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Abstract 

Background: Extracellular vesicles (EVs) and exosomes are nano-sized, membrane-bound vesicles shed by most 
eukaryotic cells studied to date. EVs play key signaling roles in cellular development, cancer metastasis, immune 
modulation and tissue regeneration. Attempts to modify exosomes to increase their targeting efficiency to specific 
tissue types are still in their infancy. Here we describe an EV membrane anchoring platform termed “cloaking” to 
directly embed tissue-specific antibodies or homing peptides on EV membrane surfaces ex vivo for enhanced vesicle 
uptake in cells of interest. The cloaking system consists of three components: DMPE phospholipid membrane anchor, 
polyethylene glycol spacer and a conjugated streptavidin platform molecule, to which any biotinylated molecule can 
be coupled for EV decoration.

Results: We demonstrate the utility of membrane surface engineering and biodistribution tracking with this technol-
ogy along with targeting EVs for enhanced uptake in cardiac fibroblasts, myoblasts and ischemic myocardium using 
combinations of fluorescent tags, tissue-targeting antibodies and homing peptide surface cloaks. We compare cloak-
ing to a complementary approach, surface display, in which parental cells are engineered to secrete EVs with fusion 
surface targeting proteins.

Conclusions: EV targeting can be enhanced both by cloaking and by surface display; the former entails chemical 
modification of preformed EVs, while the latter requires genetic modification of the parent cells. Reduction to practice 
of the cloaking approach, using several different EV surface modifications to target distinct cells and tissues, supports 
the notion of cloaking as a platform technology.
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Background
Extracellular vesicles and exosomes
Cells secrete extracellular vesicles (EVs) with a broad 
range of diameters and functions, including apop-
totic bodies (1–5  μm [1]), microvesicles (100–1000  nm 
in size [2]), and vesicles of endosomal origin, known 
as exosomes (50–150  nm [3, 4]). Exosomes express 

characteristic surface tetraspanin proteins, such as CD9, 
CD63 and CD81 [5]. Internal RNA cargoes are an addi-
tional feature of EVs; notably, small ncRNA, circular 
RNA, miRNA, mRNA, tRNA and lncRNA are commonly 
detected in exosome preparations [6]. Exosomes function 
as shuttles with intercellular signaling capabilities. These 
EVs promote cancer metastasis [7, 8], play crucial roles 
in embryonic development [9, 10], modulate immune 
responses [11, 12], accelerate soft tissue wound healing 
[13, 14], improve skeletal myopathy in Duchenne mus-
cular dystrophy (DMD) models [15], and support heart 
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repair after myocardial infarction (MI) [16, 17]. Here, we 
refer to the collective extracellular fraction of vesicles, 
including exosomes, as EVs, and routinely characterize 
our EV preparations for vesicle size, concentration, RNA 
content and surface protein phenotype. Due to their 
potential as therapeutic candidates for numerous appli-
cations, we sought to engineer EVs with enhanced accu-
mulation and uptake in selected target tissues.

Cardiosphere‑derived cells (CDCs) and EVs (CDC‑EV)
Here we used EVs made from CDCs, which were originally 
described in 2007 as a distinct cardiac progenitor cell pop-
ulation generated in primary culture from human heart 
samples [18]. CDCs are of intrinsic cardiac origin, multi-
potent and clonogenic. A number of clinical trials have 
used or are using CDCs [19]. The initial rationale was that 
CDCs would work canonically, i.e., engraft, proliferate and 
differentiate into new myocardium. However, preclinical 
studies have revealed that, despite being progenitor cells, 
CDCs do not work that way. Few (≪ 1% of injected) cells 
are measurable 3–4 weeks after transplantation, but func-
tional and structural benefits persist for at least 6 months 
post-treatment [20]. During the ~ 2  weeks that appreci-
able numbers of transplanted CDCs persist in the tissue, 
CDCs indirectly induce cardiomyogenesis in the host 
myocardium [21]. Many, if not most, of the effects of EVs 
are seemingly mediated by their RNA contents, specifically 
miRs and other noncoding RNAs (ncRNAs) [17, 22]. CDC-
EV contain diverse RNA (e.g., miR-146a [16], miR-181b 
[23], Y RNA fragments [24]) and protein [16, 23, 25] cargo. 
CDC-EV have the capacity to reduce MI-related scar for-
mation [16, 23], increase cardiomyocyte proliferation [16], 
reduce fibrosis [25], support cardioprotection [26, 27], and 
modulate inflammation [23]. Potentially superior features 
over the parent stem cell therapies include drug product 
stability, immune tolerability, and systemic efficacy. How-
ever, the biodistribution of wild type EVs may or may not 
be favorable for a desired application. To enhanced EV 
development for therapeutics, what’s needed is a way to 
program specific tissue localization such that EVs accumu-
late in the desired target tissue after non-localized delivery, 
e.g. by simple intravenous (IV) injection.

