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Abstract: Prostate-specific membrane antigen (PSMA) and caveolin-1 are membrane proteins that
are overexpressed in prostate cancer (PCa) and are involved in tumor growth and increase in ag-
gressiveness. The aim of the present study is therefore to evaluate PSMA and caveolin-1 proteins
from plasma exosomes as effective liquid biopsy biomarkers for PCa. This study included 39 patients
with PCa and 33 with benign prostatic hyperplasia (BPH). The shape and size of the exosomes were
confirmed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
analysis. Immunogold analysis showed that PSMA is localized to the membrane of exosomes isolated
from the plasma of both groups of participants. The relative protein levels of PSMA and caveolin-1 in
the plasma exosomes of PCa and BPH patients were determined by Western blot analysis. The relative
level of the analyzed plasma exosomal proteins was compared between PCa and BPH patients and
the relevance of the exosomal PSMA and caveoin-1 level to the clinicopathological parameters in PCa
was investigated. The analysis performed showed an enrichment of exosomal PSMA in the plasma
of PCa patients compared to the exosomes of men with BPH. The level of exosomal caveolin-1 in
plasma was significantly higher in PCa patients with high PSA levels, clinical-stage T3 or T4 and in
the group of PCa patients with aggressive PCa compared to favorable clinicopathological features
or tumor aggressiveness. Plasma exosomes may serve as a suitable object for the identification of
potential biomarkers for the early diagnosis and prognosis of PCa as well as carriers of therapeutic
agents in precision medicine of PCa treatment.

Keywords: prostate cancer; exosomes; PSMA; caveolin-1

1. Introduction

Prostate cancer (PCa) is the most prevalent cancer diagnosed in men in 2023, account-
ing for 29% of all cases in men worldwide [1]. According to the data published by the
National Institute of Public Health’s “Dr. Milan Jovanovic Batut” in 2021, PCa is the third
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most commonly diagnosed malignancy and the third leading cause of cancer-related mor-
tality in the Serbian male population [2]. In parallel, an increase in early diagnosed PCa
over the last decade has led to better management protocols that are shifting the focus
onto discrimination between patients with highly aggressive tumors and those who are
eligible for active surveillance [3]. Consequently, there is an urgent need to develop novel
diagnostic logarithms and to discover highly specific biomarkers that could be used for
monitoring the progression of patients with indolent disease form.

Cancer cells communicate with the tumor microenvironment (TME), composed of cells
and the extracellular matrix, by releasing extracellular signals (e.g., exosomes) that alter the
landscape of the TME, promoting cancer growth and metastasis in healthy tissue [4]. In
addition, recent studies have shown that neuron recruitment and tumor innervation are
mediated by the release of exosomes (Exos) [5]. Exos are small extracellular membranous
vesicles, 30 to 100 nm in size, derived from multivesicular bodies. They transfer biomolec-
ular cargo between cells, reprograming the pathways of recipient cells [6]. Exos infer the
altered content of the original tumor cell in their molecular cargo (e.g., DNA, RNA, proteins,
lipids and metabolites), representing a kind of fingerprint of the cellular biochemical status.
They are present in all biological fluids (blood, plasma, serum, urine, cerebrospinal fluid,
etc.) and, as such, represent a readily available source of biomarkers for non-invasive liquid
biopsy procedures [7]. Nevertheless, the diagnostic potential of Exos is hampered by the
lack of procedures to enrich the cancer-specific vesicles and vesicular biomarkers.

Prostate-specific membrane antigen (PSMA), known as glutamate carboxypeptidase II,
is a transmembrane protein expressed in all types of prostate tissues, especially in carcinoma
tissues [8]. PSMA, as a multifunctional protein, is involved in a myriad of processes, such
as nutrient uptake and the activation and enhancement of cell survival, proliferation and
migration. PSMA receptor function is achieved through dimerization. Overexpression of
PSMA in carcinoma tissue, especially in aggressive tumors, could potentially disrupt the
growth equilibrium of the prostate gland and increase the metastatic potential of PCa [9].
The ongoing clinical trials for the treatment of advanced PCa relate precisely to the use of
PSMA radioisotopes. The FDA recently approved (177Lu)-PSMA-617 for the treatment of
PSMA-PET-positive patients with metastatic castrate-resistant prostate cancer (mCRPC),
and additional phase III clinical trials are underway [10].

