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A B S T R A C T   

The treatment of glioblastoma (GBM) faces significant challenges due to the difficulty of delivering drugs 
through the blood-brain barrier (BBB). Extracellular vesicles (EVs) have emerged as potential carriers for tar
geted drug delivery to brain tumors. However, their use and distribution in the presence of an intact BBB and 
their ability to target GBM tissue are still under investigation. This study explored the use of EVs for GBM tar
geting across the BBB. Canine plasma EVs from healthy dogs and dogs with glioma were isolated, characterized, 
and loaded with diagnostic agents. Biodistribution studies were conducted in healthy murine models and a novel 
intranasal model that preserved BBB integrity while initiating early-stage GBM growth. This model assessed EVs’ 
potential for delivering the contrast agent gadoteric acid to intracranial tumors. Imaging techniques, such as 
bioluminescence and MRI, confirmed EVs’ targeting and delivery capabilities thus revealing a selective accu
mulation of canine glioma-derived EVs in brain tissue under physiological conditions. In the model of brain 
tumor, MRI experiments demonstrated the ability of EVs to accumulate gadoteric acid within GBM to enhance 
contrast of the tumoral mass, even when BBB integrity is maintained. This study underscores the potential of EVs 
derived from glioma for the targeted delivery of drugs to glioblastoma. EVs from dogs with glioma showed 
capacity to traverse the BBB and selectively accumulate within the brain tumor. Overall, this research represents 
a foundation for the application of autologous EVs to precision glioblastoma treatment, addressing the challenge 
of BBB penetration and targeting specificity in brain cancer therapy.   

1. Introduction 

The identification of diagnostic tools for the early detection of 
neoplastic growth is a significant challenge in the field of oncology. This 
challenge becomes even more critical when considering the diagnosis 
and excision of glioblastoma, which stands as the most prevalent and 
aggressive type of primary malignant brain tumor [1]. Glioblastomas are 
characterized by their rapid growth, invasive behavior, and high pro
pensity for recurrence. Their treatment complexity stems from their 
capability to infiltrate the surrounding brain tissue, rendering complete 

surgical extraction a difficult task [1]. Because of the complexity of 
glioblastomas and their aggressive behavior, research efforts aim at 
developing more effective treatment strategies; in particular, early 
diagnosis is crucial for improving treatment outcomes, but due to the 
complexities of the disease and the lack of specific early symptoms, it 
remains a challenging effort [2]. Indeed, glioblastomas often grow 
rapidly and may not cause noticeable symptoms until they have reached 
a significant size or have already invaded surrounding brain tissue. 
Additionally, early detection using standard brain imaging techniques is 
difficult, because early-stage glioblastomas might not show significant 
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contrast enhancement, making them harder to distinguish from sur
rounding brain tissue [2]. Indeed, current diagnostic methodologies, 
including magnetic resonance imaging (MRI) and computed tomogra
phy (CT), necessitate the intravenous administration of contrast agents, 
such as paramagnetic molecules for MRI or iodine-containing com
pounds for CT [3]. These diagnostic agents demonstrate an affinity for 
tumor regions due to the prevailing enhanced permeability and reten
tion (EPR) effect, characteristic of tumor-associated endothelial 
permeability, which leads to the passive accumulation of contrast agents 
– but also of therapeutic drugs and other molecules - in the tumor 
microenvironment [4]. However, in gliomas the extravasation of 
contrast agents into the tumor microenvironment is attained only when 
the BBB shows augmented permeability, a phenomenon induced when 
the mass of glioblastoma already reached a critical size [5]. For this 
reason, conventional contrast agents are impeded from traversing the 
BBB, restricting their access to the neoplastic cerebral mass primarily 
during advanced tumor stages: in such cases, these imaging modalities 
provide valuable information about the location, size, characteristics, 
and extent of brain tumors, aiding in their diagnosis, treatment plan
ning, and monitoring [3]. For this reason, there is increasing interest in 
the development of novel diagnostic techniques based on MRI and CT, 
with the aim of facilitating the identification of the tumor boundaries 
also during surgical interventions, thereby enabling a complete and 
precise tumor excision [6]. In this context, a method for precisely 
delivering diagnostic molecules, as well as potentially therapeutic sub
stances, across the BBB to glioma tumor cells is certainly needed: if 
available, such a technology would enable the detection of neoplastic 
cells even at the initial stages when the BBB remains functionally intact, 
consequently augmenting the efficacy of targeted surgical modalities in 
achieving comprehensive and precise tumor eradication, while concur
rently mitigating the risk of recurrence. In response to this need, the 
potential role of extracellular vesicles (EVs) emerges as a potential route 
for tumor-targeted therapeutic and diagnostic applications. Indeed, EVs 
are membrane vesicles present in biological fluids, which physiological 
function is to precisely transport coding or noncoding RNA molecules, 
proteins, lipids and small molecules to the target cells [7]. This precise 
delivery capability drew the attention of pharmacologists, who quickly 
found that drugs could be encapsulated in these natural nanoparticles 
for the delivery to specific cells [8]. More interestingly, it has been 
discovered that cancer cells produce specific EVs able to convey the 
cargo contained inside their phospholipid membrane to the neoplastic 
tissue through a very precise homing mechanism that is extensively 
conserved across species, as described in various scientific studies 
[9–11]. This has been proven to be true not only for tumoral cell lines, 
but also for the tumors developed in the oncological patients: indeed, 
plasma of oncology patients is enriched in EVs that, unlike those isolated 
from healthy persons, have been shown to selectively target the origi
nating tumor [11]. Recently, some evidence has suggested that EVs can 
cross the BBB [12,13], thus supporting the use of these nanoparticles as a 
possible option for delivering drugs to the brain. Based on these as
sumptions, we hypothesized that suitable EVs loaded with contrast 
agents would allow the diagnostic molecule to be transported even 
through an intact BBB, thereby increasing the contrast of the tumor in 
medical images and, eventually, allowing the precise localization of 
malignant tissue for early diagnosis. To test our hypothesis, we explored 
the possibility of isolating EVs from the plasma of dogs with glioma 
(CG-EVs), and to load them with diagnostic molecules, with the final aim 
of evaluating if EVs released by glioma are able to cross the BBB and 
specifically recognize glioblastoma. To this purpose we loaded CG-EVs 
with a fluorescent dye (indocyanine green) and with gadoteric acid 
(Gd-DOTA), a contrast agent for MRI, to investigate through molecular 
imaging techniques the homing of these EVs in murine models of 
glioblastoma. 

