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Abstract 

From the past decade, extracellular vesicles (EVs) have attracted considerable attention as tools for the 
selective delivery of anti-neoplastic drugs to cancer tissues. Compared to other nanoparticles, EVs display 
interesting unique features including immune compatibility, low toxicity and the ability to encapsulate a large 
variety of small- and macro-molecules. However, in virtually all studies, investigations on EVs have been focused 
on fully transformed cancers: the possibility to apply EV technology also to early-stage tumors has never been 
explored. 
Methods: Herein, we studied the ability of cancer-derived EVs to recognize and deliver their cargo also to 
incipient cancers. To this purpose, EV biodistribution was studied in MMTV-NeuT genetically modified mice 
during early mammary transformation, in fully developed breast tumors and in the normal gland of wild type 
syngeneic mice. EVs were loaded with indocyanine green (ICG), a near-infrared (NIR) dye together with 
oncolytic viruses and i.v. injected in mice. The nanoparticle biodistribution was assayed by in vivo and ex vivo 
optical imaging (detecting the ICG) and semiquantitative real-time PCR (measuring the adenoviral genome) in 
different tissues. 
Results: Our results demonstrate the ability of cancer-derived EVs to recognize early-stage neoplastic tissues 
opening the possibility to selectively deliver theranostics also for tumor prevention. 
Conclusions: Taken together our study demonstrates the ability of EVs to recognize and deliver diagnostic 
and therapeutic agents not only to fully transformed tissues but also to early stage tumors. These findings pave 
the way for the synthesis of “universal” EVs-based formulation for targeted cancer therapy. 
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Introduction 
In the recent years, EVs, nanometer- to micron- 

sized lipid bilayered vesicles able to shuttle biological 
molecules over long distances [1] and have gained 
considerable attention as emerging tools for the 
delivery of theranostics agents [2–7]. EVs 
physiologically encapsulate metabolites, proteins or 
miRNA and have been artificially loaded with small 
molecule and biologics as therapeutic or diagnostic 

cargos, with the aim of obtaining their targeted 
delivery to specific cell populations. EVs 
encapsulation can improve drug pharmacokinetics 
providing a tissue-specific homing, protecting the 
delivered molecules from degradation and their early 
systemic release before reaching the target tissue [8–
10]. Recent works provided compelling evidence of 
the tumor-selective homing of cancer-derived EVs 
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[11–13]; this tropism is not specific for the tumor 
tissue originating the EVs, but it is maintained for 
different cancer types arising even from different 
species that might reflect an ancillary conserved 
mechanism of intercellular communication operating 
during tumor progression [14]. For these features, EVs 
are particularly attractive for the delivery of 
anti-neoplastic drugs, including small molecules and 
biologics [15], because they can direct the therapy 
selectively to the tumor site: a formulation-mediated 
targeted therapy with the potential to increase the 
local concentration of EVs-encapsulated drugs, while 
reducing systemic side effects. A current limitation of 
this formulation is that can be applied only for the 
treatment of advanced cancers, because 
demonstration of the homing capability of EVs for 
early cancer stage has not been provided yet. The 
possibility to deliver high dosages of diagnostics, 
chemo-preventive agents, chemotherapies or 
biopharmaceuticals locally, to the site of initial 
neoplastic transformation is an attractive strategy that 
is expected to exploit the anticancer effects of drugs 
on the emerging tumor with potentially relevant 
consequences on patients’ survival. Hence, in the 
current study, we set to investigate whether the 
systemic administration of cancer derived EVs is able 
to deliver theranostics to early stage mammary 
cancers generated in a genetic mouse model of breast 
cancer (MMTV-NeuT mice) [16]. For these 
experiments, we encapsulated into EVs a diagnostic 
fluorescent dye [17] and an oncolytic virus [18–21] as 
tracking agents for the characterization of the 
whole-body biodistribution of the formulations. 
Herein, we show that cancer-derived EVs are able to 
target the mammary glands in MMTV-NeuT mice as 
soon as they start developing a neoplastic tissue, thus 
suggesting the possibility to deliver theranostic cargos 
of EVs also to early stage neoplasia. 