Caveolin-1 is a scaffolding membrane protein involved in the structure of the caveolae
and is expressed in all cell types. Caveolin-1 plays an important role in the regulation of
cell proliferation, migration and angiogenesis, suggesting a link to cancer development and
invasion. Further, caveolin-1 is overexpressed in PCa patients and correlates significantly
with the aggressiveness of tumor forms [11].

A recent study by Wang CB et al. has shown that PSMA from the urinary Exos of
patients with PCa has a clear diagnostic potential to detect clinically significant PCa [12].
However, the collection of urine to obtain urinary Exos requires a prior digital rectal exami-
nation, which can sometimes be uncomfortable for the patient. Therefore, we investigated
the potential of plasma exosomal proteins PSMA and caveolin-1 as liquid biopsy biomark-
ers for PCa in early diagnosis and progression prediction by evaluating their relationships
with standard prognostic parameters.

2. Results

To check the quality of the Exos isolated with the Total Exosome Precipitation Kit (from
plasma) (Thermo Fisher Scientific, Waltham, MA, USA), we first analyzed the morphology
and size of the Exos using TEM negative staining. The majority of the vesicles showed a
typical cup-shaped morphology with a central depression and were between 30 and 100 nm
in size (Figure 1a–c). In addition to TEM, we also examined the quality of the isolated Exos
by SEM. In the SEM, the Exos had a round morphology and a uniform size distribution
(Figure 2a,b).
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Figure 1. Morphological characterization of Exos by electron microscopy. TEM analysis of a precip-
itated heterogeneous population of Exos from patients with PCa (a) and BPH (b) using negative 
staining showed the typical cup-shaped morphology. Aggregates of precipitated Exos and a single 
exosome (marked by arrow) (TEM, negative staining) (c). TEM—transmission electron microscopy; 
PCa—prostate cancer; BPH—benign prostatic hyperplasia. 

  
(a) (b) 

Figure 2. SEM analysis of the precipitated Exos from both group of patients (BPH and PCa, (a,b), 
respectively) indicated a round morphology and a uniform size distribution. SEM—scanning elec-
tron microscopy; PCa—prostate cancer; BPH—benign prostatic hyperplasia. 

No significant differences were found in the concentrations of isolated EVs for rep-
resentative, randomly selected samples from PCa and BPH patients when using NTA in 
scattering mode (p = 0.16). The mean and median sizes of PCa and BPH Exos were com-
parable (p = 0.78 and p = 0.66, respectively) and the size values corresponding to the 10th 
and 90th percentile demonstrated an insignificant difference (p = 0.65 and p = 0.83, respec-
tively). The average size distribution curves for EVs isolated from the plasma of PCa and 
BPH patients are presented in Figure 3. 

 

0

50

100

150

200

250

300

0 100 200 300 400 500 600 700

N
u

m
be

r

Diameter [nm]

BPH

PCa

Figure 1. Morphological characterization of Exos by electron microscopy. TEM analysis of a pre-
cipitated heterogeneous population of Exos from patients with PCa (a) and BPH (b) using negative
staining showed the typical cup-shaped morphology. Aggregates of precipitated Exos and a single
exosome (marked by arrow) (TEM, negative staining) (c). TEM—transmission electron microscopy;
PCa—prostate cancer; BPH—benign prostatic hyperplasia.
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Figure 2. SEM analysis of the precipitated Exos from both group of patients (BPH and PCa,
(a,b), respectively) indicated a round morphology and a uniform size distribution. SEM—scanning
electron microscopy; PCa—prostate cancer; BPH—benign prostatic hyperplasia.

No significant differences were found in the concentrations of isolated EVs for rep-
resentative, randomly selected samples from PCa and BPH patients when using NTA
in scattering mode (p = 0.16). The mean and median sizes of PCa and BPH Exos were
comparable (p = 0.78 and p = 0.66, respectively) and the size values corresponding to the
10th and 90th percentile demonstrated an insignificant difference (p = 0.65 and p = 0.83,
respectively). The average size distribution curves for EVs isolated from the plasma of PCa
and BPH patients are presented in Figure 3.