Current methods for engineering EV surfaces
Attempts to modify EVs to increase their targeting effi-
ciency are not new [28], but are still in their infancy. The 
first technique to demonstrate successful engineering of a 
parent cell line to generate altered EVs is using a technol-
ogy termed “surface display” [29]. This is done by clon-
ing the protein sequence to be “displayed” on the vesicle 
membrane surface as a translational fusion to the C1C2 
domain of the human lactadherin protein. The C1C2 

domain is placed at the C-terminus of the fused sequence 
and, when expressed in parent cells, this signal will traf-
fic the entire protein into secreted EVs and position 
the N-terminal region outward on the EV surface. This 
approach has shown success in displaying carcinoem-
bryonic antigen (CEA) and HER2 on EVs for enhancing 
vaccine development [30] and recently to target  HER2+ 
breast cancer cells with EVs displaying scvHER2 antibod-
ies to deliver mRNA prodrugs for anti-cancer activity 
[31]. Such C1C2 fusion proteins demonstrated significant 
immune response improvements of therapeutic anti-
tumor effects in  HER2+ transgenic animal models. Other 
methods of genetically modifying parent cells for to pro-
duce “pseudotyped” EVs have been described [32, 33]. EV 
pseudotyping employs viral protein sequences to translo-
cate protein fusions to the membrane surfaces of EVs for 
tissue targeting. An archetypal example of this approach 
utilized the central nervous system–specific rabies viral 
glycoprotein (RVG) peptide, that specifically binds to the 
acetylcholine receptor, to target EVs to the central nerv-
ous system [33]. For proof-of-concept, these RVG-pseu-
dotyped EVs were also loaded with siRNAs to knockdown 
BACE1, a key factor in Alzheimer’s disease pathogenesis 
[34, 35]. This study demonstrated that RVG-engineered 
EVs achieved ~ 40% knockdown of BACE1 in  vivo [33]. 
A second approach involves the ex  vivo “fusing” of EVs 
isolated from genetically-engineered cells with particular 
surface proteins embedded in synthetic liposomes [36]. 
These hybrid micelle:EVs are created through multiple 
rounds of freeze–thaw mixing, and have an altered lipid 
composition due to addition of exogenous lipid micelles. 
The cellular uptake of EV–liposome hybrids led to only a 
modest improvement over native EVs alone [36].

In this report, we describe a membrane engineering 
methodology to directly embed EV surfaces ex  vivo 
with an anchor conjugated to streptavidin. This pro-
vides a modular platform where any biotinylated mol-
ecule, such as a fluorescent molecule for tracking 
biodistribution, can be combined with tissue-targeted 
antibodies or homing peptides to facilitate engineered 
EV uptake in cells of interest. The targeting approach, 
which we have termed “cloaking”, involves adding mod-
ified glycerol-phospholipid-PEG conjugates (DMPE-
PEG) to isolated EVs in solution. DMPE-PEG embeds 
into vesicle lipid bilayer membranes and serves as an 
anchor for coupling biotinylated fluorescent molecules 
or ligand proteins [37, 38]. We demonstrate cell uptake 
assays and whole animal biodistribution studies using 
biotinylated fluorophores cloaked on EVs. This tagging 
method was then extended to show utility in direct-
ing enhanced EV uptake in cells and tissues of interest 
with combinations of biotinylated targeting antibodies 
and tissue homing peptides. Finally, we compare the 
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cloaking approach with the better-established surface 
display approach, using the identical targeting peptide 
in the same model of myocardial injury.

Results
Cloaking EVs with fluorescent molecules
We conjugated streptavidin (STVDN) with DMPE-PEG 
to create a modular EV membrane anchoring platform 
(DMPE-PEG-STVDN; DPS). Thus, any biotinylated mol-
ecule (e.g., antibodies) can be coupled to the DPS anchor 
to decorate vesicle membranes for targeted delivery. A 
schematic of the membrane cloak anchoring strategy is 
depicted in Fig. 1a. To demonstrate the feasibility of this 
technology, CDC-EV were isolated, cloaked with DPS, 
then coupled with a biotinylated fluorescent marker 

bio-FITC or bio-PE. In this report, we utilize ultrafiltra-
tion techniques [39, 40] to enrich and concentrate EVs 
from CDC conditioned media. The CDC-EV were incu-
bated with the cloaks for 10 min, then after an ultrafiltra-
tion step to remove unincorporated cloaks, the bio-FITC 
and bio-PE cloaked CDC-EV were added to neonatal rat 
ventricular myocytes (NRVMs) in culture. The assays 
were allowed to proceed for 4  h, then the NRVMs were 
subjected to FACS analysis to quantitate fluorescent 
CDC-EV uptake. The results shown in Fig.  1. Indicate 
rapid uptake of the cloaked bio-FITC CDC-EV (Fig.  1b) 
and bio-PE CDC-EV (Fig.  1c) when compared to unla-
beled CDC-EV with approximate equal uptake rate of 
about 40% neonatal rat ventricular myocytes (NRVMs) 
with fluorescent intensities well over background (Fig. 1c).