2. Materials and methods 

2.1. Cell cultures 

The cell line used is the murine glioma cell line CT2A, purchased 
from Merck. The cell line was generated from a malignant astrocytoma 
obtained by implanting the carcinogen 20-methylcholanthrene into the 
brain of C57L/6 J mice. The cell culture medium is DMEM (Gibco) 
supplemented with 10% FBS (Merck). Neurospheres were obtained from 
the CT2A murine glioma cell line cultured in DMEM F12, 2% B27 sup
plement (Gibco), 20 ng/mL FGF (Gibco), and 20 ng/mL EGF (Sigma 
Aldrich) for 7–8 days. 

2.2. EV Isolation from blood 

Venous blood (15 mL) was collected from three dogs which spon
taneously developed brain tumors and had a radiological diagnosis of 
glioma during preoperative analyses and three healthy dogs after 
approval of the Ethics Committee of the Small Animal Clinic of the 
University of Bern (Aut n. BE134/2020). Human EV sample was derived 
from a venous blood (20 mL) withdraw from a colorectal cancer patient 
after approval by the Ethics Committee of the National Cancer Institute 
of Milan (Aut. INT 244/20), and informed consent was obtained for 
experimentation. Blood was collected in EDTA-conditioned vials and 
immediately centrifuged at 1750g for 10 min at room temperature to 
remove blood cells and prevent platelet activation and the release of 
platelet-derived EVs. Supernatants were transferred to new tubes (the 
bottom 10% of supernatant above the blood cells was discarded), and 
samples were centrifuged again at 3000g for 10 min at room tempera
ture. Supernatants were collected and processed by ultracentrifugation 
for 2 h at 100,000g at 4 ◦C in an Optima L-80 XP ultracentrifuge 
(Beckman Coulter, Indianapolis, IN, USA) with an SW32Ti rotor 
(Beckman Coulter). Supernatants were aspirated and the EV-containing 
pellets were resuspended in 150 µL phosphate-buffered saline (DPBS, 
EMD Millipore, Burlington, MA, USA) and stored at − 80 ◦C until use. 

2.3. Size distribution determination by nanoparticle tracking analysis 
(NTA) 

The size distribution and concentration of EV were analyzed by 
Nanoparticle Tracking Analysis (NTA) using a Nanosight model NS300 
(Malvern Panalytical Ltd, Malvern, UK) NTA with a blue (404 nm, 70 
mV) laser and sCMOS camera. NTA was performed for each sample by 
recording three 60 s videos, which were subsequently analyzed using 
NTA software 3.0 (Nanosight). The detection threshold was set to level 5 
and the camera to level 10. 

2.4. Cryo trasmission-electron microscopy (TEM) 

Cryo-TEM images (150 fields) were acquired with a JEOL electron 
microscope equipped with an FEI Falcon 3EC direct electron detector 
and Volta Phase-plate. Prior to Cryo-EV imaging, the samples were 
vitrified on a FEI Vitrobot IV system and processed as previously 
reported. 

2.5. Immunoblotting 

For immunoblotting, EVs were isolated from blood of dogs with 
glioma according to the protocol described above. After the ultracen
trifugation step, the supernatants were removed and the EV-containing 
pellets were resuspended in a proper volume of 1X RIPA buffer (150 mM 
NaCl; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS; 50 mM Tris- 
HCl, pH 8.0) supplemented with protease inhibitor cocktail (Roche, 
Penzberg, Germany). EV protein concentrations were quantified using a 
Bradford assay kit (ThermoFischer Scientific, Waltham, MA, USA). 
Twenty micrograms of EV protein lysates were separated to 4–10% SDS- 
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PAGE using beta-mercaptoethanol as the reducing agent and transferred 
to nitrocellulose membranes (Amersham Biosciences, Amersham, UK). 
The membranes were then blocked in 5% nonfat dry milk in TBS-T 
(0.2% Tween-20) at RT and incubated overnight with the primary 
antibody against exosomal TSG101 (4A10, 1:500, Abcam, Cam- bridge, 
MA, USA). After that, the membranes were incubated for 1 h at RT with 
the secondary antibody. Immunoreactive bands were visualized with 
chemiluminescence using the ECL Western Blotting Analysis System 
according to the manufacturer’s instructions (Amersham Biosciences, 
Amersham, UK). 

2.6. EV loading with gadolinium and Indocyanine Green (ICG) 

Gadolinium (Gd) is a silvery-white, malleable, and ductile rare-earth 
metal. Gd has paramagnetic properties and, therefore, solutions of 
organic Gd complexes and Gd compounds are commonly used intrave
nously for magnetic resonance imaging (MRI) as contrast agents able to 
permeate into the EV membranes. For this reason, passive diffusion was 
used to load EVs with gadolinium. Incubation with gadolinium was 
carried out by adding 108 CG-EVs suspended in 50 µL of Dulbecco’s 
phosphate buffered saline (DPBS, EMD Millipore, Burlington, Massa
chusetts, United States) to 950 µL of Gd-DOTA (Acidum Gadotericum 
Clariscan Injection 0.5 mmol/mL, GE Healthcare, Milano, Italia). The 
mix was incubated for 16 h at 4 ◦C. Then, samples were brought to a 
volume of 25 mL with DPBS and ultracentrifuged at 100,000g for 90 min 
at RT (Himac ultracentrifuge CP100NX with rotor P50AT2, Eppendorf 
Himac Technologies Co., Takeda, Japan). After ultracentrifugation, the 
supernatant was eliminated and the EV-containing pellets were resus
pended in 150 µL DPBS. ICG was loaded into CG-EVs as previously 
described (Villa et al., 2021). Briefly, 108 CG-EVs suspended in 50 µL 
DPBS were added to 150 µL of a water solution of 5 mg/mL ICG (Sigma) 
and incubated for 16 h at 4 ◦C. Then, samples were ultracentrifuged at 
100,000g for 90 min. After supernatant removal, pellets were resus
pended in 150 µL of DPBS. 