To clearly establish that the origin of the precipitated plasma Exos is the prostate,
the exosome samples of five PCa and five BPH patients were analyzed with the anti-
body of the PSMA protein, anti-PSMA, by immunogold staining. Figure 4 shows the
localization of the exosomal prostate marker PSMA in the plasma Exos. The amount of
gold signals between prostate cancer and BPH patients was different (arrows indicate the
gold signals). BPH-derived Exos were uniformly stained with immunogold, showing an
even distribution of PSMA on the surface, while in PCa-derived Exos, we observed three
categories—unlabeled, medium-labeled, and heavily labeled—demonstrating a varying
level of PSMA surface distribution.
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Figure 3. Size distribution of EVs isolated from PCa and BPH samples, shown as a scatter plot. The
X-axis represents the diameter of detected particles in nm, while the Y-axis indicates the absolute
number of particles.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 12 
 

 

Figure 3. Size distribution of EVs isolated from PCa and BPH samples, shown as a scatter plot. The 
X-axis represents the diameter of detected particles in nm, while the Y-axis indicates the absolute 
number of particles. 

To clearly establish that the origin of the precipitated plasma Exos is the prostate, the 
exosome samples of five PCa and five BPH patients were analyzed with the antibody of 
the PSMA protein, anti-PSMA, by immunogold staining. Figure 4 shows the localization 
of the exosomal prostate marker PSMA in the plasma Exos. The amount of gold signals 
between prostate cancer and BPH patients was different (arrows indicate the gold signals). 
BPH-derived Exos were uniformly stained with immunogold, showing an even distribu-
tion of PSMA on the surface, while in PCa-derived Exos, we observed three categories—
unlabeled, medium-labeled, and heavily labeled—demonstrating a varying level of 
PSMA surface distribution. 

 
(a) 

 
(b) 

Figure 4. PSMA immunogold labeling of Exos from patients with BPH and patients with PCa (gold 
signals are marked with arrows). Exos from BPH patients present an even distribution of gold signals 
(a). The images below show different types of labeling of Exos from PCa patients (unlabeled, me-
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Western blot analysis detected the typical exosomal marker CD63, as well as pros-
tate-specific PSMA and caveolin-1 in plasma Exos from both samples, PCa and BPH (Fig-
ure 5a). Further analysis data demonstrated the enrichment of PSMA in plasma Exos from 
PCa patients compared to Exos from men with BPH (p = 0.043). However, the Western 
blot quantification results showed no statistical difference in the exosomal caveolin-1 lev-
els between PCa and BPH patients (p = 0.349) (Figure 5b). Flow cytometry demonstrated 
that randomly selected samples (five BPH and five PCa) all express CD9 on their surface 
(Supplementary Figure S1). 
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Figure 4. PSMA immunogold labeling of Exos from patients with BPH and patients with PCa (gold
signals are marked with arrows). Exos from BPH patients present an even distribution of gold signals
(a). The images below show different types of labeling of Exos from PCa patients (unlabeled, medium-
labeled, and heavily labeled) (b). PSMA—prostate-specific membrane antigen; PCa—prostate cancer;
BPH—benign prostatic hyperplasia.

Western blot analysis detected the typical exosomal marker CD63, as well as prostate-
specific PSMA and caveolin-1 in plasma Exos from both samples, PCa and BPH (Figure 5a).
Further analysis data demonstrated the enrichment of PSMA in plasma Exos from PCa
patients compared to Exos from men with BPH (p = 0.043). However, the Western blot
quantification results showed no statistical difference in the exosomal caveolin-1 levels
between PCa and BPH patients (p = 0.349) (Figure 5b). Flow cytometry demonstrated
that randomly selected samples (five BPH and five PCa) all express CD9 on their surface
(Supplementary Figure S1).

