF7 (parent cells, breast cancer cell line), MDA-MB-231 (metastatic 
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breast cancer cell line), or MiaPaCa2 (renal cancer cell line).  Hybrid NPs were non-specifically 

taken up by all cell lines similar to naïve cancer exosomes (Figure S7). Consequently, exosome 

uptake was not specific to the parent cell line and was taken up by all cancer cells tested.  

Although hybrid NPs did not demonstrate specificity to parent cell lines, when compared to 

dendrimer-encapsulating liposomes, hybrid NPs exhibited enhanced cell uptake, indicating the 

enhanced cell binding by the exosomal membrane (Figure S8).

A B

C D

Figure 4. Cell uptake of dendrimers and hybrid NPs.  The confocal laser scanning microscopy 

images of cell interaction of rhodamine-labeled dendrimers (G7-NH2 and G7-Ac) and hybrid NP 
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(MCF7/G7-NH2 and MCF7/G7-Ac) with MCF7 (A) and MDA-MB-231 (C) cells after 6 hours 

of treatment show greater cellular uptake in comparison to dendrimers alone.  The cell uptake of 

the dendrimers by MCF7 (B) and MDA-MB-231 cells (D) was also quantified by their 

fluorescence intensity using ImageJ.  Hybridization with exosomes enhances the cellular uptake 

of dendrimers in both cell lines.  Scale bar: 20 µm, **p < 0.05, nsp value not significant.

Cell Uptake Mechanism of Hybrid NPs

Exosomes enter the cell via multiple uptake mechanisms including protein receptor-mediated 

endocytosis,44,45 membrane fusion,46 clathrin-mediated endocytosis, macropinocytosis, and lipid-

raft mediated endocytosis.47  The uptake of cancer exosomes has also shown to be dependent on 

cell surface heparin sulfate proteoglycan (HSPG).48  In contrast, cationic PAMAM dendrimers 

interact with cellular membranes primarily through electrostatic interaction and, to a smaller 

extent, through clathrin-mediated endocytosis.49,50  The cell uptake mechanisms and their 

corresponding inhibitors are illustrated in Figure 5A.  MDA-MB-231 cells were treated with 

uptake inhibitors prior to treatment with hybrid NPs for 4 hours followed by imaging with 

fluorescence microscopy (Figure 5B).  Cellular uptake of G7-NH2 was inhibited by quenching 

the surface amine charges with negatively charged polysaccharides heparin and chondroitin 

sulfate.  It was also inhibited by clathrin protein inhibitor, chlorpromazine, and by inhibiting 

ATP by subjecting the cells to 4°C.  The uptake of MCF7 exosomes was inhibited by heparin, an 

inhibitor of HSPG, or by proteinase K-mediated digesting of the surface proteins necessary for 

receptor-mediated endocytosis.  Blocking the additional pathways of exosome uptake by 

cytochalasin D, MBCD, chlorpromazine, and treatment at 4˚C also led to decreased 
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internalization of exosomes.  Consistent with our third hypothesis, the internalization of hybrid 

nanoparticles was reduced by the same inhibitors that blocked the uptake of naïve exosomes: 

heparin, 4°C, proteinase K, and Cytochalasin D (Figure 5C).  These results showed that the 

cellular uptake of hybrid NPs was driven by exosomal membrane interaction, rather than by 

electrostatic mechanisms that drive the uptake of cationic dendrimers.
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Figure 5. Cell uptake mechanisms of hybrid NPs. A.  Illustration of various uptake mechanisms 

and corresponding inhibitors of exosomes and cationic dendrimers. B.  Confocal laser scanning 

microscopy images of cell interaction of rhodamine-labeled dendrimers (G7-NH2 and G7-Ac), 

DiO-labeled Hybrid NPs (MCF7/G7-NH2 and MCF7/G7-Ac), and DiO-labeled MCF7 exosomes 

with MDA-MB-231 cells after 4 hours of treatment in presence of various cell uptake inhibitors. 