2.7. Mice 

All animal experiments were approved by the Italian Ministry of 
Research and University (permission number: 214/2020) and regulated 
by a departmental panel of experts. C57BL/6NCrl (Charles River, MGI: 
2683688) mice were maintained at the animal facility of the University 
of Milan under standard conditions according to institutional guidelines. 
These mice are NFkB-luc transgenic, in which the expression of lucif
erase is controlled by the NFkB transcription factor, which is an 
important regulator of the pro-inflammatory response. After an accli
matization period of 14 days, murine syngeneic grafts were established 
by subcutaneous injections of 4 × 106 CT-2A cells into the neck of 12- 
week-old male C57BL/6 mice. The CT-2A cell line, purchased from 
Merck, is derived from a sub-cutaneous, non-metastatic murine glioma 
(astrocytoma) formed via implantation of the carcinogen 20-methylcho
lanthrene in the cerebrum of a C57BL/6 J mouse. In order to test the 
homing capability of the EVs to the tumor in the brain, other mice were 
injected intranasally with 4 × 106 CT2A cells and EVs injections were 
performed 1 month after cells injection. The health status of the mice in 
the experimentation was monitored daily, and as soon as signs of pain or 
distress were evident, the mice were euthanized. EV injections in sub
cutaneous glioma model were performed when the tumor size reached a 
diameter of ~10 mm. For the homing tests, mice with tumors were 
intravenous injected with 2–4 × 109 EVs/kg, through a retro-orbital 
injection. 

2.8. In vivo bioluminescence imaging 

To evaluate the brain tumor growth in NFkB mice, inflammation 
associated with tumor development was analyzed through in vivo 
bioluminescence imaging. A total amount of 80 µL of luciferin was 

injected with intraperitoneal administration and after 5 min, the 
bioluminescent signal was detected using an in vivo imaging system 
(IVIS CAMERA, Perkin Elmer). The 3D localization of the signal was 
obtained using Living Image software. 

2.9. In vivo and ex vivo fluorescence imaging 

In vivo and ex vivo fluorescence imaging was carried out 24 h after 
EVs treatment using a IVIS camera (PerkinElmer), equipped with filters 
for near-infrared signal detection, following the manufacturer’s in
structions. Mice were anaesthetized using isoflurane (Isoflurane-V et; 
Merial, Lyon, France) and kept under anesthesia during imaging ses
sions. For ex vivo imaging, mice were sacrificed by cervical dislocation. 
Immediately after death, fluorescence signal from selected organs was 
analysed. 

2.10. MRI 

To investigate the presence or absence of Gd-DOTA in murine glioma 
models, we carried out a magnetic resonance imaging analysis using 4.7 
T, vertical super-wide bore magnet of a Bruker Avance II spectrometer 
with microimaging accessory. Mice were fixed on the holder and placed 
into the 6.4 cm diameter birdcage coil. A 3-orthogonal-plane, gradient 
echo scout acted as a geometric reference for locating the olfactory bulb. 
T1 weighted acquisition parameters were: repetition time (TR) = 436 
ms, effective echo time (TE) = 10 ms, number of averages (NA) = 12, 
matrix resolution = 128 × 128, FOV field of view (FOV) = 4 cm x 3 cm, 
in-plane resolution = 312 µm2/pixel2 x 234 µm2/pixel2 slice thickness =
1 mm, interslice distance = 1 mm and number of contiguous slices = 18. 
Twelve signal averages were recorded for a total scan time of 11 min and 
9 s. Contrast agent was identified as areas of high signal intensity. 

To quantify Gd-DOTA loading efficiency within canine EVs, MRI T1 
weighted analysis was performed on Gd-DOTA loaded CG-EVs, Gd- 
DOTA standard curve (0.5 mM to 5 nM) as reference and empty CG-EVs. 
T1 weighted acquisition parameters were: repetition time (TR) = 387 
ms, effective echo time (TE) = 10 ms, number of averages (NA) = 12, 
matrix resolution = 128 × 128, field of view (FOV) = 4 cm x 3 cm, in- 
plane resolution = 312 µm2/pixel2 x 234 µm2/pixel2, resolution =
0.312 × 0.234, slice thickness = 2 mm, interslice distance = 4 mm and 
number of contiguous slices = 2. Twelve signal averages were recorded 
for a total scan time of 9 min and 55 s. The Gd-DOTA loading efficiency 
was measured using three different lots of Acidum Gadotericum Clar
iscan (lot:15729411, lot:15986847, lot: 06GS667A), to evaluate batch 
effects in loading efficiency. Each used lot led to similar loading 
efficiency. 

2.11. Histological examination 

Mice brains were fixed in 10% buffered formalin and frontal sections 
in correspondence of the bioluminescent areas were performed. Serial 5- 
µm sections from paraffin-embedded material were cut and stained with 
hematoxylin and eosin until detection of neoplastic infiltration. 

2.12. Statistical analysis 

Data were presented as the mean ± standard error. The statistical 
analysis was performed using PRISM (GraphPad, Version 9.1). T-test 
was used to compare the differences between two groups. P < 0.05 was 
considered to indicate a statistically significant difference. 

3. Results 

3.1. Characterization of plasma EVs from healthy dogs and dogs with 
glioma 

EVs were isolated from whole blood samples (15 mL each) derived 
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from three dogs with glioma and two healthy dogs. To ensure adherence 
to established guidelines, the characterization of CG-EVs and EVs from 
healthy donors was conducted following the principles outlined in the 
"Minimal Information for Studies of Extracellular Vesicles (MISEV2018)" 
articles [14]. The dimension profile obtained with nanotracking analysis 
underscored that EVs from dogs with glioma were generally bigger than 
those obtained from healthy dogs, thus suggesting the existence of a 
specific EV population circulating in the blood of the dogs with glioma 
(Table 1). 