Fig. 1 Exosome fluorescent cloaking. a Schematic of cloaking technology depicting the three components: DMPE phospholipid membrane 
anchor, Polyethylene glycol (PEG) 5K spacer and streptavidin platform molecule (STVDN), together abbreviated DPS. To the right in a, example types 
of biotinylated molecules that can be coupled to the DPS membrane platform are shown. Representative FACS plots depicting NRVM uptake of 
CDC-EV cloaked with bio-FITC (b) or bio-PE (c), gates are indicated. d Pooled data from b, c. n = 4 wells per experimental group
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Targeting cardiac fibroblasts with antibody cloaks
The process of embedding membrane anchors does not 
deform the CDC-EV (Additional file  1: Figure S1) and 
apparently does not abrogate cellular uptake in car-
diomyocytes as seen in Fig.  1. Cardiomyocytes com-
prise a small portion of the cells in healthy heart tissue 
[41]; many of the remaining cells are cardiac fibroblasts 
[42]. These cells play an active role in the development 
of hypertrophy [43] and dysfunctional cardiomyocyte 
remodeling [44–46]. The mechanisms of cardiomyocyte–
fibroblast communication are poorly understood. Our 
preliminary work with rat cardiac fibroblasts has revealed 
that these cells are highly resistant to CDC-EV uptake. In 
contrast, prior work with dermal fibroblasts has shown 
that CDC-EV are readily taken up and confer profound 
salutary changes in fibroblast phenotype. Thus, develop-
ing methods to successfully target CDC-EV to cardiac 
fibroblasts may prove therapeutically-relevant. We chose 
to target Discoidin Domain Receptor tyrosine kinase 2 
(DDR2), an abundant cardiac fibroblast surface marker 
[47]. Similar to the methodology to examine uptake with 
macrophages, we cloaked CDC-EV with bio-DDR2 and 
bio-FITC (bio-DDR2/FITC) or bio-IgG/FITC (as non-
targeting control). Neonatal rat cardiac fibroblasts were 
isolated as described [48] and exposed to CDC-EV (bio-
DDR2/FITC or bio-IgG/FITC). Twelve hours later, cells 
were harvested and analyzed for CDC-EV uptake by flow 
cytometry. Cardiac fibroblasts treated with bio-DDR2/

FITC, in contrast to bio-IgG/FITC, CDC-EV revealed 
significantly greater uptake (30% vs. ~ 5%, p < 0.0001) 
(Fig. 2a, b).

Utilizing tissue homing peptides as cloaks to target 
CDC‑EV
Phage display in vitro and in vivo screens have identi-
fied several unique, short peptide sequences that confer 
tissue homing specificities [49, 50]. Homing peptides 
targeting tissues such as lung [50, 51], brain [52, 53], 
kidney [54], muscle [55, 56], and ischemic myocar-
dium [57] have been reported. CDC-EV may poten-
tially have clinical applications for treating muscular 
dystrophies in DMD [15]. Thus, we selected the mus-
cle homing peptide sequence ASSLNIA [56] to assess 
if cloaking CDC-EV can confer enhanced muscle cell 
uptake. A homing peptide molecule bearing three cop-
ies of the peptide sequence ASSLNIA, separated by 
two glycine residues in between, was synthesized along 
with a biotin group conjugated to the C-terminus. The 
muscle targeting peptide (termed MTP) was used in 
combination with bio-Qdot 655 fluorescent molecules 
for tracking uptake with mouse H2K mdx myoblasts 
[58, 59] in  vitro. A schematic of the cloaking mol-
ecules used in these studies is shown in Fig.  3a. The 
dual-cloaked CDC-EV were again analyzed for vesi-
cle size, concentration and fluorescent tagging using 
dynamic light scattering in visible or fluorescent modes 

Fig. 2 CDC-EV DDR2 cloak differential uptake in cardiac fibroblasts. a Representative FACS histograms of rat cardiac fibroblast uptake assays of 
CDC-EV with targeting antibody cloaks. Graphic inset: CDC-EV diagrams showing the cloaks added. b Graphical analysis of pooled data from (a) of 
CDC-EV uptake levels in rat cardiac fibroblasts in culture. n = 3 wells per experimental group
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by NanoSight [4] methods to visualize and quantitate 
Qdot 655-labeled EVs (Additional file  2: Figure S2). 
Equal amounts of Qdot 655-labeled, control or MTP-
cloaked CDC-EV were incubated with undifferentiated 
H2K mdx myoblasts for 12 h. The cells were then pre-
pared for FACS to quantify levels of cloaked CDC-EV 
uptake. The FACS histograms shown in Fig.  3b reveal 
significant enhancement (by nearly 100%) of myoblast 
uptake (p = 0.00014) of CDC-EV that display MTP 
cloaks on their surfaces when compared to control EVs 
(Fig. 3c).

Next, we designed another homing peptide cloak 
to test whether we could program CDC-EV to target 
injured cells and tissues. An ischemic targeting peptide 
sequence CSTSMLKAC was initially identified using 
in  vivo phage display screens in mouse ischemia/rep-
erfusion models with damaged myocardial tissue used 
as the biopanning source [57]. This peptide sequence 
has also been reported to successfully home synthetic 

lipid polymeric carrier particles to ischemic myocar-
dium [60] using IV administration of the polyplexes 
bearing the CSTSMLKAC peptide on their surfaces. 
Mimicking the design of the muscle targeting pep-
tide cloak, we synthesized an ischemia peptide cloak 
with three copies of the homing peptide CSTSMLKAC 
sequence, separated by two glycine spacer residues, 
and a C-terminal biotin group for coupling to the DPC 
membrane anchor. The cloaked CDC-EV were ana-
lyzed for ischemic peptide and Qdot 655 cloaking using 
NanoSight NTA methods as before (Fig.  4a) to verify 
EV recovery after cloaking and assess Qdot 655 labe-
ling efficiency. Rat cardiomyocytes were either cul-
tured untreated or subjected to  H2O2 pre-treatment 
to model ischemic conditions in vitro as described [26, 
61]. Equal particle numbers of ischemic peptide, Qdot 
655-cloaked IschCDC-EV and Qdot 655 control Ctrl-