Scale bar: 50 µm C.  Table summarizing the inhibitors affecting cell uptake of tested NPs.  The 

cell uptake of the hybrid NPs is inhibited by heparin, proteinase K, cytochalasin D, and low-

temperature treatment whereas chondroitin sulfate treatment did not affect the cell uptake 

process, similar to that of exosomes.

Gene Delivery Potential of Hybrid NPs

A Cy5-labeled oligonucleotide was used to explore the gene delivery potential of hybrid NPs.  

The labeled oligonucleotide was complexed with G7-NH2 dendrimers at a nitrogen-to-phosphate 

ratio (N/P) of 20 before hybridizing with the exosomes, leading to a 65% loading efficiency.  

Hybrid NPs had a 5.3-fold increase in loading efficiency, as compared to exosomes alone 

(Figure S9).  An N/P ratio of 10 led to a decreased loading efficiency of 30%, as the number of 

cationic groups post-gene complexation was reduced. We therefore fixed the N/P ratio at 20 for 

all subsequent experiments in this study.   The hybridization of exosomes with G7-NH2 also 

contributed to the improved loading of genetic material into exosomes.  Compared to dendrimers 

and exosomes alone, hybrid NPs showed a 2-fold increase in oligonucleotide accumulation in 

cells as seen by the increased fluorescence intensity (Figure 6).  
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Figure 6. Enhanced gene delivery with hybrid NPs. A. Cy5-labeled oligonucleotide using G7-

NH2 PAMAM dendrimer, MCF7/G7-NH2 hybrid NP at N/P ratio 20 or MCF7 exosomes as a 

gene delivery vehicle in MDA-MB-231 cells after 6 hours of treatment, visualized with laser 

scanning confocal microscopy. B. Quantified fluorescent signal suggested a 2-fold higher 

oligonucleotide delivery capacity by hybrid NPs compared to PAMAM dendrimers or exosomes 

alone. Scale bar: 20 µm, **p < 0.05.

Next, we tested the transfection potential of the hybrid NPs with siRNA targeting programmed 

death-ligand 1 (PD-L1).  PD-L1, an immune checkpoint inhibitor protein that interacts with 

programmed cell death protein 1 (PD-1) on immune cells, is frequently overexpressed by 

aggressive cancer cells and is associated with immune cell evasion for tumor leading to poor 

prognosis.51  PD-L1 inhibitors, primarily monoclonal antibodies, block the detrimental PD-1/PD-

L1 interaction and promote immune attack against cancer cells.  As a gene therapy approach, 

Page 21 of 42

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22

siRNA reduces the expression of PD-L1 in cancer cells, thereby decreasing the PD-L1-mediated 

immune evasion.  Following interferon gamma (IFN-γ) treatment to induce the overexpression of 

PD-L1,52 MDA-MB-231 cells were incubated with a 10 nM dose of PD-L1 siRNA delivered 

either with dendrimers, exosomes (N/P = 20), or hybrid nanoparticles.  As shown in Figure 7, 

the delivery of PD-L1 siRNA with MCF7/G7-NH2 NPs reduced the PD-L1 protein expression at 

the largest degree (by 59.2%) among the groups (p < 0.05), while G7-NH2 dendrimer reduced 

expression by 15.6% only. The significant differences in transfection efficiency indicate that the 

hybrid NPs are less prone to the formation of protein corona that inhibits cellular update of gene-

complexed NPs than free dendrimers.53 As a result of the anionic exosomes offering limited 

interactions with serum proteins, exosomes alone also outcompeted dendrimers, exhibiting a 

27.6% reduction in PD-L1 expression (p < 0.05).