As depicted in Fig. 1, the EVs displayed a size distribution ranging 
from 100 to 400 nm (Fig. 1A). Additionally, the presence of the 
distinctive biomarker TSG101 was identified in the EVs isolated (Fig. 1B 
and Supplementary Figure 1A), a finding that suggests the harvested 
fraction was enriched in exosomes. A confirmation of form, size, and 
structural integrity was obtained through Cryo-TEM imaging (Fig. 1C). 
Interestingly, while data on size and integrity show a congruence with 
the dimensional profile previously observed for EVs isolated from 
human donors [11], the counts indicate that dogs carry a greater num
ber of circulating vesicles than humans. The evaluation of EV cargo 
loading efficiency was undertaken by subjecting the canine vesicles to 
passive incubation with Indocyanine Green (ICG). Post-incubation, a 
thorough washing process was implemented, and the fluorescence 
emitted by 10E08 canine EVs was compared to that released from the 
same number of EVs of human origin, which were concurrently incu
bated with ICG using the same methodology (see Supplementary 
Table 1). Notably, the overall fluorescence exhibited uniformity be
tween the samples, signifying that the efficiency of ICG loading into EVs 
paralleled that previously ascertained for human EVs, which has been 
previously established as 150 nmol ICG per 10E08 particles via LC-MS 
[11]. Subsequently, the passive incubation approach was similarly 
applied to canine EVs for the purpose of Gd-DOTA loading. Quantifi
cation of Gd-DOTA loading efficiency within canine EVs was carried out 
through MRI analysis, where the T1-weighted MRI signal intensity was 
measured. This measurement was subsequently correlated with a stan
dard curve containing varying concentrations (0.5 mM to 5 nM) of 
Gd-DOTA (Fig. 1E). In conclusion, the passive incubation methodology 
exhibited efficacy in loading canine EVs with Gd-DOTA, with a yield of 
161 ± 24 nmol Gd-DOTA loaded in 10E08 EVs, as assessed through MRI 
analyses of EVs loaded with three different batches of Gd-DOTA, each of 
which led to a similar loading efficiency. 

3.2. Exploring canine EVs for biodistribution in murine models 

To our knowledge, this study represents the first investigation into 
the utilization of canine EVs in murine models. Therefore, in our initial 
experiment we started by comparing the kinetics of EV biodistribution in 
healthy mice. This approach aimed to establish the diffusion patterns of 
canine vesicles under physiological conditions. To achieve this, we 
loaded EVs obtained from both healthy dogs and dogs with glioma with 
ICG using the passive incubation protocol established by our laboratory. 

Subsequently, fluorescently labeled EVs were intravenously adminis
tered through a retro-orbital injection to two distinct groups of mice: the 
experimental group receiving CG-EVs (N = 3) and the control group 
receiving EVs isolated from healthy donors (N = 3). The biodistribution 
process was monitored through real-time fluorescence in vivo imaging at 
various time intervals: 0.5 h, 3 h, 6 h, and 24 h post-injection (Fig. 2). At 
this last time-point, a time-span sufficient for the complete wash-out of 
free ICG which has a biological half-life of 70–90 min, the animals were 
sacrificed and the biodistribution was evaluated also by ex vivo imaging 
(Fig. 2B-G). 

Early time points (0.5 to 6 h) failed to reveal distinguishable bio
distribution patterns between EVs derived from dogs with glioma and 
healthy dogs, likely reflecting a widespread distribution in the blood
stream throughout the body at the first timepoint, followed by a more 
localized distribution in the liver and GI anatomic areas, likely reflecting 
the excretion phases which for EVs usually occur via hepatobiliary 
pathways, (Fig. 2A). At the 24-hour mark, the in vivo imaging exhibited 
no discernible fluorescent signals in either group (Figs. 2B, E), thus 
suggesting that after this time frame, in the absence of a tumor, the 
fluorescent vesicles were unable to migrate and accumulate into the 
target tissue and were completely eliminated from the organism. Actu
ally, ex vivo imaging performed on organs excised at 24 h, disclosed that 
EVs derived from dogs with glioma display a different accumulation 
pattern compared to that observed in vesicles derived from healthy 
canine donors. Specifically, the ex vivo imaging (Figs. 2C, F) revealed a 
notable fluorescence accumulation only within the brain region of the 
three animals exposed to CG-EVs (Fig. 2D), whereas such fluorescence 
localization in the brain was absent in mice subjected to EVs from 
healthy donors (Fig. 2D). This difference in the biodistribution suggests 
that, in the absence of tumors, canine glioma - derived vesicles are 
capable of crossing the BBB in healthy mice, with a propensity for 
accumulation within the brain tissue. Notably, the skull does not allow 
the fluorescent signal from the brain to be detected by the imaging de
vice, which instead become measurable ex vivo, when the brain is 
directly exposed to the CCD-camera. 

3.3. Evaluation of CG-EVs as transporters for targeted glioblastoma 
imaging 

Having established the capability of CG-EVs to traverse the BBB, we 
proceeded to assess the homing potential of ICG-loaded CG-EVs in a 
straightforward tumor model that is routinely employed in our labora
tory for evaluating the tumor tropism of ICG-loaded EVs. To outline the 
experimental design, C57BL/6 wild-type mice were subcutaneously 
implanted with a syngeneic cancer cell line - specifically, the murine 
glioma cell line CT2A. Through careful optimization of culturing con
ditions based on previously published protocols [15], we managed to 
generate neurospheres from CT2A cells. These neurospheres, charac
terized by being three-dimensional aggregates of glioma stem cells 
(GSCs), were demonstrated to effectively promote tumor growth and 
invasion [15]. Subsequently, we harvested and dissociated these neu
rospheres into a single-cell suspension, which we then injected subcu
taneously into the neck area of six C57BL/6 wild-type mice at a 
concentration of 10E6 cells. 

Over the subsequent seven-day period, as the subcutaneous tumors 
reached a size of approximately 6–8 mm3, two groups of three mice each 
were intravenously injected through a retro-orbital injection with 5E08 
ICG-loaded CG-EVs (N = 3) or an equivalent quantity of ICG-loaded EVs 
sourced from healthy donors, serving as controls (N = 3). Following a 
24-hour interval, both in vivo and ex vivo fluorescence imaging were 
performed to evaluate the EV-mediated accumulation of ICG within the 
tumor tissue (Figs. 3A, B). Only mice treated with CG-EVs exhibited a 
robust fluorescent signal exclusively within the region of the subcu
taneous tumor, as confirmed by the quantitative analysis of fluorescence 
in the excised organs (Fig. 3C). In this case the fluorescent signal is 
directly exposed to the CCD-camera detection, thus the light emission is 

Table 1 
"Size distribution profile of canine EVs, acquired through NTA.".  