When the patients with PCa were categorized according to the values of standard
prognostic parameters and PCa aggressiveness score, the relative exosomal PSMA protein
levels did not differ between the subgroups (Table 1). However, the results obtained
indicated that the relative protein levels in plasma exosomal samples were significantly
higher in PCa patients with a PSA score > 20 ng/mL than in PCa patients with a PSA
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score < 20 ng/mL (p = 0.033, Figure 6, Table 1). In addition, the relative protein level
of exosomal caveolin-1 differed significantly between patients with a T3 or T4 stage and
patients with a T2 stage of PCa (p = 0.0083, Figure 7, Table 1). Similar results were obtained
when the relative protein level of exosomal caveolin-1 was compared in PCa patients with
less aggressive and with aggressive PCa (p = 0.0061, Figure 7, Table 1).
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exosome marker, PSMA and caveolin-1 in PCa and BPH samples of plasma-derived Exos and Ponceau
S staining as a loading control (a). The relative protein levels of PSMA and caveolin-1 in the plasma
Exos of PCa and BPH patients were determined by Western blot analysis and normalized to Ponceau
S (relative protein level, y-axis) (b). A Mann–Whitney U test or a Kruskal–Wallis test was used to
determine statistical significance. Data are shown as interquartile ranges. The horizontal line in the
boxes represents the median values ± SD. Pca—prostate cancer; BPH—benign prostatic hyperplasia;
PSMA—prostate-specific membrane antigen, *—statistical significance.
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tribute to increasing the 5-year survival rate. Therefore, research efforts in the field have 
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Figure 6. Difference in the exosomal caveolin-1 relative protein level between subgroups of patients
with a PSA > 20 ng/mL and patients with a PSA < 20 ng/mL. A Mann–Whitney U-test or a Kruskal–
Wallis test was used to determine statistical significance. Data are shown as interquartile ranges. The
horizontal line in the boxes represents the median values ± SD. PCa—prostate cancer; BPH—benign
prostatic hyperplasia.
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Table 1. Differences in the relative proteins level between the patient groups, formed according to the
values of the standard prognostic parameters and the aggressiveness of the PCa.

Groups of Patients Relative Protein Level ± SD p Value

exosomal PSMA

PSA < 20 ng/mL/PSA > 20 ng/mL 1.05 ± 0.69/1.35 ± 0.85 0.26
T1 and T2 stage/T3 and T4 stage 1.07 ± 0.74/1.24 ± 0.77 0.49

GS < 7/GS ≥ 7 1.15 ± 0.85/1.10 ± 0.70 0.93
low risk/high risk 1.13 ± 0.83/1.29 ± 0.74 0.52

exosomal caveolin-1

PSA < 20 ng/mL/PSA > 20 ng/mL 0.93 ± 0.20/1.08 ± 0.23 0.033
T1 and T2 stage/T3 and T4 stage 0.89 ± 0.17/1.09 ± 0.26 0.008

GS < 7/GS ≥ 7 1.00 ± 0.32/0.98 ± 0.21 0.51
low risk/high risk 0.87 ± 0.15/1.10 ± 0.26 0.006

Correlation tests showed that the relative protein level of PSMA and caveolin-1 in
matched exosome samples was not significant for all participants (r = 0.13 and p = 0.28).
When restricting the correlation analysis to a specific diagnosis, the Pearson correlation
coefficients indicate no significant correlation for either PCa patients (r = 0.14 and p = 0.4)
or BPH patients (r = 0.15 and p = 0.42).

3. Discussion

Since prostate cancer is generally a slow-growing cancer, its early detection, the
differentiation between benign and malignant forms of prostate disease, and the prediction
of the aggressiveness of the tumor play a crucial role in the success of treatment and
contribute to increasing the 5-year survival rate. Therefore, research efforts in the field have
been focused on the search for new, non-invasive or minimally invasive carcinoma-specific
biomarkers that would ensure a more appropriate treatment approach and a better quality
of life for PCa patients [1].