Figure 7: Hybrid NPs downregulate PD-L1 expression by delivering PD-L1 siRNA. A. PD-L1 

siRNA (10 nM) was complexed with G7-NH2 PAMAM dendrimer, MCF7 exosomes or 

MCF7/G7-NH2 hybrid NP at N/P ratio 20 and incubated with MDA-MB-231 cells for 6 hours of 

treatment. B. Quantified fluorescent signal suggested a 3.8-fold reduction in PD-L1 protein 
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expression by hybrid NPs compared to dendrimers alone. Scale bar: 50 µm, **p < 0.05, nsp value 

not significant.

DISCUSSION

In this study, we have demonstrated that cell entry and gene delivery by PAMAM dendrimers are 

greatly improved by hybridization with exosomes.  We posed three hypotheses to assess the 

hybrid NPs concerning their cellular interaction and cytotoxicity.  The first hypothesis addressed 

the mechanism of hybridization.  Previous studies with cationic PAMAM dendrimers have 

demonstrated that their interactions with supported lipid bilayers and cell membranes are largely 

dependent upon the size and degree of the positive charge of the dendrimers.15,54  Herein, we 

measured the hybridization efficiency of dendrimers with different surface charges and sizes 

with exosomes and liposomes comprised of well-defined lipid mixtures.  Both exosomes and 

negatively charged liposomes hybridized most efficiently with dendrimers with positive surface 

charge.  Larger-generation dendrimers with greater numbers of charged surface groups also 

hybridized more efficiently than smaller dendrimers with fewer surface charges.  Thus, we 

concluded that the hybridization process was driven mainly by the electrostatic interaction 

between the terminal amines of the dendrimers and the negatively charged lipids of the bilayer, 

proving our hypothesis that the higher generation positively charged dendrimer would most 

efficiently hybridize with the exosomes. 

The hybridization process did not adversely alter the exosomes’ biological properties, 

such as membrane protein composition or vesicle morphology.  The preservation of these 

features in the hybrid NP provides the biocompatibility and targetability that PAMAM 
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dendrimers lack.  Our second hypothesis was that hybridization would mitigate cytotoxicity 

associated with the cationic PAMAM dendrimers.  Despite their many advantages in drug and 

gene delivery, PAMAM dendrimers and similar cationic polymers cause membrane 

destabilization and cellular necrosis at high doses.55   We theorized that hybrid NPs would 

effectively mask the primary amine groups on G7-NH2, avoid detrimental interactions with the 

cell membrane, and ultimately reduce cytotoxicity compared to the dendrimers alone.  The 

hybridization of dendrimers with exosomes indeed quenched the positive surface zeta potential 

and resulted in the characteristic negative zeta potential of the exosomes.  Subsequent in vitro 

assays confirmed that cytotoxicity was effectively reduced in the hybrid NPs compared to 

dendrimers alone, indicating that our second hypothesis is valid.  

 The cellular interactions of PAMAM dendrimers are largely dependent upon their 

physical properties, such as size and surface charge.15,20,38,56–58  In contrast, exosome interactions 

with cells are typically dictated by the composition of exosomal membrane proteins and lipids, 

which is highly dependent on the source of the vesicles.59,60  The incorporation of exosome 

membrane proteins into the hybrid NPs and masking of the amine groups could also alter the 

cellular interaction of the PAMAM dendrimers.  We thus posed our third hypothesis that 

hybridization would facilitate cellular uptake of PAMAM dendrimers by the same mechanisms 

as exosomes.  Consistent with this hypothesis, we saw an increase in the uptake of the PAMAM 

dendrimers in the hybridized state and determined that the mechanisms were consistent with 

exosome uptake pathways. However, as the amine-terminated dendrimers exhibited a greater 

degree of cell entry than the acetylated dendrimers, the role played by dendrimer surface charge 

in affecting cell interactions of the hybrid NPs cannot be completed excluded. Instead, it seems 

Page 24 of 42

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

that both exosome surfaces and dendrimer charges collectively affect cell entry of the hybrid NPs 

through multiple mechanisms. 