ID  Dog w/ 
glioma 1 

Dog w/ 
glioma 2 

Dog w/ 
glioma 3 

Healthy 
Dog 1 

Healthy 
Dog 2 

MEAN  190,7 190 190,7 143,2 142,3 
MODE  149,3 129,5 141,4 88,7 84,3 
SD  82,7 83,2 74,5 81,7 59 
D10  108,3 111,7 124,4 80,9 82,4 
D50  171,9 164,9 169,8 114,2 126,2 
D90  296,4 315,8 294,5 255,1 233,1 
EV/ 

mL  
2,96E+ 10 2,72E+ 10 4,70E+ 10 7,10E+

10 
3,94E+
10 

SD: Standard deviation. D10: diameter (nm) of the particles that is the 10th 
percentile. D50: diameter (nm) of the particles that is the 50th percentile. D90: 
diameter (nm) of the particles that is the 90th percentile. 
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not shielded by the bone as instead is the case of the brain signal 
(Figs. 2A and C). In contrast, no discernible specific fluorescent signal 
was identified within the tumor in mice injected with EVs from healthy 
donors (Supplementary Figure 2). These results underscore that CG-EVs 
indeed facilitate the accumulation and stabilization of ICG, even in the 
context of glioblastoma. Remarkably, no fluorescent signal released 
from the brain was detected. This intriguing outcome suggests that in 
the presence of a peripheral tumor, CG-EVs show a preference for 
migration towards the tumor site, while in physiological settings devoid 
of tumoral cells, CG-EVs exhibit an inherent tendency to accumulate 
within the brain (Fig. 2C). 

Once defined the tumor tropism of the CG-EVs, the subsequent 
investigation focused on determining whether Gd-DOTA-loaded CG-EVs 
maintained the ability to accumulate the contrast agent to the CT2A 
glioblastoma. To this end, we used a group of six mice bearing the same 
subcutaneous glioblastoma model described above. These mice were 
intravenously administered through retro-orbital injection either CG- 
EVs (N = 3) or EVs derived from healthy donors (N = 3), both loaded 
with Gd-DOTA. After a 24-hour interval, the animals were subjected to 
MRI analysis to assess the accumulation of the contrast agent within the 
tumor. Once more, the imaging analysis revealed a distinct hyperintense 
signal (Fig. 3F) localized precisely within the tumor site (Figs. 3D, E), 
originating from the accumulated contrast agent transported by CG-EVs. 
Indeed, this hyperintense signal was notably absent in the group that 
received EVs sourced from healthy donors (Supplementary Figure 3). 

Taken together, the results of these experiments indicate that CG-EVs 
possess the ability to traverse the BBB, exhibit a specific affinity for 
glioblastoma, and importantly, demonstrate the potential to deliver Gd- 

DOTA to the glioblastoma site. 

3.4. CG-EVs deliver cargo to glioblastoma in the brain 

To further strengthen our findings, the next critical step involved 
assessing the ability of CG-EVs to facilitate the transportation of Gd- 
DOTA to a glioblastoma that had developed within the brain. This 
investigation was conducted within a model designed to maintain the 
integrity of the BBB. Instead of utilizing the conventional syngeneic 
orthotopic model, which requires an invasive intracranial injection of 
CT2A cells [16] directly into the brain parenchyma, we opted for a less 
invasive approach using intranasal delivery [17], a method that ensure 
the preservation of BBB integrity. In this technique, CT2A neurospheres 
were dissociated into a single-cell suspension of glioma stem cells (GSCs) 
at a concentration of 40,000 cells/µL. Eight droplets of 3 µL each con
taining GSCs were administered through the nostrils, resulting in the 
delivery of a total of 10E6 cells per animal. To establish this orthotopic 
glioblastoma model, we utilized immunocompetent transgenic 
NFκB-Luc2 mice. In this model, based on the C57BL/6 background 
(syngeneic with the CT2A cell line), the luciferase gene was placed 
under the control of an NFκB-responsive synthetic promoter [18], thus 
generating a reporter system specifically designed for studying inflam
matory processes in animals using in vivo bioluminescence imaging. In 
our study, the NFκB-Luc2 reporter was employed to monitor the 
migration and growth of tumoral cells within the brain. Indeed, given 
the chronic inflammatory nature of the glioma microenvironment [19], 
we hypothesized that the overactivation of the NFκB pathway in animals 
subjected to intranasal administration of GSCs might be associated with 