CDC-EV were added to NRVMs and allowed to incu-
bate for 12 h. Rates of CDC-EV uptake were quantified 

Fig. 3 Uptake assays of CDC-EV with Qdot 655 and muscle targeting peptide cloaks. a Schematic of the design of MTP and Qdot 655 membrane 
cloaks. b Representative FACS histograms of mouse H2K mdx myoblast uptake assays of CDC-EV with muscle targeting peptide (MTP) and Qdot 655 
labeling cloaks versus controls. c Graphical analysis of pooled data from (b) of CDC-EV uptake levels. n = 3 wells per experimental group
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for Qdot 655 fluorescence using FACS; data were nor-
malized to non-ischemic NRVM uptake levels for each 
group and plotted in Fig.  4b. The ischemia targeting 
peptide cloaks directed greater uptake on NRVMs 
pre-treated with  H2O2 versus untreated and non-
ischemic cloaked CDC-EV by about 13%. The signifi-
cant enhancement of the ischemia targeting (p = 0.006) 
via cloaking in vitro led us to pursue this further with 
rodent infarction models in vivo.

Our in  vivo studies with CDC-EV targeting were 
designed to attain three primary objectives: (1) track 
CDC-EV major organ biodistribution after simple 
tail vein injection, (2) assess whether ischemia hom-
ing peptide cloaks direct CDC-EV uptake to damaged 
myocardium and (3) determine whether ischemia is an 
absolute requirement to attract and enrich ischemia-
targeted CDC-EV to heart tissue. The rat ischemia/

reperfusion (I/R) model was employed as a model of 
myocardial infarction coupled to tail vein injections of 
Qdot 655-tagged CtrlCDC-EV or Qdot 655-tagged and 
cloaked with ischemia homing peptides (IschCDC-EV, 
 108 EVs per animal in 1 mL PBS). The experimental out-
line is shown in the schematic in Fig.  5a. All test ani-
mals underwent transient coronary ligation to induce 
I/R. Major organs (heart, liver, lung and kidneys) were 
harvested 48  h after EV injections. Whole organ Qdot 
655 fluorescence values were quantitated [62] and plot-
ted in Fig. 5b. As anticipated, the major filtration organs 
such as liver and kidneys were major locations of EV 
biodistribution, with a trend towards higher levels of 
IschCDC-EV in lungs. EV distribution in whole hearts 
showed a significantly (p < 0.02) higher level of tracking 
with ischemia-homing cloaked IschCDC-EV compared 
to untargeted CtrlCDC-EV. This enhanced uptake was 

Fig. 4 Ischemic NRVM uptake assays of CDC-EV with Qdot 655 and ischemia targeting peptide cloaks. a Schematic of the design of Ischemic 
peptide and Qdot 655 membrane cloaks. b Example NanoSight particle tracking profile data for IschCDC-EV + Qdot 655 in visible and fluorescent 
modes. c FACS graphs of uptake rates of NRVM cells with CDC-EV labeled with Qdot 655−/+ ischemic targeting peptide (Isch) cloaks. Data are 
plotted as the average of raw Qdot 655 fluorescent readings for nonischemic (Ctrl) versus ischemic (Isch,  H2O2-treated) NRVMs. n = 4 wells per 
experimental group
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further evidenced by whole heart Xenogen fluorescent 
imaging [63, 64], revealing much higher levels of fluores-
cence in rats that received IschCDC-EV injections with 
highest fluorescence detected in the region that had 
been subjected to I/R (Fig. 5c). To verify EV distribution 

to infarcted regions, the hearts were stained with TTC 
to identify the scar region (blanched white areas [26]), 
shown in left panels of Fig. 5d. These same hearts were 
then sectioned, mounted on slides and imaged for Qdot 
655 fluorescence. We observed a striking correlation of 

Fig. 5 Biodistribution and heart scar localization of targeted CDC-EV. a Schematic outlining experimental approach. b Graphical representation 
of whole organ Qdot 655 fluorescent measurements to identify CDC-EV biodistribution in ischemia/reperfusion (I/R) rat study animals. c Xenogen 
whole heart images for Qdot 655 localization of control (Ctrl) and ischemic peptide-targeted (Isch) CDC-EV. d Example TTC stains of whole heart 
slices to identify I/R scar location in rat hearts (blanched regions, left panels) and detailed microscopic fluorescent imaging data (right panels) 
of slides with thin sections of the same heart tissue to image localization of control CtrlCDC-EV + Qdot 655 or ischemia-targeted exosomes 
(IschCDC-EV+Qdot 655). Regions of heart scarring due to infarction in TTC stains are outlined in white and corresponding areas in heart tissue sections 
outlined in yellow. Scar bar indicated at 2000 μm, LV left ventricle, RV right ventricle. n = 3 rats per sample group, individual rats indicated by a circle
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Qdot 655 fluorescence with the targeted IschCDC-EV 
that was not seen with the untargeted CtrlCDC-EV. Hav-
ing satisfied our secondary objective to assess whether 
ischemia homing peptide cloaks could direct CDC-EV 
to regions of infarcted heart tissue, we next sought to 
test whether ischemia was an absolute requirement 
(third experimental objective) for the enhanced biodis-
tribution observed in Fig. 5.