The ability of cationic dendrimers and exosomes as natural carriers of genetic materials 

has been utilized individually as a non-viral gene delivery system.  In this work, we observed 

that hybrid NPs proved to be a better gene delivery vehicle than dendrimers alone.  Non-viral 

gene delivery vehicles, such as polyethyleneimine (PEI) or PAMAM dendrimers, depend on 

their cationic nature to deliver genes to the cell.  However, their cationic nature also leads to 

considerable cytotoxicity.  Other approaches to decreasing dendrimer toxicity, such as partial 

acetylation of the cationic moieties, PEGylation, or modification with lipid chains, have been 

reported to decrease transfection efficiency.61  It is therefore noteworthy that we observed higher 

delivery and transfection efficiency with hybrid NPs with reduced cytotoxicity.  Hybrid NPs 

could ideally exploit the nucleotide complexation capacity of cationic dendrimers with the cell 

interaction and biodistribution properties of the exosome to deliver therapeutic genes to cancer 

cells.  Additionally, exosome membrane proteins, such as CD47 with the ability to avoid 

clearance by monocytes, could potentially contribute to improved biodistribution in vivo.62 

Future work will evaluate the biodistribution and biocompatibility properties of the 

hybrid NPs.  We will also explore the potential of the exosome components to impart these 

biocompatibility properties to the hybrid system in vivo. Because the source of exosomes has a 

major influence on cellular interactions (as preliminarily shown in Figure S10),59 we expect to 

also potentially modulate the biodistribution and uptake profile of hybrid NPs by collecting 

exosomes generated by different cell types. 

CONCLUSION
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We demonstrated the successful hybridization of exosomes derived from both MSC and MCF7 

cells with PAMAM dendrimers to generate multifunctional hybrid NPs.  This hybrid NP system 

offered the advantageous biological merits of exosomes as well as the gene delivery potential of 

PAMAM dendrimers within a single system.  The hybrid MCF7/G7-NH2 NP system exhibited 

the highest loading efficiency ( 6.3%) and the experimental results reveal that charge-based 

interfaces are the key factors for the generation of a hybrid NPs system.  We confirmed three 

hypotheses related to hybrid NP formations and their behaviors.  First, we showed that 

hybridization was driven by the dendrimer charge.  That is, positively charged, G7 PAMAM 

dendrimers showed the most efficient loading among the nine combinations evaluated.  Second, 

we demonstrated that the hybrid NPs inherited the membrane properties of the exosomes, and as 

a result, evade the cytotoxicity associated with the positively charged PAMAM dendrimers.  

Specifically, the hybrid NP system exhibited improved cell viability against MCF7 and MDA-

MB-231 cells likely owing to the masked surface charge of amine groups of the PAMAM 

dendrimer.  Finally, we confirmed that the hybrid NPs enter cells via multiple mechanisms, 

primarily governed by the characteristics of exosomes.  To explore the efficiency of the G7-NH2-

exosome hybrid NP system as a gene delivery vehicle, oligonucleotide uptake and siRNA 

delivery were also observed, resulting in a 2-fold increase in gene delivery potential and a 3.8-

fold reduction in PD-L1 expression, compared to dendrimers alone, respectively. The 
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hybridization of PAMAM dendrimers with exosomes represents a promising approach to 

overcoming biological barriers to targeted therapeutics.  

EXPERIMENTAL SECTION

Materials

Polyamidoamine (PAMAM) dendrimers with ethylenediamine core of generation 2, 4, and 7, 

bovine serum albumin (BSA), cholesterol, cytochalasin D, heparin, proteinase K, and human 

recombinant insulin were obtained from Millipore Sigma (St. Louis, MO). 5/6-carboxy-

tetramethyl-rhodamine succinimidyl ester, mixed isomer (NHS-Rhodsmine), 3,3′-

dioctadecyloxacarbocyanine perchlorate (DiO), and BCA Assay was purchased from Thermo 

Fisher Scientific Inc. (Waltham, MA). MCF7 and MiaPaCa2 cells were purchased from the 