Until now, tissue biopsy has been regarded as the gold standard for diagnosing
PCa. However, the limitation of this method in assessing the heterogeneity of the tumor
means that the dynamic progression of the tumor cannot be predicted, ultimately leading
to poor quality of life or an increased mortality as a consequence of overdiagnosis and
overtreatment. On the other hand, liquid biopsy reflects a more comprehensive picture
of the genetic landscape of the cancer, which improves clinical decision making during
treatment and patient monitoring [13]. Exos promise enormous potential as bioactive cancer
markers, as evidence is accumulating that they are involved in tumorigenesis and tumor
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progression. This, together with a significant increase in the release of Exos by cancer cells,
leads to the conclusion that Exos could be an almost ideal biomarker for cancer screening,
diagnosis and prognosis [14]. While our previous research was related to the assessment of
internal Exos’ content (non-code RNA) [15], we are now focusing on potential biomarkers
on the exosomal membrane. To better understand the functionality and potential biomarker
capabilities of Exo, scientists are making enormous efforts to specifically extract cancer-
derived Exos [16,17]. It has been previously reported that PSMA expression is associated
with a high risk of PCa cancer progression and is overexpressed in PCa patients with
marked metastasis [18]. In addition, using two cancer cell lines, Lui et al. [19] confirmed the
concept that PCa-derived Exos are highly enriched in PSMA compared to the cell extract.
Overall, the aim of the present study was to determine whether exosomal PSMA from the
plasma of patients is suitable as a non-invasive biomarker for the diagnosis and prognosis
of PCa, and, consequently, as a potential therapeutic agent.

The expression and secretion of caveolin-1 has been shown to be associated with PCa
and its progression. Ariotti et al. confirmed the assumption of a conventional release of
caveolin-1 within the Exos’ pathway and identified another, non-canonical pathway of
caveolin-1 release mediated by the special class of Exos (named C-exosomes) [20].

First, the relative protein concentrations of exosomal PSMA and exosomal caveolin-
1 were analyzed by Western blot in exosome samples isolated from plasma in a group
of patients with PCa and BPH. The relative protein level of exosomal PSMA was found
to be significantly higher in patients with PCa than in BPH patients, while the relative
protein level of exosomal caveolin-1 in plasma showed no difference between PCa and BPH
patients. Our results are consistent with previously published similar findings regarding
the potential role of prostate-specific plasma Exos in differentiating PCa from BPH [21]. It
has been suggested that exosomal PSMA in plasma could be used as a valuable biomarker
for PCa diagnosis. However, no significant difference was found when PCa patients were
segregated based on the values of standard prognostic parameters and cancer progression
risk, suggesting that exosomal PSMA from plasma has no prognostic potential in this group
of study participants with PCa. Our results therefore partially contradict previous findings
on the potential clinical utility of PSMA-positive Exos in assessing tumor aggressiveness,
and diagnosing and monitoring metastasis [21,22]. Nevertheless, it should be noted that
different criteria were used to assess tumor stage and the risk of progression. In addition,
it should be noted that aberrant expression, and loss of PSMA expression have already
been demonstrated in patients with mCRPC and in patients with neuroendocrine prostate
cancer (NEPC), which could be factors related to the achieved spectrum of PSMA protein
levels in a heterogeneous group of PCa patients [23,24].

We compared the relative protein level of exosomal caveolin-1 between groups formed
according to the values of prognostic parameters and according to tumor aggressiveness to
analyze its potential as a prognostic biomarker. Previously, the expression of caveolin-1
was found to be significantly associated with advanced clinical features of PCa [25–28].
The results presented in our study, which suggest that the relative protein level of caveolin-
1 in plasma-derived Exos is higher in patients with high initial PSA values, in patients
with clinical T3 or T4 stages, and in PCa patients with a high risk of cancer progression,
are consistent with the presumed oncogenic effect of this protein and previous findings,
including those mentioned above.

In the end, no significant correlations were observed in the relative levels of the
analyzed exosomal proteins between all patients nor for each patient group individually
(PCa and BPH). The possible explanations for the lack of correlation could lie in the different
progressive power for the clinical outcomes of PCa patients of PSMA and caveolin-1 in
plasma Exos.
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4. Materials and Methods
4.1. Study Participants: Sample and Data Collection

This study was conducted using plasma samples from the Center for Human Molecular
Genetics. The participants of this study were diagnosed at the Urology Clinic of the Clinical
Center of Serbia. This research was approved by the Ethics Committee of the Clinical
Center of Serbia in July 2020 (code 570/8). Written informed consent was obtained from
all participants, and this research was conducted in accordance with the Declaration of
Helsinki. In the present study, Exos were isolated from the plasma of participants, including
39 patients with PCa and 33 with benign prostatic hyperplasia (BPH).