To test this, we utilized the identical rat I/R model 
outlined in Fig.  5a, except we included an uninfarcted 
experimental group as a control in the study. Thus, 
there were four experimental groups total using Qdot 
655-tagged EVs, non-targeted CtrlCDC-EV ± infarction 
(I/R) and IschCDC-EV, ± I/R. Again, major organs were 
harvested 48 h after EV administration for whole tissue 
Qdot 655 fluorescence quantitation. As observed previ-
ously, the primary biodistribution of CDC-EV were to 
the liver and kidneys, independent of whether I/R was 
modeled (Fig.  6a). We detected a significant uptake of 
the targeted IschCDC-EV in the heart only when I/R was 
applied (Fig.  6b), as compared to the same EVs deliv-
ered without I/R injury, and when comparing uptake to 
CtrlCDC-EV (p = 0.021).

Finally, we implemented a complementary approach 
where transgenic parental cells are engineered to 
secrete EVs with targeting proteins using the lactad-
herin C1C2 domain for membrane surface display [29]. 
We tested the lactadherin surface display technique 
and fused three copies of the ischemia-targeting pep-
tide sequence to make a C1C2 display fusion expres-
sion construct. This construct was used to overexpress 
the fusion protein and produce engineered EVs from 
human embryonic kidney (HEK) cells (Fig.  7a, b). 
To track uptake of the IschHEK-EVs, we combined a 
reporter loading technology [65] along with the surface 
display construct such that these EVs also contained 
GFP cargo and verified HEK-EV GFP loading by bead 
FACS assays (Additional file  3: Figure S3A, B). Identi-
cal experiments to those using the ischemic peptide 
cloaks were conducted, but this time using GFP-loaded 
CtrlHEK-EV or IschHEK-EV. IschHEK-EVs conferred sig-
nificantly enhanced uptake (p = 0.0022) in ischemic 
NRVMs when compared to control, untargeted Ctrl-

HEK-EVs (Fig.  7c). When GFP-loaded IschHEK-EVs 
were injected as in Fig. 6, the ischemic peptide surface 
display also directed the HEK-EV-mediated delivery of 
loaded GFP cargo to ischemic myocardial tissue similar 
to what was observed for the ischemic peptide cloaked 
EVs (Fig.  7d). Thus, our third objective in this study 
clearly reveals that cloaking or surface display-decorat-
ing CDC-EV with the ischemia homing peptide greatly 

enhances localization to injured myocardium by simple 
IV administration, and not just to heart tissue in gen-
eral. Thus, both cloaking and transgenic surface display 
produce EVs with enhanced homing to ischemic tissue.

Discussion
The field of EV-based drug delivery has greatly expanded 
over the past several years. Reports describing loading 
cargos into EVs such as siRNAs [33, 66, 67], mRNA [31], 
therapeutic proteins [68–70] and chemotherapeutics [71, 
72] have clearly demonstrated that vesicles can function 
as nanocarriers. EVs have intrinsic, favorable lipid and 
surface protein composition that offer cellular uptake 
advantages over existing lipid-based delivery systems 
[67, 73]. EVs also show lower immunogenicity profiles 
[74, 75] and retain longer half-lives in circulation when 
compared to other vesicle-based delivery systems [76]. 
Loading EVs with valued cargo is one achievement; pro-
gramming their delivery to specific target tissues would 
be a significant enhancement to such a therapeutic. The 
approach most thoroughly described here manipulates 
CDC-EVs, ex vivo, to improve tissue targeting and poten-
tially therapeutic value. A recent report used a similar 
approach but with somewhat different findings. A phos-
pholipid embedding agent, dioleoylphosphatidyl-ethan-
olamine N-hydroxysuccinimide (DOPE), was conjugated 
with a copy of the ischemic peptide sequence (termed 
CHP in that report) and added to CDC-EVs [77]. Such 
modified EVs homed to the heart in vivo, independent of 
whether or not the heart was ischemic. In contrast, we 
find that ischemia peptide surface display targeting and 
membrane cloaking both home EVs specifically to areas 
of damaged myocardium that had been subjected to I/R. 
We cannot explain the discrepancy between our findings 
and those of Vandergriff et al. [77], but we note that our 
findings are consistent with the initial panning method 
to isolate the ischemic homing peptide [57] and with its 
later use to enhance targeting of liposomes to infarcted 
myocardium [60].