American Type Tissue Collection (ATCC, Manassas, VA) and mesenchymal stem cells (MSC) 

were purchased from Lonza (Williamsport, PA). MEM Medium, MEM alpha media, DMEM 

media, penicillin/streptomycin antibiotics, and heat-inactivated fetal bovine serum (FBS) were 

purchased from Corning Incorporated (USA) (NY, NY). The MDA-MB 231 cells were a gift 

from Miyamoto lab at the University of Wisconsin-Madison. DOTAP (1,2-dioleoyl-3-

trimethylammonium-propane (chloride salt)), DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine), DOPE(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), and DOPS (1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt)) were purchased from Avanti Polar Lipids 

Inc. (Alabaster, AL). Chondroitin Sulfate was purchased from Alfa Aesar (Tewksbury, MA). 

Conjugation and Characterization of PAMAM Dendrimers
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Dendrimers were conjugated to NHS-Rhodamine, and then surface modified, following the 

methods previously published.38 Briefly, PAMAM dendrimers (G2-NH2/9.2×10–6 mol, G4-

NH2/2.1×10–6 mol, G7-NH2/0.26×10–6 mol) were dissolved in sodium bicarbonate buffer at pH 

9.0. NHS- Rhodamine (18.4×10–6 mol for G2, 4.2×10–6 mol for G4, 2.1×10–6 mol for G7) was 

dissolved in DMSO was added dropwise to the dendrimer with constant stirring. The mixture 

was reacted for 24 hours at room temperature followed by membrane dialysis using a 

Spectra/Por dialysis membrane with MWCO 500 for G2, MWCO 3500 for G4, and MWCO 

10,000 for G7 (Spectrum Laboratories Inc., Rancho Dominguez, CA) against water for 

purification. The purified dendrimers were freeze-dried using Labconco FreeZone 4.5 system 

(Kansas City, MO) and stored at −20 °C. The conjugation was confirmed using 1H NMR using a 

Bruker Avance III HD 400 MHz NMR Spectrometer. Rhodamine-conjugated dendrimers were 

surface modified to have either a neutral charge by acetylation or a negative charge by 

carboxylation reactions. For the acetylation process, dendrimers in methanol (10 mg) were 

reacted with acetic anhydride (1.86×10–4 mol for G2, 2.10×10–4 mol for G4, 2.17×10–4 mol for 

G7) in presence of triethanolamine (1.25 molar excess of acetic anhydride) for 24 hours at room 

temperature. For the carboxylation process, the dendrimers in DMSO were reacted with succinic 

anhydride (1.86×10–4 mol for G2, 2.10×10–4 mol for G4, 2.17×10–4 mol for G7) for 24 hours at 

room temperature. The surface-modified dendrimers were purified by membrane dialysis, 

lyophilized and characterized by 1H NMR as mentioned earlier.

Cell Culture

MCF7, MSC, MDA-MB-231, and MiaPaCa2 cells were cultured as a monolayer at 37°C, 5% 

CO2 in complete media. For MCF7 cells, complete media was prepared using MEM Media 

supplemented with penicillin/streptomycin antibiotics (100 units/ mL), 10% heat-inactivated 
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fetal bovine serum (FBS), and 0.01 mg/ml human recombinant insulin. For MSC cells, complete 

media was prepared by supplementing MEM alpha media with penicillin/streptomycin 

antibiotics (100 units/ mL) and 10% heat-inactivated FBS. For MDA-MB-231 and MiaPaCa2 

cells, the complete media consisted of DMEM Medium supplemented with 

penicillin/streptomycin antibiotics (100 units/ mL) and 10% heat-inactivated fetal bovine serum 

(FBS). 