Materials and Methods 
Cell lines and virus 

MC-38 mouse colon cancer and 4T1 mouse 
mammary tumor cell lines were purchased from the 
American Type Culture Collection (ATCC, USA). 
Cells were cultured at 37 °C and 5 % CO2 in 
Dulbecco’s modified eagle medium (DMEM, Lonza, 
Switzerland) supplemented with 10% fetal bovine 
serum (FBS, Gibco Laboratories, USA), 1 % of 100 
u/mL penicillin/streptomycin (Gibco Laboratories) 
and 1% L-glutamine (Gibco Laboratories). Oncolytic 
adenovirus Ad5D24 has been characterized by 
performing titration (VP/ml) and molecular analyses 
(PCR, restriction enzyme assay) to check virus 
genome stability and integrity as described elsewhere 

[22], expanded in human lung cancer cell line A549 
and purified on cesium chloride gradients [23]. The 
viral particle concentration was determined by OD260- 
reading and standard TCID50 (tissue culture infectious 
dose 50) assay was performed to determine infectious 
particle titer. 

Production of EV, EV-virus and ICG loaded EV 
formulations 

In order to produce EVs, 2.6 x 106 MC-38 cells 
were plated into T-175 flask in medium supplemented 
with 5 % FBS. The FBS growth media was 
ultra-centrifuged overnight (110 000 x g at 4°C for 18 
hours, Optima LE-80K ultracentrifuge, rotor type 50.2, 
Beckman Coulter) to remove EVs present in serum.  

EVs were isolated from the conditioned medium 
using differential centrifugation steps as previously 
reported [9,11,12]. First the conditioned medium was 
centrifuged at 500 × g in 4°C for 10 minutes to pellet 
cells (Allegra X-15R Centrifuge, Beckman Coulter). 
Then, the supernatant was collected and 
ultra-centrifuged for 2 hours at 100 000 × g in 4°C, 
using Optima L-80 XP ultra-centrifuge (Beckman 
Coulter) with rotor SW32Ti (Beckman Coulter). The 
supernatant was aspirated and EV- containing pellets 
containing re-suspended in PBS (Lonza) 100 μL and 
stored at - 80 °C. 

EV-encapsulated virus (EV-Virus) were 
produced as previously described, Virus samples 
were incubated in 100 mM NaOH at room 
temperature for 20 minutes in order to inactivate any 
free not EV encapsulated virus present. Free virus 
used as control was always inactivated for each 
experiment performed as previously reported [9]. 
Samples were subsequently neutralized by the 
addition of HCl 0.1 M. 

EVs and EV-Virus were loaded with 
Indocyanine green (EV-ICG) and prepared by 
incubating 1×108 – 5×109 EVs in PBS for 12 h at 4°C 
with 10ug/mL ICG (Sigma). Next, the samples were 
centrifuged at 150 000 x g for 3 h to pellet the EVs. The 
supernatant containing unbound ICG was removed, 
and the EV-pellet was washed by suspending it in 
PBS and pelleting it again at 150 000 × g. The final 
EV-ICG-Virus pellet were re-suspended in 100 μL of 
PBS and stored at -80 °C until use. EV-formulations 
have been further characterized as previously 
reported [9,11,12,14]. 

Quantitative real-time PCR 
qPCR for adenovirus E4 copy number was 

carried out according to the protocol previously 
described [24] primer forward: 5’-GGA GTG CGC 
CGA GAC AAC-3’, primer reverse: 5’-ACT ACG TCC 
GGC GTT CCA T-3’, probe E4: 5’-(6FAM)-TGG CAT 
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GAC ACT ACG ACC AAC ACG ATC T- 
(TAMRA)-3’. Total DNA was extracted from resected 
brains, tumors, livers, blood from C57BL/6 mouse 
model after 24h post treatment, using the QIAamp 
DNA Blood Mini Kit (Qiagen, Hilden, Germany) 
according to manufacturer’s protocol. Subsequently 
isolated DNA was analyzed for adenoviral E4 copy 
number normalized to murine beta-actin (liver, 
blood): primer forward: 5’-CGA GCG GTT CCG ATG 
C-3’, primer reverse: 5’-TGG ATG CCA CAG GAT 
TCC AT-3’, probe murine beta-actin: 5’-(6FAM)-AGG 
CTC TTT TCC AGC CTT CCT TCT 
TGG-(TAMRA)-3’. Samples were analyzed using 
LighCycler qPCR machine (LighCycler 480, Roche, 
Basel, Switzerland). 