The two EV surface engineering methods described 
here to target injured myocardium using the ischemic 
homing peptide showed equivalent results. The two 
methods have complementary advantages and limita-
tions. Surface display approaches require transgenic 
modification of the producer cells. This can produce EVs 
with desired properties reproducibly, but the process is 
tedious in non-immortalized primary cells. To establish a 
cell line stably expressing the surface display fusion pro-
tein, transgenes must be introduced by viral transduc-
tion or transposon integration. Building surface display 
cell lines is time-consuming and expensive. Addition-
ally, surface display techniques using antibodies can be 
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problematic. A known, validated single-chain variable 
fragment sequence must be used to fuse to the C1C2 dis-
play domain and expressed in the producer cells. Cloak-
ing lends itself to utilizing any biotinylated antibody; 

thousands are commercially available for testing. Adding 
a biotinylated fluorophore, such as FITC, PE or Qdots is 
a feature not available for surface display, yet is a simple 
addition to EVs using the cloaking platform. The cloaking 

Fig. 6 Qdot 655-labeled CDC-EV tissue biodistribution and homing with ischemia. a Graphical representation of whole organ Qdot 655 fluorescent 
measurements to identify Qdot-tagged CDC-EV biodistribution in control versus ischemia/reperfusion (I/R) rat study animals. b Bar graph data 
of untargeted control (CtrlCDCexo) or ischemia-targeted IschCDC-EV homing to heart tissue with or without I/R injury in rat models of myocardial 
infarction. Y axis represents the raw Qdot 655 fluorescence expressed as relative fluorescence units (RFU). n = 4–5 rats per experimental group, 
individual rats indicated by a circle
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technology described here, where EVs are produced 
ab  initio from any parental cell line, is easy to imple-
ment, economical, and equally effective to surface display 
(based on the limited comparisons presented here; see 
Figs. 5, 6, and 7).

Conclusions
We have described and implemented a molecular plat-
form method to place targeting moieties, such as anti-
bodies, homing peptides and other biological ligands, 
directly onto EV surfaces to enhance tissue targeting. 

Fig. 7 Homing of ischemic peptide HEK-EV using surface display. a Schematic of the lentivector expression cassette to make the fusion Ischemic 
peptide (Isch) coding sequence (3 repeats) fused upstream to the C1C2 domain of the human lactadherin protein (for EV membrane surface 
display) along with a C-terminal DDK flag tag (to detect by Western blot). b Western blot data confirming the expression of the fusion surface 
display protein in cells and on secreted exosomes. c Pooled FACS data of HEK-EV+GFP uptake assays with NRVM oxidative stress assays. d 
Immunofluorescent rat heart tissue section images from I/R models of myocardial infarction. Left ventricle (LV), right ventricle (RV) are labeled and 
ischemic zone (IZ) areas are encircled and labeled. n = 2 rats per experimental group, all rats received I/R injury
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The platform is simple to employ and quick: cloaking 
EVs requires less than 1-h hands-on experimental time. 
We show proof-of-concept studies utilizing three differ-
ent types of cloaks (fluorescent molecules, targeting anti-
bodies, and homing peptides) across diverse cell culture 
types for uptake studies, as well as animal models to ver-
ify tissue localization of engineered EVs. The system may 
be used to screen for top targeting molecules to direct 
EVs to desired destinations in cell culture models that 
are otherwise resistant to EV uptake, and to program EV 
delivery to organs and discreet tissues with animal mod-
els via delivery by IV to the circulation, thus enabling the 
ability to craft EVs for specific purposes.

Methods
Isolation of EVs
There is no single correct method for isolating extracel-
lular vesicles and exosomes. The principal methods rely 
on: (1) ultracentrifugation, (2) size-exclusion (e.g., ultra-
filtration and/or chromatography), (3) immunological 
separation (e.g., antibody-bead capture), and (4) poly-
mer-based precipitation. Each of these methods offers 
tradeoffs between purity (i.e., protein-to-particle ratio, 
with the goal of minimizing non-EV proteins that may 
be present in the conditioned media), yield (number of 
particles) and quality (preservation of particle integrity). 
Purity of the EV preparation has been shown to influence 
potency, as large protein contaminants such as extracel-
lular matrix proteins coat receptors necessary for endo-
cytosis [78] and signal transduction in target cells. We 
favor ultrafiltration due to its convenient application, 
scalability, satisfactory yield, and purity.

The data presented here used EVs prepared by con-
ditioning CDC cells for 15  days in glucose-containing 
serum-free basal media (which increases potency). Con-
ditioned media was cleared of cellular debris using sterile 
vacuum filtration (0.45 μm filter). EVs were isolated using 
ultrafiltration by centrifugation (UFC) with a molecular 
weight cutoff of 10 kDa, which retains the bioactive frac-
tion (Vivacell 10  kDa MWCO Filtration unit). Glucose 
was included in the basal media as it enhances produc-
tion of vesicles and increases their resilience as mani-
fested by less cryodamage during repeated freeze/thaw 
cycles. Characterization of EV preparations occurred at 
three levels; identity, bioactivity, and potency. Primary 
EV characterization methods included verifying particle 
size distributions proximate to previous descriptions in 
the literature (30–150 nm), presence of salient exosome 
markers including tetraspanins (CD63, CD9, and CD81), 
the absence of cell debris contaminants (e.g., endoplas-
mic reticulum proteins such as calnexin), and intactness 
of vesicles (e.g., RNA protection following RNAse treat-
ment). We routinely characterize all EV batches in terms 

of (1) particle size, number, and concentration (by nano-
particle tracking analysis, NanoSight NS300, Malvern 
[79]); (2) RNA and protein content; (3) qPCR quantifi-
cation of selected miRs and Y RNA fragments which are 
associated with CDC-EV efficacy [16, 24]; (4) response to 
IV-injected EVs in our standard in vivo potency assay of 
mouse AMI [17]; and (5) confirmation of surface ligand 
remodeling and presence of tetraspanins/absence of 
calnexin.