Fig. 1. Characterization of EVs from canine patients. The CG-EVs displayed size distribution, shape, EV-specific marker expression and cargo loading efficiency 
comparable with the patient-derived EVs used for the previous experiments. (A) Representative NTA analysis of particle size distribution of CG-EVs. The red line 
represents the standard error of the mean. Details on the size distribution and concentration are given in Table 1. (B) Immunoblot analysis of the Tumor Susceptibility 
Gene-101 (TSG101) expression in plasma-derived EVs from dogs with glioma (P1, P2, P3) or healthy controls (C1, C2). Loading control is reported in Supplementary 
Figure 1A. (C) Representative EV morphology and size obtained by acquiring 150 fields using cryo transmission electron microscopy, scale bar: 100 nm. Additional 
pictures are reported in Supplementary Figure 1B. D) Fluorescence analysis of samples of human EVs (1, top), CG-EVs (2, left) and healthy dog EVs (3, right). The 
representative picture shows the comparison of the fluorescence released by 10E8 ICG-loaded EVs per each sample, as acquired with a IVIS SpectrumCT imaging 
system. The intensity of the fluorescence signal (showing an average radiance of 1.4E09 in all the samples) is represented with pseudocolors: yellow: high photon 
emission (2E09 Radiant Efficiency), bright red: medium photon emission, and dark red: low photon emission (5E08 Radiant Efficiency). (E) Representative MRI scan 
of the setting used for the quantification of Gd-DOTA loading efficiency within canine EVs, showing the T1-weighted MRI signal intensity for standard samples and 
CG-EVs. a:Gd-DOTA loaded CG-EVs, b:Gd-DOTA 0.5 M, c-g:Gd-DOTA standard curve (0.5 mM to 5 nM), h: empty CG-EVs. 
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Fig. 2. Biodistribution of canine EVs in healthy mice. (A) Representative images of the comparative kinetics of distribution of ICG-loaded CG-EVs (upper row) and 
EVs isolated from healthy donors (Healthy-EVs, lower row). The fluorescence released by ICG (ex: 745 nm, em:840 nm) was in vivo acquired with an IVIS SpectrumCT 
imaging system and measured at 4 time points: before i.v. injection of the EVs (0 h), and at 0.5 h, 3 h, and 6 h after the i.v. injection of the EVs. The intensity of the 
fluorescence signal is represented with pseudocolors: yellow: high photon emission, bright red: medium photon emission, and dark red: low photon emission. (B) in 
vivo and (C) ex vivo imaging of a representative mouse i.v. injected with ICG-loaded CG-EVs and acquired at 24 h after the i.v. injection. Li: liver, He: heart and lungs, 
Sp: spleen, Ki: kidneys, Br: brain (here sliced in 4 macroareas, with the most rostral on top and the most caudal on the lower part of the image). The intensity of the 
fluorescence signal is represented with pseudocolors: yellow: high photon emission, bright red: medium photon emission, and dark red: low photon emission.) 
Quantification of the fluorescent signal released by the organs represented in C. Bars represent mean and S.E. of the average radiance measured in N = 3 mice. * ** : 
p < 0.001, t = 6.758, df= 4, eta squared: 0.9195, vs. liver. (E) in vivo and (F) ex vivo imaging of a representative mouse i.v. injected with ICG-loaded EVs from healthy 
donors and acquired at 24 h after the i.v. injection. Li: liver, He: heart and lungs, Sp: spleen, Ki: kidneys, Br: brain (here sliced in 4 macroareas, with the most rostral 
on top and the most caudal on the lower part of the image). The intensity of the fluorescence signal is represented with pseudocolors: yellow: high photon emission, 
bright red: medium photon emission, and dark red: low photon emission. D) Quantification of the fluorescent signal released by the organs represented in F. Bars 
represent mean and S.E. of the average radiance measured in N = 3 mice (p = 0.17, t = 1.060, df=4, eta squared: 0.2192, vs. liver). 
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tumor growth. The activation of the NFκB pathway in the cranial region 
was examined through bioluminescence imaging using an IVIS Spec
trumCT imaging system in a series of weekly intervals involving three 
animals. During the initial week following intranasal inoculation of 
GSCs, the reporter’s signal in the cranial region remained undetectable. 
However, starting from the second week post-inoculation (p.i.), a 
distinct signal began to emerge above the frontal and parietal bones, 
gradually intensifying over time (Fig. 4A). By the fifth week, the 
bioluminescence signal had become sufficiently robust (Fig. 4B) to allow 
a comprehensive 3D localization. This localization was achieved 
through the optical tomography capabilities of the IVIS SpectrumCT 
system, revealing the source of the bioluminescence in the sub
ventricular zone (Fig. 4C). 

This specific brain region, accessible via intranasal administration 
[20], is congruent with the initial stages of glioblastoma (GBM) devel
opment [21]. To validate these findings, the animals underwent the 
Evans Blue protocol, a widely recognized method for assessing BBB 
integrity [22], and then were humanely euthanized, and their brains 
were excised, fixed, and subsequently subjected to histological exami
nations to corroborate the presence of the tumor. Prior to the fixation 
process, fluorescence imaging (excitation: 620 nm, emission: 680 nm) 
was performed on the brains to assess the presence of Evans Blue within 
the brain tissue. This imaging step helped elucidating that the Evans 
Blue dye had not successfully permeated the brain parenchyma, thereby 
confirming the maintenance of BBB integrity (Supplementary Figure 4). 
Brain sections stained with haematoxylin and eosin further confirmed of 
the presence of highly proliferating neoplastic cells consistent with 
glioblastoma, infiltrating the subventricular zone. This finding docu
mented that the inoculated glioma stem cells successfully migrated into 

the brain and began to infiltrate the central nervous system in the area 
highlighted by the 3D localization of the NFκB reporter signal (Fig. 4D). 
These findings clearly indicate the feasibility of creating an early-stage 
murine model of glioblastoma while preserving the integrity of the 
BBB, achieved through the intranasal administration of glioma stem 
cells. Subsequently, we employed this model to assess the capability of 
CG-EVs to precisely target GBM across the intact BBB. For this purpose, 
we intranasally inoculated 8 NFκB-Luc2 mice with 10E6 GSCs. After a 
5-week period, these mice were intravenously administered through 
retro-orbital injection either CG-EVs (N = 4) or EVs sourced from 
healthy donors (N = 4), both loaded with Gd-DOTA. Following a 
24-hour interval, MRI analysis was conducted to evaluate the accumu
lation of the contrast agent within the brain. MRI imaging distinctly 
revealed a hyperintense signal (Figs. 4E, F) localized in the sub
ventricular zone, emanating from the accumulated contrast agent 
transported by CG-EVs. Once again, this signal was notably absent in the 
group that received EVs from healthy donors (Supplementary 
Figure 5A). Histological analysis of the brains from the animals that 
underwent MRI confirmed the presence of neoplastic cells consistent 
with glioblastoma across all subjects. Notably, the neoplastic cells were 
particularly evident in the region highlighted by the contrast agent in 
the CG-EV-treated group (Supplementary Figure 5B). Again, the main
tenance of BBB integrity was confirmed by the Evans Blue assay, thereby 
corroborating the capability of CG-EV to cross the BBB. All in all, these 
results represent a proof-of concept that EVs isolated from glioma pa
tients can be loaded with contrast agents, and possibly with other drugs 
with diagnostic or therapeutic activity, to transport the incapsulated 
molecule across the BBB to target tumors localized in the brain. 