The study participants were diagnosed according to the standard clinical procedure
for the diagnosis of prostate cancer. This clinical procedure includes the performance of the
following tests and analyses: measurement of the serum level of prostate-specific antigen
(PCA), digital rectal examination (DRE), transrectal ultrasound examination (TRUS), and
prostate biopsy with subsequent X-ray examination of the bones. The histopathologic
Gleason score was ascertained to determine the histopathologic type of PCa, while the
TNM classification was used to evaluate the stage of the cancer. The clinical characteris-
tics and age of the patients were recorded after each participant gave their explicit and
voluntary consent.

Patients with PCa were divided into groups based on the values of the standard
prognostic parameters: initial serum PSA (PSA ≤ 20 ng/mL; PSA > 20 ng/mL), Gleason
score (GS ≤ 6; GS ≥ 7), and clinical stage (T1 and T2; T3 and T4). According to the
recommendations of the European Association of Urology (EAU) [29], patients with PCa
were divided into the following groups based on the values of the standard prognostic
parameters for disease progression: low-to-intermediate-risk group according to the EAU
criteria: PCa patients with PSA ≤ 20 ng/mL, GS ≤ 7 and clinical stage T1 and T2; and
high-risk group according to the EAU criteria: PCa patients with PSA > 20 ng/mL, GS > 7,
or clinical stage T3 and T4. Patients with the presence of distant metastases were assigned
to the aggressive group.

4.2. Exosome Extraction

Exos were extracted from plasma samples using the Total Exosome Isolation Kit (from
plasma) (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. In brief, after a short treatment with proteinase K, the precipitation reagent
was added to the plasma samples and the solution was incubated in the refrigerator for
30 min. Then, the solution was centrifuged at 10,000× g for 5 min at room temperature.
The resulting pellet containing Exos was resuspended in 1× PBS. In addition, Exos were
recovered using an original method based on immunoaffinity chromatography with a
nanobody-coated matrix that recognizes exosome epitopes in their native conformation.
The protocol was previously published and described in detail in Filipović et al.’s work [30].
The relative concentration of Exos was determined by measuring the amount of protein
using the Qubit Fluorometer and the Qubit Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Their presence in the isolates was confirmed by NTA, transmission
electron microscopy, scanning electron microscopy (SEM) and Western blot.

4.3. Nanoparticle-Tracking Analysis (NTA)

Nanoparticle-tracking analysis (NTA) was performed using the ZetaView® QUATT
instrument (Particle Metrix, Inning am Ammersee, Germany) to determine the size dis-
tribution profiles of EVs and to measure the EVs’ concentration. Samples of EVs were
diluted up to 1:1000 in 50 mM PBS (sterile 0.1 µm pore syringe filter, Sartorius, Shinagawa
City, Tokyo) and all scattering mode measurements were performed at room temperature
(RT). The concentration and size ranges were calculated using ZetaView software (Particle
Metrix, version 8.05.16 SP3, sensitivity 78%, shutter 100, 11 positions, 2 cycles).
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4.4. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used for morphological characterization
of the extracted vesicles after negative staining of the samples. The exosome samples
were placed on a carbon-coated grid and fixed with 2.5% glutaraldehyde. The Exos
were contrasted with 1% phosphotungstic acid and air-dried. Electron micrographs were
taken with a Philips CM12 electron microscope (Philips, Eindhoven, The Netherlands)
equipped with the SIS MegaView III digital camera (Olympus Soft Imaging Solutions,
Münster, Germany).

4.5. Scanning Electron Microscopy

The morphological characterization of the eluted Exos was also investigated using
scanning electron microscopy (SEM). The fixation of Exos was performed with 2.5% glu-
taraldehyde in PBS for 10 min at RT. Then, the exosome samples were transferred to metal
and air-dried. Prior to imaging, all samples were coated with a thin layer of gold using a
sputter coater (Polaron SC503, Fisons Instruments, Ipswich, UK). Electron images were
taken with a scanning electron microscope, Tescan FE-SEM Mira 3 XMU (Tescan, Brno,
Czech Republic).