In vivo experiments and pharmacological 
treatments 

All animal experimentations were performed 
and approved by the Italian Ministry of Research and 
University and controlled by a Departmental panel of 
experts (permission numbers: 12-12-30012012, 
547/2015, 214/2020). MMTV-NeuT and C57Bl/6 mice 
were used for the experiments. The acclimatization 
period was 14 days prior MC-38 and 4T1 cancer cell 
injections in C57Bl/6 mice, health status of the 
engrafted mice was monitored daily and as soon as 
signs of pain or distress were evident, they were 
euthanized. For early cancer detection, female 
MMTV-NeuT mice were enrolled in the experiments 
at week 6 of age, when hyperplasia was evident and 
full transformation of the breast has not yet occurred 
[25]. EV-ICG-Virus-MC38 (n=5) (1×108 particles/ 
injection + 1×108 viral particles/injection +10 ug/mL) 
were administered i.v in a volume of 100 µl. 

In vivo and ex vivo imaging 
In vivo and ex vivo fluorescence imaging has been 

carried out 24 hours post EV treatments using IVIS 
Lumina II Quantitative Fluorescent Imaging 
(PerkinElmer, Waltham, MA, USA) with suitable 
filters (Cy5.5) and following the manufacturer’s 
instructions for fluorescence background subtraction. 
Mice were anaesthetized using Isofluorane 
(Isofluorane-Vet; Merial, Lyon, France) and kept 
under anesthesia during imaging sessions carried out 
with the Imaging System (5 min for dorsal view and 5 
min for ventral view) (IVIS Lumina II Quantitative 
Fluorescent and Bioluminescent Imaging; 
PerkinElmer, Waltham, MA, USA). Photon emission 
in selected body areas was measured using the Living 
Image Software 3.2 (PerkinElmer). For the ex 
vivo imaging, mice were treated with luciferin 15 min 
prior euthanasia by cervical dislocation and ex 
vivo imaging of the selected organs were carried out 

immediately after death. The quantification was done 
with Living Image Software 3.2 (PerkinElmer). 

Histopathological analysis 
In order to perform histopathological evaluation, 

breast and tumor tissues explanted from MMTV- 
NeuT mice were immersed in a 4% formaldehyde 
solution for 24 hours in order to obtain chemical 
fixation. Samples were then dehydrated with ethanol, 
washed with xylene and included in paraffine; then 
they were cut into 4 and 10 µm thick sections for 
hematoxylin/eosin staining and fluorescence 
imaging, respectively. Slides were then analyzed with 
a confocal microscope (Nikon A1R laser scanning 
confocal microscope) to acquire the fluorescent signal 
released by ICG and compared with the adjacent 
hematoxylin/eosin sections acquired with a Virtual 
Slide Microscope (Olympus VS120). Throughout the 
process of fixing and paraffining, the samples were 
kept out of the light, in order to avoid the loss of the 
fluorescent signal. Based on our previous experiments 
carried out with a similar tumor model and in vivo 
imaging endpoints [11,12,14] and taken into account 
the experimental error, we calculated that five mice 
per experimental group were sufficient to assess the 
homing capabilities of EV-formulations in mice 
bearing hyperplastic or transformed mammary gland 
versus syngeneic healthy controls. Sampling and 
histology on the resected tumor specimens were 
determined by professional pathologists (at Pathology 
Department, Istituto Nazionale Tumori IRCCS 
Foundation, Milan, Italy). They were not blinded 
when assessing EV homing with in vivo imaging, 
while were blinded when assessing EV homing in 
histopathological samples. Statistical significance was 
assessed by using one-way ANOVA with Tukey’s 
Multiple Comparison test and nonparametric Mann- 
Whitney test. All statistical analysis, calculations and 
tests were performed using GraphPad Prism 5 
(GraphPad Software, San Diego, CA). 