Fig. 3. Biodistribution of CG-EVs in a subcutaneous model of glioblastoma. (A) in vivo and (B) ex vivo imaging of a representative subcutaneous glioblastoma model i. 
v. injected with ICG-loaded CG-EVs and acquired at 24 h after the i.v. injection. Li: liver, He: heart and lungs, Sp: spleen, Ki: kidneys, Br: brain. The intensity of the 
fluorescence signal is represented with pseudocolors: yellow: high photon emission, bright red: medium photon emission, and dark red: low photon emission.C) 
Quantification of the fluorescent signal released by the organs represented in Fig. 2B. Bars represent mean and S.E. of the average radiance measured in N = 3 mice. 
* :p < 0.05, t = 1982, df= 4, eta squared: 0.4955, vs. liver. (D) Photograph and (E) three-dimensional CT scan reconstruction of a representative subcutaneous 
glioblastoma model i.v. injected with Gd-DOTA-loaded CG-EVs and acquired with MRI scans at 24 h after the i.v. injection. (F) Diffusion-weighted imaging (DWI) of 
the animal depicted in D and E acquired 24 h after the i.v. injection with Gd-DOTA-loaded CG-EVs. Yellow arrows indicate the position of the subcutaneous tumor. 
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4. Discussion 

In this study, we conducted a comprehensive investigation into the 
potential of canine EVs as carriers for targeted glioblastoma imaging, 
highlighting their ability to deliver their cargo into the neoplastic tissue 
located inside the brain. This behavior aligns with our previous studies 
[9–11], which established that at extended time points (around 24 h) 
following intravenous injection, about half of the EVs originating from 
peripheral tumors accumulate at the tumor site (if present) due to 
spontaneous tropism. This affinity of cancer EVs for the tumoral tissue is 
independent of its location as the accumulation was observed also in a 
genetic model of cancer where the tumor arises within an organ [9]. In 
the absence of a tumor in the animal model, no accumulation is detected 
24 h post intravenous administration of EVs originating from peripheral 
tumors, as they are either metabolized or excreted [11]. However, in this 
study, an unexpected distribution pattern was observed in EVs origi
nating from tumors of the CNS (isolated from dogs with glioma), 
showing accumulation in the brain even in healthy mice without tumors. 
This unique observation suggested that EVs derived from dogs with 

glioma are capable of crossing the BBB and accumulating within the 
brain parenchyma, even under physiological conditions. We demon
strated the affinity of CG-EVs for glioblastoma tissue, emphasizing the 
specificity of CG-EVs for glioma compared to the control group treated 
with EVs from healthy donors. In particular, to assess the potential of 
CG-EVs in a clinically relevant context, we developed a minimally 
invasive model of early-stage GBM allowing for BBB integrity preser
vation while initiating glioma growth within the brain. Following the i. 
v. administration of CG-EVs loaded with Gd-DOTA, a gadolinium-based 
contrast agent, we detected hyperintense signals at the tumor site within 
the subventricular zone. All in all, this study shows the potential of 
utilizing CG-EVs as a potent tool for targeted drug delivery to intracra
nial tumors, even in the presence of an intact BBB. 

These results build upon significant findings in the field of targeted 
drug delivery for cancer therapy, which has recently seen increased 
interest in harnessing the potential of EVs for theranostic purposes [23, 
24]. In this context, our research group previously made a noteworthy 
discovery: both human patients and dogs with glioma exhibit EVs in 
their plasma with a strong affinity for cancerous tissues, a feature absent 

Fig. 4. Evaluation of the homing of CG-EV in an intranasal model of GBM. (A) Bioluminescence-based optical imaging of NFkB-Luc2 reporter activity in a repre
sentative mouse intranasally inoculated with GSCs. The pictures were acquired in the same mouse, in a series of weekly intervals starting from 1-week post inoc
ulation (p.i.). The intensity of the bioluminescent signal, directly correlated with NFkB activity, is represented with pseudocolors: blue: low, yellow: medium, and red: 
high photon emission. (B) Bioluminescence-based optical imaging of NFkB-Luc2 reporter activity 5 weeks after the intranasal inoculation with GSCs. (C) The three- 
dimensional localization of the fluorescent signal was obtained by superimposing bioluminescent optical tomography data with CT scans. The intensity of the 
bioluminescent signal, directly correlated with NFkB activity, is represented with pseudocolors: blue: low, yellow: medium, and red: high photon emission. (D) 
Microscopical aspects of the subventricular zone in the brain excised from a mouse intranasally inoculated with GSCs, 5 weeks post inoculation. Hematoxylin and 
eosin (H&E) staining shows small cells with hyperchromatic nuclei and scant cytoplasm, with high mitotic rate and foci of necrosis, infiltrating the cerebral pa
renchyma (on the left) as evidenced in the magnified view. (E) Diffusion-weighted imaging (DWI) of the animal depicted in B and C acquired 24 h after the i.v. 
injection with Gd-DOTA-loaded CG-EVs. Yellow arrows indicate the hyperintense areas generated by the Gd-DOTA-loaded CG-EVs accumulating in the sub
ventricular zone, where the GBM is located, as confirmed by histology (D and Supplementary Figure 4B). 
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in healthy counterparts [11]. This finding suggested that tumors actively 
release EVs into the bloodstream, which tend to accumulate in their 
originating tumor sites. 

The data presented in this manuscript add a new and important piece 
to this puzzle, demonstrating that EVs originating from brain cancer 
possess the inherent capacity to traverse the BBB. Indeed, they can leave 
the brain tumor and reach the bloodstream, allowing their isolation from 
the plasma of subjects affected by glioma, but – more surprisingly – they 
tend to return to the brain also in the absence of the originating tumor. 
This is one of the striking and unexpected results that we obtained in this 
study, since it suggests the existence of a chemotactic message released 
by resident brain cells, or the involvement of an active transport system 
through the BBB, as proposed by previous reports [13]. In the presence 
of a brain tumor, glioma-derived EVs show a tropism for the neoplastic 
cells as shown for various EVs of tumor origins [11,23,24], leading to an 
accumulation of their cargo in the tumoral area. Our current hypothesis 
is that EVs are released by neoplastic cells into the bloodstream, 
potentially promoting invasion and preparing metastatic niches in 
distant organs [25]. Additionally, they may return to their original tu
mors to promote growth [26] and evade the immune system [27]. While 
these hypotheses are of great biological interest, they fall outside the 
scope of our current work, which aims to provide evidence of the po
tential use of EVs derived from glioblastoma patients as delivery tools 
for anticancer therapy in glioblastoma. 