4.6. Immunogold Detection of PSMA

For this method, a suspension of Exos on coated nickel grids were used. The grids
were incubated in blocking buffer (phosphate-buffered saline—PBS containing 1% bovine;
serum albumin—BSA and 0.1% Tween 20) for 30 min at room temperature. The grids
were then incubated with 100 µL anti-PSMA antibody (1:100, D4S1F, rabbit mAb, #12702,
Cell Signaling, Danvers, MA, USA) in blocking buffer for 1 h at 37 ◦C. After rinsing
in five separate drops for 10 min each, the grids were incubated with anti-rabbit IgG
conjugated with 10 nm gold particles (ab27241, dilution 1:20, Abcam, Cambridge, UK).
After incubation, the sections were rinsed in buffer and distilled water, air-dried, and then
analyzed and imaged with a Philips CM12 (Philips/FEI, Eindhoven, The Netherlands)
equipped with an SIS MegaView III digital camera (iTEM Olympus Soft Imaging Solutions,
Münster, Germany).

4.7. Western Blot Analysis

The concentration of proteins in the exosome extracts was determined using the Lawry
method [31]. Proteins were prepared for sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis by mixing with 2× Laemmle’s buffer (125 mM Tris-HCl, pH 6.8, 4% SDS,
20% (w/v) glycerol, 10% β-mercaptoethanol, 0.01% bromophenol blue) in a 1:1 ratio and
incubating in boiling water for 5 min. Proteins (50 µg) were separated by electrophoresis
through 4% stacking gels and 7.5% or 12% separating gels and transferred to polyvinylidene
fluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA). After transfer, the
membranes were blocked with bovine serum albumin (3%) for 90 min and incubated
overnight at 4 ◦C with primary antibodies: anti-PSMA (12702) from Cell Signaling, Danvers,
MA, USA; anti-caveolin-1 (ab18199) and anti-CD36 (ab59479) from Abcam, Cambridge, UK;
and anti-Hsp70 (C92F3A-5) from CiteAb, Bath, UK. Appropriate secondary antibodies, anti-
mouse (ab97046) or anti-rabbit (ab6721) conjugated with horseradish peroxidase (Abcam,
Cambridge, UK), were applied for 90 min at room temperature. Between the antibodies
and after incubation with the secondary antibody, the membranes were extensively washed
with Washing Buffer (0.1% Tween-20 in PBS). The immunopositive bands were visualized
by the chemiluminescence method using the iBright FL1500 Imaging System and quantified
using iBright Analysis Software (Version number 5.2.0) (Thermo Fisher Scientific, Waltham,
MA, USA).

4.8. Flow Cytometry

Flow cytometry was performed by coating aldehyde/sulphate latex beads (4% w/v,
4 µm; Sigma-Aldrich, St. Louis, MO, USA) with EVs. Thirty µL beads were coated with
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40 µg of total protein from EV-enriched fraction in PBS overnight at 4 ◦C. The beads were
washed 3 times with PBS and blocked for 30 min at room temperature with 200 mM glycine
and 30 min with 5% (w/v) skimmed milk in PBS. The beads were washed 3 times in PBS
before adding anti-CD9 antibodies (dilution 1:5) and incubated 1 h at 37 ◦C. After washing,
the beads were analyzed using an FACS Calibur (BD collecting around 1000 events/s).
A blue solid state 200 mW laser at 488 nm was used for excitation. The emission was
detected at 561 nm (FL2, PE). The positive beads were gated on the FL2-PE, SSC plot.
PE-specific fluorescence was assessed as the signal increase with respect to negative con-
trol (autofluorescence of beads not coated with EVs, blocked with milk and incubated
with antibodies).