EV engineering
We conjugated streptavidin (STVDN) with 
1,2-bis(dimethylphosphino)ethane: polyethylene gly-
col 5k (DMPE-PEG) to create a modular EV mem-
brane anchoring platform (DMPE-PEG-STVDN; 
abbreviated DPS) using a custom chemical synthesis ser-
vice (NANOCS, Inc.). DMPE-PEG “cloak” embeds into 
vesicle membranes and serves as an anchor for coupling 
fluorescent molecules or ligand proteins [37, 80]. Thus, 
any biotinylated molecule (e.g., antibodies) can be cou-
pled to the DPS anchor to decorate vesicle membranes 
for targeted delivery. The cloaking reaction was straight-
forward. First, the DPS anchor was incubated with the 
biotinylated molecule in a 1:5 ratio, e.g., 10 µg DPS plus 
50 µg bio-FITC (NANOCS, cat# PG2-BNFC-5k) or bio-
PE (Thermo Fisher Scientific, cat# P811), bio-Antibody, 
bio-Homing peptide, bio-Qdot 655 (Thermo Fisher Sci-
entific, cat# Q10321MP) for 10  min at 25  °C. Next, the 
complex was mixed with CDC-EV  (109–1011 particles in 
500  µL) and incubated for 10  min at 37  °C. The result-
ing suspension was concentrated by 100  kDa UFC. The 
flow-through (bottom of column, containing unincorpo-
rated complexes and dyes) was discarded and the reten-
tate (top of column, containing the cloaked CDC-EV) 
was washed 2× with PBS by UFC. As a negative con-
trol, CDC-EV were incubated with bio-FITC or bio-PE 
without the DPS anchor. The same reaction ratios were 
employed for cardiac fibroblast targeting with α-DDR2 
biotinylated rabbit polyclonal antibody (LifeSpan Bio-
sciences, cat# LS-C255960, rabbit IgG isotype control, 
Abcam cat# ab200208). Muscle targeting, biotinylated 
peptide   (H 2N -AS SLN IAG GAS SLN IAG GAS SLN IA( 
KLCBiot)-OH) was synthesized by New England Peptide, 
Inc. and the ischemia-targeting peptide   (H 2N -CS TSM 
LKA CGG CST SML KAC GGC STS MLK ACBiot-OH) was 
synthesized using ABclonal, Inc. custom peptide syn-
thesis services. Ischemia-targeting peptide approach 
was further validated using transfected human embry-
onic kidney (HEK293) cells to produce engineered EVs 
with (1) a GFP lentivector that targets to secreted vesi-
cles (XO-GFP; XPAKGFP, System Biosciences), and 
(2) the ischemic targeting peptide CSTSMLKAC cod-
ing sequence was cloned in triplicate and fused at the 
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N-terminus to the C1C2 domain of the human lactad-
herin protein (surface display technology) [29] along with 
a C-terminal DDK flag tag (to detect by Western blot). 
HEK293 cells were transfected with XO-GFP plasmid 
alone or cotransfected Ischemic peptide surface display 
lentivector plasmid using standard Lipofectamine pro-
cedures (Invitrogen). The next day, media was exchanged 
to serum-free medium. Twenty-four hours later, con-
ditioned medium was harvested, cell debris removed 
(3200×g for 20  min), and EVs isolated by UFC. When 
examined by nanoparticle tracking analysis (NanoSight), 
EVs revealed typical size (mode diameter ~ 130 nm) and 
concentration  (109  particles/mL) found with EVs and 
exosomes. Successful loading of XO-GFP and ischemic 
peptide surface display into HEK EVs (IschHEK-EV) was 
confirmed by flow cytometry with magnetic bead cap-
ture (MagCapture™ Exosome Tim4, WAKO [81]) assays 
(Additional file 3: Figure S3A, B) as well as standard SDS-
PAGE Western blot methods [82] using the following 
antibodies: anti-DDK Flag tag Rabbit polyclonal antibody 
Abcam cat# ab1162; anti-TurboGFP rabbit polyclonal 
antibody, Evrogen cat# AB513; secondary Anti-rabbit 
IgG, HRP-linked Antibody Cell Signaling technologies, 
cat# 7074S or Abcam secondary Goat Anti-Rabbit Alexa 
 Fluor® 488 (IgG H&L) cat# ab150077.

NanoSight EV particle analysis
The NanoSight technique employs Nanoparticle Track-
ing Analysis (NTA), a type of light scattering technology 
that also utilizes particle tracking by Brownian motion, 
that be used for sizing nanoparticles as well as count-
ing the number of particles present in a sample that is 
in a natural, aqueous environment. CDC-EVs were gen-
tly vortexed at 2.5 k for 10 s and then bath sonicated for 
10 min at 33 °C to ensure adequate vesicle dispersion in 
the solution prior to NTA analysis. NanoSight measure-
ments are carried out in 0.02 μm filtered PBS to remove 
any background particles and then visualized on an 
NS300 NanoSight instrument in either visible mode or 
fluorescent mode 532 nm laser with a 565 nm long pass 
filter, to detect Qdot 655 labeling, at ambient tempera-
ture. All measurements were made in quadruplicate with 
flow applied with an automated syringe pump between 
detections.