Another important aspect of our study was modeling early-stage 
glioma, which our methodology effectively highlights. To this aim, we 
utilized a mouse model of glioblastoma that preserved the integrity of 
the BBB through intranasal cell inoculation, a method that we have 
previously demonstrated to efficiently deliver cells into the brain pa
renchyma [17]. This technique facilitated cell migration from the nasal 
cavity to the brain, likely through the olfactory and trigeminal nerve 
pathways at the upper nasal cavity, as the olfactory neuroepithelium is 
the only part of the central nervous system directly exposed to the 
external environment (see [17] and Supplementary Figure 6). The MRI 
imaging time frame was selected based on previously reported murine 
glioma models, typically requiring 3 to 8 weeks for tumor development 
in CT2A orthotopic models [28,29]. Given that CT2A gliomas elicit 
immune responses [16], we used NFkB-Luc reporter animals to monitor 
NFkB pathway activation, identifying the optimal 5-week 
post-inoculation interval, allowing detectable tumor growth while 
maintaining BBB integrity, as confirmed by Evans Blue experiments. 
Using Gd-DOTA, a contrast agent incapable of crossing the BBB in its 
standard form [30], we observed a contrast in the subventricular zone in 
MRI scans following the intravenous retro-orbital injection of 
Gd-DOTA-loaded CG-EVs. This, along with histological confirmation of 
tumoral cells, indicates the potential of patient-derived EVs to highlight 
gliomas in the initial stages and in the presence of an intact BBB. 

The choice of studying dogs with glioma may initially appear as a 
limitation, however, it is a significant step toward conducting clinical 
studies on human subjects because canine brain malignancies exhibit 
remarkable similarities to their human counterparts in various aspects, 
including incidence rates, clinical manifestations, histopathological 
characteristics, and even survival durations [31]. Our driving hypoth
esis, guiding our exploration of canine EVs as a model to advance the 
pharmacological use of patient-derived EVs in humans, is based on our 
prior experience [11]. Indeed, our previous research revealed that 
canine EVs share the same tumor homing capabilities observed in 
human patient-derived EVs, which are able to accumulate - together 
with their cargo - into the tumoral tissue, independently from the tumor 
type or even the species bearing the tumor [9]. The body of evidence 
collected in the past years therefore, strongly suggest that the applica
tion in veterinary clinics of autologous EVs to target the tumors in large 
canine breeds could serve as a step forward towards the use of these 
nanoparticles for personalized medicine in humans. 

The application of patient-derived EVs could be particularly relevant 
for glioblastoma patients, given the challenges involved in their 

management, often requiring complex and potentially uncomfortable 
treatment regimens. For example, using autologous patient-derived EVs 
for the delivery of diagnostics may overcome a major obstacle in GBM 
treatment: the absence of distinct initial symptoms for early diagnosis, 
which could greatly improve treatment outcomes. Therefore, our focus 
has been directed towards the application of CG-EVs for labeling glio
blastoma with contrast agents, offering immediate solutions to address 
specific medical needs in this pathology. Clinical translation would be 
facilitated by the use of autologous EVs that are fully biocompatible with 
the donor and are expected to reduce the risk of immunogenicity 
compared to EVs of heterologous origin, or the risk of enhancing 
tumorigenesis associated with EVs derived from tumor cell lines [11, 
32]. The clinical application of this protocol could significantly enhance 
the sensitivity of other currently used diagnostic tools, potentially 
providing a detailed delineation of tumor margins and revealing nor
mally undetectable metastases, thus addressing a major pitfall in onco
logical therapeutic planning — the uncertainty surrounding the local 
invasion’s severity and the regional and distant extension of primary 
tumors [33]. Inaccurate surgical planning due to these uncertainties 
may result in incomplete or inadequate neoplastic excision. Precise 
margin detection pre- and intra-operatively is crucial for improving the 
surgeon’s ability to eradicate diseases, especially for glioblastomas with 
complex phenotypes. 

Moreover, the proof-of-concept provided by the current study not 
only demonstrates that CG-EVs can transport contrast agents into the 
brain for early brain tumor diagnosis but also opens avenues for utilizing 
therapeutic agents currently limited by their poor ability to cross the 
BBB. Agents like paclitaxel and doxorubicin, proven highly effective 
against gliomas in vitro, exhibit reduced efficacy within the central 
nervous system due to limited brain penetration [34,35]. This limitation 
stems from both poor brain permeability and rapid clearance from brain 
tissue via active transport [36]. Employing autologous patient-derived 
EVs as carriers offers several advantages, including the potential to 
transport drugs across the BBB and accumulate them within tumors, 
allowing precise release of chemotherapy agents directly to cancer cells. 
This targeted delivery approach not only allows for increased dosages of 
drugs that actively concentrate in glioma cells but also mitigates po
tential systemic toxicities and inflammatory reactions associated with 
chemotherapies [10]. This advantage creates a novel scenario for 
approved anti-neoplastic therapies, offering a local concentration that 
cannot be achieved through conventional systemic administration. 

While our study focuses on practical applications rather than delving 
into the intricate mechanisms underlying tumor tropism, and does not 
elucidate the origins of these brain-targeting EVs, we are confident in the 
valuable insights presented within this manuscript. These findings 
signify a notable advancement in the clinical utilization of a potent 
resource - patient-derived EVs. This promising tool has the capacity to 
introduce novel strategies in the battle against cancer, even as certain 
aspects of its function and behavior warrant further investigation. 

5. Conclusions 

This study reports the promising potential of CG-EVs as effective 
carriers for targeted GBM imaging and drug delivery across the BBB. Our 
investigation has introduced novel insights into the biodistribution and 
tumor-targeting capabilities of these EVs in murine models. By high
lighting their affinity for glioma tissue and their ability to traverse the 
BBB, we pave the way for innovative approaches in cancer theranostics, 
and provide a step forward in utilizing patient-derived EVs for precise 
diagnosis and treatment strategies. This work underscores the potential 
of EVs as a game-changing tool in the fight against glioblastoma and 
opens avenues for further exploration into their broader implications in 
cancer therapy. 
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