Exosome Isolation

Exosomes for all the experiments were isolated from the conditioned cell culture media of 

cultured MCF7 and MSC cells. To generate the conditioned media, the cells in monolayer were 

incubated in respective media supplemented with antibiotics and 1% bovine serum albumin for 

48 hours. The exosome isolation process was carried out using the ultracentrifugation method as 

described by Thery et al.37 Briefly, the collected media were centrifuged at 300 xg for 10 

minutes to collect dead cells, followed by centrifugation at 12,000 xg for 30 minutes to collect 

any large cellular debris. The media were then centrifuged at 100,000 xg for 1 hour using a 

Beckman Type 45 Ti rotor and ultracentrifuge. The collected pellets were then washed with PBS 

and recentrifuged to remove any remaining media. The pelleted exosomes were resuspended in 

PBS and stored at -80°C till further use.

Preparation and Characterization of Hybrid NPs

For preparing the exosome-dendrimer hybrid NPs, a sonication process was used based on the 

exosome loading protocol described by Kim et. al.40 Exosomes (50 µg as calculated by the 

amount of protein) were aliquoted in 500 µl of PBS and mixed with 10% w/w (to the exosome) 

dendrimer (5 µg). The mixture was sonicated using a QSonica Sonicator (20 kHz) with a 3.2 mm 
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probe at 20 % amplitude with 10-second on/off pulses for a total of 3 minutes followed by 

incubation at 37˚C for 30 minutes for the membranes to reform. To label the exosomes for 

microscopy, DiO Dye was added to the solution during the 37˚C incubation step. The free 

dendrimers and dye were isolated from the hybrids by ultracentrifugation at 100,000xg. The 

collected pellet, composed of hybrid NPs and exosomes, was resuspended in PBS and stored at -

80°C till further use. The amount of dendrimers hybridized with the exosomes in the hybrid NPs 

were calculated using BCA assay and fluorescence intensity measurements with a Synergy 

microplate reader (Biotek). A series of dendrimer concentrations dissolved in a 1:1 solution of 

PBS: DMSO were used to generate a standard curve by measuring the fluorescence intensity of 

the rhodamine-conjugated to the dendrimer using the excitation and emission wavelengths of 540 

nm and 580 nm respectively. Based on the fluorescence intensity of the samples dissolved in 1:1 

PBS: DMSO, the standard curve was used to calculate the amount of dendrimers in the hybrid 

NPs. The amount of exosomes was measured as the amount of proteins estimated using BCA 

assay (Thermo Fisher) as per the manufacturer’s protocol. The loading efficiency was calculated 

using the following formula: 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑐𝑒𝑛𝑐𝑦 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟 (µ𝑔) 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐸𝑥𝑜𝑠𝑜𝑚𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (µ𝑔) × 100

Liposome preparation

Liposomes were prepared using the thin film hydration method followed by sonication as 

described previously.63 The anionic liposome was generated by using 

DOPE:DMPC:Cholesterol:DOPS at a ratio 0.34:0.34:0.2:0.1264 respectively whereas the cationic 

liposome was generated using DOTAP:DMPC:Cholesterol at a ratio 0.5:0.45:0.05 respectively. 

The respective lipid mixtures were dissolved in chloroform in a round bottom flask. The flask is 

connected to a rotary evaporator at RT for 30 minutes to completely evaporate the chloroform 
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and form a thin film. The dried film was hydrated with 1 ml PBS, followed by vortexing for 15 

minutes and sonication with a tip sonicator for 1 minute to form either anionic or cationic 

liposome. Liposome-dendrimer hybrids were prepared using the protocol described in the 

hybridization process section.

Nanoparticle Tracking Analysis (NTA) 

Diluted solutions of exosome and hybrid NPs were analyzed using the NS300 NTA instrument 

(Malvern Panalytical Ltd., Worcestershire, UK), with a 532 nm laser. 5 videos of 60 seconds 

each were collected for all samples and analyzed with Nanosight 3.0 software. The camera level 

was set at 14 and the detection threshold at 5 during the analysis.