Cell culture and animal models
Neonatal rat ventricular myocytes (NRVMs) were iso-
lated from P2 neonatal Sprague–Dawley rats as pre-
viously described [48] (16). The cells were plated on 
fibronectin-coated 6-well plates at a density of 1.5 million 

cells/well in Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% Fetal Bovine Serum (Gibco) 
media and incubated at 37  °C, with 5%  CO2 for 24  h. 
Following washing with serum free DMEM, the cells 
were incubated with control or engineered EVs  (103 EV/
NRVM cell) for 4 h. The NRVMs where then processed 
(Tryple, Thermo Fisher Scientific) for flow cytometry on 
a BD FACS Canto II instrument. Flow data were analyzed 
using  FlowJo® software. In  vivo experimental protocols 
were performed on 7- to 10-week-old female Wistar-
Kyoto rats (Charles River Labs). To induce ischemia/
reperfusion (IR) injury, rats were provided general anes-
thesia, and then a thoracotomy was performed at the 
4th intercostal space to expose the heart and left ante-
rior descending coronary artery. A 7–0 silk suture was 
then used to ligate the left anterior descending coronary 
artery, which was subsequently removed after 45 min to 
allow for reperfusion for 20 min [23]. PBS sham, control 
or targeted EVs  (109 particles in 1 mL PBS vehicle) were 
injected into test animals via slow tail vein injection. After 
48 h, the animals were sacrificed and whole organ tissues 
collected for Qdot fluorescence biodistribution quanti-
tation using either fluorescent plate reader (SpectraMax 
iD3; excitation/emission settings: 450  nm/655  nm) or 
tissue imaging using a Xenogen IVIS Lumina III Series 
instrument with Qdot 655 detection settings.

Tissue analysis
Rat hearts were arrested in diastole after intraventricu-
lar injection of 10% KCl and excised, washed in PBS, 
and cut into serial slices of ~ 1  mm in thickness (from 
apex to basal edge of infarction). Heart tissue slices were 
incubated with 2,3,5-triphenyl-2H-tetrazolium chloride 
(Sigma, TTC, 1% solution in PBS) for 20 min in the dark, 
washed with PBS, and then imaged to identify infarcted 
areas from viable tissue (white versus red, respectively). 
The same heart tissue slices were embedded in optimum 
cutting temperature solution in a base mold/embedding 
ring block (Tissue Tek). Tissue blocks were immediately 
frozen by submersion in cold 2-methylbutane. Hearts 
were then sectioned at a thickness of 5 μm and mounted 
on slides. Qdot 655 localization was performed using flu-
orescent image scanning with Cy5.5 filter set (Cytation 5 
Cell Multi-Mode Reader). GFP biodistribution from XO-
GFP-loaded CtrlHEK-EV or IschHEK-EV I/R studies were 
detected using the anti-TurboGFP antibody and AF488 
secondary antibody combination stated earlier in “Meth-
ods”. Heart tissue sections were scanned using the Cyta-
tion instrument with the FITC filter settings to image 
GFP localization.
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Statistical analyses
All data are presented as mean ± SEM. Student’s 
unpaired t test or one-way ANOVA was used for com-
parisons between two groups unless otherwise noted. A 
value of p < 0.05 was considered significant.

Additional files

Additional file 1: Figure S1. Nanoparticle tracking analysis of cloaked 
CDC-EV. NanoSight NTA particle tracking data profiles in visible mode 
for naïve CDC-EV (black) or CDC-EV plus FITC cloaks (green). Schematic 
representation of the CDC-EV particles are shown as circle diagrams and 
the particle size means and modes are indicated. n = 3 wells per NRVM 
experimental group; n = 4 NTA measurements per exosome experimental 
group.

Additional file 2: Figure S2. Nanoparticle tracking analysis of CDC-EV 
with MTP and Qdot 655 cloaks. A. NanoSight particle tracking sample 
video images of CDC-EV + Qdot 655 cloaks during data collection in either 
visible or fluorescent mode as indicated. B. Graphical representation of 
NanoSight NTA quantitative analyses of Qdot 655 cloak controls s after 
purification using 100 kDa post-reaction spin column chromatography. 
NanoSight profiles of control CDC-EV with Qdot 655 cloak (C) or Qdot 
655 + MTP homing peptide cloaks (D). n = 4 NTA measurements per 
experimental group.

Additional file 3: Figure S3. FACS bead Tim4 assays with GFP-loaded 
HEK-EVs. A. Schematic representation of how Tim4-coupled magnetic 
bead FACS assays work to detect internal, loaded GFP as well as surface 
CD81 markers. B. FACS histograms of GFP-loaded HEK-EVs on Tim4 beads 
for GFP detection (upper panels) and for CD81 as EV positive controls 
(lower panels) for CtrlHEK-EV or IschHEK-EV loaded with GFP.
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