Results and Discussion 
The recent work from our and other laboratories 

showed that tumor-derived EVs can be used to 
deliver diagnostics or therapeutics agents selectively 
to fully transformed tissues [12,14,9–27], while it was 
not clear the extent to which the tumor-tropism was 
applicable also to early-stage cancers. Herein, we 
studied the EV biodistribution in the MMTV-NeuT 
transgenic mouse, a genetic model of breast cancer 
[25], in which transformation of the mammary glands 
slowly progress from microscopic lesions detectable 
at weeks 6-8, to in situ neoplasia at weeks 9-15 until 
the appearance of a fully transformed invasive tumor 
usually arising after week 15 [16]. EVs from the 
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MC-38 cancer cell line were prepared as previously 
described and displayed biophysical characteristics, 
in terms of size, distribution, and Zeta-potential, 
analogous to those produced in our previous work 
[14] (Figure 1A); as an additional test, cryo-EM 
experiments confirmed the EV size, morphology and 
integrity (Figure 1B). In order to track the destiny of 
cancer derived EV-Virus formulations within the 
body, we have loaded the biocompatible 
nanoparticles with ICG together with an oncolytic 
adenovirus (OA). The biodistribution was measured 
by in vivo and ex vivo fluorescence imaging and by 
semiquantitative real-time PCR to measure the 
amount of adenoviral genome in different tissues. 
MMTV-NeuT mice at 6 and 24 weeks of age and 
syngeneic controls were i.v. injected with the EV-ICG- 
Virus-MC38 formulations and 24 h post-treatment 
fluorescent emission was acquired by in vivo (Figure 
2A,B,C) and ex vivo imaging (Figure 2D-F). Results 
showed that fluorescence emission originated mainly 
from the hyperplastic mammary gland (Figure 2A,D) 
or, to a greater extent, from the transformed breast of 
the MMTV-NeuT mice (Figure 2B,E), but not from the 
normal gland (Figure 2C,F). The qPCR analysis 
confirmed this conclusion showing that the OA 
content of the vesicles was delivered preferentially to 
the hyperplastic/neoplastic tissue of the MMTV- 
NeuT mice (Figure 2G). Interestingly, the tumor- 
specific tropism could not be detected when ICG was 
administered alone (Figure 3A-B) confirming that the 
fluorescence accumulation was due to the EV- 
mediated delivery of the dye. Furthermore, the EV- 
biodistribution in a syngeneic mouse model, 
subcutaneously injected with 4T1 murine breast 

cancer cells, showed a selective homing of 
EV-particles into the neoplastic tissue without 
targeting the mammary gland (Figure 3C-D). The 
preferential accumulation of the dye in the 
transformed breast was confirmed by confocal 
microscopy analysis performed on normal, 
hyperplastic and transformed breasts isolated from 
MMTV-NeuT and syngeneic mice (Figure 4). During 
the transition phase from pre-invasive to invasive 
ductal breast carcinoma, both mammary glands and 
their surrounding tissue experience extensive changes 
due to secretion of inflammatory factors by tumor 
cells, cancer-associated fibroblasts and macrophages. 
Such changes include a re-organization of the 
extracellular matrix and modifications in gene and 
protein expression profiles. Remarkably, tumoral EVs 
did recognize the pathological mammary glands 
independently from the stage: this observation 
suggests that the recognition mechanism driving the 
specific tropism of tumoral EVs could reflect these 
early changes occurring in the transforming tissue. 
Alternatively, it cannot be excluded that tumoral EVs 
present a repertoire of sensors allowing the migration 
towards tumoral microenvironments independently 
from the stage. Being the mechanism behind EV 
tropism still largely unknown, the reported results 
could offer a valuable hint for the identification of 
molecular determinants involved in the target 
recognition that should be conserved in both 
hyperplastic and fully transformed cells. Certainly, a 
thorough characterization of tumor-derived EVs is 
needed to fully exploit the great potential of these 
nanoparticles for diagnostic and therapeutic 
purposes. 

 

 
Figure 1. Characterization of cancer derived EV-formulations (EV-ICG-Virus-MC-38). (A) Representative particle size distribution analysis of plasma-derived EVs 
obtained by nanoparticle tracking analysis (NTA). (B) EV imaging by cryo-electron microscopy, scale bar: 100 nm. 
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Figure 2. Cancer derived EV-formulations loaded with diagnostic and theranostics agents are able to target the tumor site and early phase neoplastic 
transformation. (A-C) Representative images of the whole-body photon emission (fluorescence) in MMTV-NeuT and syngeneic mice i.v treated with EV-ICG-Virus-MC-38. 
(D-F) Representative images of the photon emission in organs explanted from MMTV-NeuT and syngeneic mice. (G) Adenoviral copies towards E4 gene were measured by qPCR 
from euthanized mice's organs at the end of the treatment. Error bars mean+/- SD *p<0.05, **p<0.01, ***p<0.001. 