4.9. Statistical Analysis

The Mann–Whitney U test and the Kruskal–Wallis test were used to determine the
statistical significance of PSMA and caveolin-1 protein levels between different sample
groups. The Shapiro–Wilk test was applied to assess the normality of the distribution
of the results. PSMA protein levels were correlated with caveolin-1 protein levels using
Spearman’s test. The results were presented as Pearson’s correlation coefficients (r) and
the corresponding p-values. Statistical analyses were performed with RStudio 2021.09.1
statistical software. p-values < 0.05 were considered statistically significant. Patients with
missing data on some of the prognostic parameters were excluded from the association
analyses that were relevant for exactly this parameter.

5. Conclusions

In this study, we confirmed that the relative protein level of exosomal PSMA in plasma
is associated with the development of PCa and could prospectively be used as a potential
non-invasive biomarker for PCa. In addition, our study verified that the relative protein
level of caveolin-1 from plasma Exos was associated with unfavorable clinical features of
PCa and a highly aggressive form of the tumor.
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2. Institute of Public Health of Serbia. “Dr Milan Jovanović Batut” Cancer Incidence and Mortality in Central Serbia; Cancer Registry of

Central Serbia: Belgrade, Serbia, 2021.
3. Williams, I.S.; McVey, A.; Perera, S.; O’Brien, J.S.; Kostos, L.; Chen, K.; Siva, S.; Azad, A.A.; Murphy, D.G.; Kasivisvanathan, V.;

et al. Modern paradigms for prostate cancer detection and management. Med. J. Aust. 2022, 217, 424–433.
4. Kok, V.C.; Yu, C.C. Cancer-Derived Exosomes: Their Role in Cancer Biology and Biomarker Development. Int. J. Nanomed. 2020,

15, 8019–8036.
5. Lucido, C.T.; Wynja, E.; Madeo, M.; Williamson, C.S.; Schwartz, L.E.; Imblum, B.A.; Drapkin, R.; Vermeer, P.D. Innervation of

cervical carcinoma is mediated by cancer-derived exosomes. Gynecol. Oncol. 2019, 154, 228–235. [PubMed]
6. Wei, H.; Chen, Q.; Lin, L.; Sha, C.; Li, T.; Liu, Y.; Yin, X.; Xu, Y.; Chen, L.; Gao, W.; et al. Regulation of exosome production and

cargo sorting. Int. J. Biol. Sci. 2021, 17, 163–177. [PubMed]
7. Valencia, K.; Montuenga, L.M. Exosomes in Liquid Biopsy: The Nanometric World in the Pursuit of Precision Oncology. Cancers

2021, 13, 2147. [PubMed]
8. Chang, S.S. Overview of prostate-specific membrane antigen. Rev. Urol. 2004, 6 (Suppl. S10), S13–S18. [PubMed]
9. Bravaccini, S.; Puccetti, M.; Bocchini, M.; Ravaioli, S.; Celli, M.; Scarpi, E.; De Giorgi, U.; Tumedei, M.M.; Raulli, G.; Cardinale, L.;

et al. PSMA expression: A potential ally for the pathologist in prostate cancer diagnosis. Sci. Rep. 2018, 8, 4254.
10. Ramnaraign, B.; Sartor, O. PSMA-Targeted Radiopharmaceuticals in Prostate Cancer: Current Data and New Trials. Oncologist

2023, 28, 392–401.
11. Chen, P.; Zhang, Y.L.; Xue, B.; Xu, G.Y. Association of Caveolin-1 Expression with Prostate Cancer: A Systematic Review and

Meta-Analysis. Front. Oncol. 2021, 10, 562774.
12. Wang, C.B.; Chen, S.H.; Zhao, L.; Jin, X.; Chen, X.; Ji, J.; Mo, Z.N.; Wang, F.B. Urine-derived exosomal PSMA is a promising

diagnostic biomarker for the detection of prostate cancer on initial biopsy. Clin. Transl. Oncol. 2023, 25, 758–767.
13. Li, S.; Yi, M.; Dong, B.; Tan, X.; Luo, S.; Wu, K. The role of exosomes in liquid biopsy for cancer diagnosis and prognosis prediction.

Int. J. Cancer 2021, 148, 2640–2651.
14. Yu, D.; Li, Y.; Wang, M.; Gu, J.; Xu, W.; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer

2022, 21, 56.
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