Transmission Electron Microscopy (TEM) 

The exosomes were characterized using TEM with negative staining as well as immunogold 

staining protocol. For the negative staining protocol, fixed exosome samples were adsorbed onto 

a 300 mesh Formvar/Carbon grid for at least 15 minutes. The grids were washed with water by 

floating on drops of water to remove PBS and contrasted with 1% uranyl acetate solution dye. 

These grids were used to validate the isolated exosomes. The immunogold staining procedure 

was carried out to test the presence of exosomal membrane proteins in hybrid NPs using 

antibodies against CD63. For immunogold staining, fixed hybrids NPs and exosomes were 

adsorbed onto a 300 mesh Formvar/Carbon grid and blocked with 0.1% BSA for 30 minutes. 

The grids were then washed and incubated overnight at 4°C with antibody against CD63 

(polyclonal anti-CD 63 SC-15363, Santa Cruz). All the grids were rinsed and floated on 10 nm 

gold conjugated secondary antibody (EM Goat anti-Rabbit IgG: 10nm Gold, BBI Solutions) for 

1 hour at room temperature. The grids were washed, fixed in 2% glutaraldehyde and contrasted 
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with 1% uranyl acetate solution. The grids were imaged with Tecnai T-12 TEM (FEI, Hillsboro, 

OR) and Gatan Ultrascan CCD camera (Gatan, Pleasanton, CA).

Atomic Force Microscopy (AFM) 

AFM imaging was employed to assess the size of hybrid NPs. The dendrimers, exosomes and 

hybrid NPs were fixed with 2% glutaraldehyde and adsorbed onto a freshly cleaved mica for 30 

minutes. The adsorbed samples in PBS were imaged using AC40 Biolever mini probe (Bruker 

AFM Probes) with nominal spring constant 0.09 N/m and tip radius 8 nm using an Asylum 

Infinity Biosystem (Oxford Instruments, Santa Barbara, Ca). A scanning area of 5 µm  5 µm 

and 1 µm  1 µm (256 x 256) was imaged at 1 kHz speed in tapping (AC) mode.

Western Blotting

The naïve exosomes and hybrid NPs were lysed using RIPA buffer and quantified for protein by 

BCA Assay. The proteins were resolved on an acrylamide gel and transferred onto a PVDF 

membrane in wet transfer conditions. The blot was blocked with 5% skim milk for 1 hour 

followed by overnight incubation in primary antibody against CD63 (polyclonal anti-CD63, SC-

15363, Santa Cruz), CD81 (monoclonal anti-CD81 SC-166028, Santa Cruz), CD9 (monoclonal 

anti-CD81 SC-13118, Santa Cruz) and HSP70 (polyclonal anti-HSP70, EXOAB-Hsp70A-1, 

System Biosciences) at 4°C. Blots were incubated in secondary antibodies for 1 hour at room 

temperature and washed. The blots were developed using a chemiluminescent reagent, Clarity 

Western ECL Substrate (Bio-Rad) and imaged using Syngene G:Box F3 (Syngene, Frederick, 

MD).

Cell Uptake and Confocal Microscopy
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MCF7, MDA-MB-231, and MiaPaca2 cells were seeded in 8-well chamber slides (Nunc™ Lab-

Tek™ II Chamber Slide™ System, Thermo Scientific) at a density of 25,000 cells/well and 

incubated for 24 hours. Generation 7 amine dendrimers and generation 7 acetylated dendrimers 

and corresponding MCF7 exosome hybrid NPs were treated at 10 nM dendrimer concentration 

for 6 hours. Following treatment with the dendrimer, hybrid NPs, and exosomes, the cells were 

washed with PBS and then fixed in 4% paraformaldehyde for 10 min at room temperature. The 

fixed cells were washed and stained for the nuclei using a 1 µg/mL solution of Hoechst dye. The 

stained cells were washed and mounted using Prolong Gold mounting media and coverglass. The 

slides were imaged using Zeiss LSM 710 Confocal Microscope (CLSM, Carl Zeiss, Germany). 