 
Figure 3. Indocyanine green not loaded into EV-formulations cannot target the tumor site. (A-B) Representative images of the photon emission (fluorescence) in 
vivo and in organs explanted from MMTV-NeuT mice i.v. treated with ICG. (C-D) Representative images of the photon emission (fluorescence) in the tumor area and in organs 
explanted from syngeneic mice i.v. treated with EV-ICG-MC-38. 

 
Whatever is the mechanism underlying the 

tumor selectivity, our data provide the rationale for 
novel potential clinical and diagnostical applications 
of EVs in the management of patients carrying early- 

stage cancers. We have previously demonstrated that 
the EV encapsulation prevents chemotherapeutic 
treatments to induce systemic inflammatory reactions, 
suggesting that EVs are able to deliver cytotoxic drugs 
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to tumoral tissues to a sufficient amount for reaching 
therapeutic effects [9,12] and with a sufficient 
selectivity to avoid damages to other tissues [12]. 
Since a local high concentration of cytotoxic agents 
might be reached in this condition, our study pave the 
way for possible applications of chemotherapy in 
preventive clinical protocols aimed at the eradication 
of the disease before its full progression. Moreover, 
since EVs can be loaded with MRI or PET contrast 
agents [28,29], their high local concentration might 
boost the sensitivity of tumor detection, thus 
influencing the clinical management of patients 
carrying early-stage cancers. 

Despite these considerations, EV-mediated 
diagnostic and therapeutic applications are still in 
their infancy: a more comprehensive understanding 
of the role of EVs both in the progression of early and 
fully transformed cancer types is needed. Several 
issues need to be addressed before EVs use can be 
translated from the bench to clinical applications. 
Firstly, the methods for obtaining pure and intact EVs 
for routing clinical use need the application of 
reproducible isolation protocols that guarantee 

scale-up of sample volume, purity, speed, yield, and 
tumor specificity; finally, the clinical use of 
cancer-derived EVs certainly requires the clear 
definition of their possible side effects due to the 
potentially harmful cargo they are delivering together 
with the theranostic molecules. 

Conclusions 
Taken together the results of our study 

demonstrate the ability of EVs to recognize and 
deliver their diagnostic and therapeutic cargos not 
only to fully transformed tissues [11,12], but also to 
early stage tumors. Since chemotherapeutic drugs 
[30,31] as well as macromolecules or entire virus [9,32] 
and diagnostic agents for cancer imaging [28,29] can 
be encapsulated inside EVs, it is possible to envisage 
several applications in early-stage cancer diagnosis 
and therapy: high local concentration of PET or MRI 
contrast agents [33] might boost detection sensitivity 
while locally increasing the concentration of 
chemotherapy, have the potential to increase efficacy 
and greatly reduce side effects [12]. Still, some 
technical issue needs to be addressed for a 

 

 
Figure 4. Cancer derived EVs target neoplastic lesions. (A-B) Histopathological examination on normal breast, hyperplastic breast and breast tumour has been 
performed using Haematoxylin and Eosin staining (Scale bar: 2 mm). (C) Analysis of normal breast, hyperplastic breast and breast tumour by confocal microscopy. Nuclei stained 
with DAPI (blue), ICG signal in purple (Scale bar: 50 µm). 



Nanotheranostics 2021, Vol. 5 

 
http://www.ntno.org 

7 

reproducible and safe use of these tools including a 
standard, clinical grade purification protocol. The 
knowledge of the molecular determinants underlying 
their cancer-specific tropism will certainly facilitate 
their clinical translation by setting better purification 
protocols and perhaps in the future allowing the 
synthesis of “universal” EVs-based formulation for 
targeted cancer therapy. 

Abbreviations 
EVs: Extracellular Vesicles; MMTV-NeuT mice: 

genetic mouse model of breast cancer; ICG: 
Indocyanine green; EV-Virus: EV-encapsulated virus; 
EV-ICG: EV-encapsulated ICG; OA: oncolytic 
adenovirus. 
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