The laser lines 405, 488, and 561 nm were used to excite Hoechst (nuclei), DiO (exosome 

membrane), and Rhodamine (dendrimer) respectively. The fluorescence intensity of rhodamine 

in each treatment was assessed from three independent runs using ImageJ software. The cell 

uptake mechanism of the hybrid NPs was carried out with MDA-MB-231 cells using G7-NH2, 

MCF7 exosomes and MCF7/G7-NH2 NPs. For receptor-mediated endocytosis inhibition, NPs 

were incubated with proteinase k enzyme at 100 µg/mL for 30 minutes at 37°C, followed by the 

addition of a protease inhibitor cocktail to inactivate the enzyme. For inhibition of charge-

mediated cell interaction, the NPs were incubated with heparin or chondroitin sulfate at 10 

µg/mL for 30 minutes before treating the cells. For inhibition of macropinocytosis and energy-

dependent uptake process, the cells were treated with Cytochalasin D (5 µg/mL) or subjected to 

4°C temperature for 30 minutes before treatment with the NPs for 4 hours. 

Cytotoxicity Assays

MCF7 cells and MDA-MB-231 cells were seeded in a 96-well plate at a density of 12,000 

cells/well and incubated for 24 hours. Cells were treated with branched polyethyleneimine 25 
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KDa,  G7-NH2, and MCF7/G7-NH2 NPs at 6 concentrations (1000, 500, 250, 62.5, 15.25 nM) 

for 24 hours in serum-containing media. After the treatment period, the cell viability was 

assessed using Cell Counting Kit-8 Assay (CCK-8) (Enzo Life Sciences) as described by the 

manufacturer. Briefly, 10 µL of CCK-8 reagent was added to each well after NP treatment and 

incubated at 37˚C for 2 hours. The cell viability was determined by measuring absorbance at 450 

nm using a plate reader. The cell viability was expressed normalized to the untreated cells.

Gene Transfection

MDA-MB-231 cells were seeded in 48 well plates. At 80% confluency, the cells were simulated 

with IFN-γ at 30 ng/mL for 6 hours to induce PD-L1 expression. The PD-L1 siRNA were 

complexed with dendrimers at a N/P ratio of 20, based on our previous studies65-66. The 

complexed dendrimers were treated as is or loaded into exosomes to form hybrid NPs. The 

hybrid NPs were formed as described in previous sections. The cells were treated with 

dendrimers, exosomes, or hybrid NPs complexed with PD-L1 siRNA for 6 hours in a complete 

medium. Post-treatment, media were changed, and cells were incubated for additional 48 hours. 

PD-L1 protein expression was checked using an immunofluorescence assay. Treated cells were 

washed with PBS, followed by blocking with 1% BSA solution. The cells were then incubated 

with primary antibody against PD-L1 (monoclonal anti-B7-H1 156-B7, R&D Systems) in a 

1:200 dilution in 0.1% BSA at 4˚C for 4 hours. Next, cells were washed and incubated with 4 

µg/mL of secondary antibody conjugated to AF647 (monoclonal anti-Rabbit IgG A-21244, 

Thermo Scientific) in 0.2% BSA at 4˚C overnight. Final step was to mount the cells and image 

with fluorescence microscopy.

Statistical Analysis
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Statistical analysis was performed using OriginPro 8.1 (OriginLab, Northampton, MA). Mean 

cell viabilities were compared using 1-way ANNOVA followed by Tukey’s post hoc test at p < 

0.05. 

ASSOCIATED CONTENT

Supporting Information. TEM and AFM images of isolated exosomes, western blot and ζ 

potential of exosomes, synthesis scheme and 1H NMR spectra for modified dendrimers, 

microscopy images of ceullar interactions of various NP formulations, loading efficiency of 

oligonucleotide into exosomes. This material is available free of charge via the Internet at 

http://pubs.acs.org.
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