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A B S T R A C T   

Background: We previously demonstrated that the human amniotic fluid (hAF) from II trimester of gestation is a 
feasible source of stromal progenitors (human amniotic fluid stem cells, hAFSC), with significant paracrine 
potential for regenerative medicine. Extracellular vesicles (EVs) separated and concentrated from hAFSC 
secretome can deliver pro-survival, proliferative, anti-fibrotic and cardioprotective effects in preclinical models 
of skeletal and cardiac muscle injury. While hAFSC-EVs isolation can be significantly influenced by in vitro cell 
culture, here we profiled EVs directly concentrated from hAF as an alternative option and investigated their 
paracrine potential against oxidative stress. 
Methods: II trimester hAF samples were obtained as leftover material from prenatal diagnostic amniocentesis 
following written informed consent. EVs were separated by size exclusion chromatography and concentrated by 
ultracentrifugation. hAF-EVs were assessed by nanoparticle tracking analysis, transmission electron microscopy, 
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Western Blot, and flow cytometry; their metabolic activity was evaluated by oximetric and luminometric ana-
lyses and their cargo profiled by proteomics and RNA sequencing. hAF-EV paracrine potential was tested in 
preclinical in vitro models of oxidative stress and dysfunction on murine C2C12 cells and on 3D human cardiac 
microtissue. 
Results: Our protocol resulted in a yield of 6.31 ± 0.98 × 109 EVs particles per hAF milliliter showing round cup- 
shaped morphology and 209.63 ± 6.10 nm average size, with relevant expression of CD81, CD63 and CD9 
tetraspanin markers. hAF-EVs were enriched in CD133/1, CD326, CD24, CD29, and SSEA4 and able to produce 
ATP by oxygen consumption. While oxidative stress significantly reduced C2C12 survival, hAF-EV priming 
resulted in significant rescue of cell viability, with notable recovery of ATP synthesis and concomitant reduction 
of cell damage and lipid peroxidation activity. 3D human cardiac microtissues treated with hAF-EVs and 
experiencing H2O2 stress and TGFβ stimulation showed improved survival with a remarkable decrease in the 
onset of fibrosis. 
Conclusions: Our results suggest that leftover samples of II trimester human amniotic fluid can represent a feasible 
source of EVs to counteract oxidative damage on target cells, thus offering a novel candidate therapeutic option 
to counteract skeletal and cardiac muscle injury.   

1. Background 

Perinatal derivatives from extra-embryonic tissue are attracting 
increasing interest due to their regenerative potential against a variety 
of diseases. Mesenchymal stromal cells (MSC) from perinatal clinical 
waste (III trimester placenta membranes, umbilical cord, and amniotic 
fluid) or from leftover samples of prenatal screening (II trimester am-
niotic fluid from amniocentesis) have been proposed as alternatives over 
adult progenitors given their modulatory profile and high self-renewal 
capacity [1–3]. Moreover, being perinatal derivatives developmentally 
more immature, they have not been exposed to a lifetime of environ-
mental stimuli (i.e. inflammaging) that may negatively affect their bio-
logical profile; besides, recent reports from preclinical and clinical 
studies suggest that they are safe and effective. 

The human amniotic fluid (hAF) represents an easily exploitable 
source of progenitor cells which can be collected along pregnancy 
following amniocentesis procedures (as fetal human amniotic fluid- 
derived stem cells, hAFSC) or at term during scheduled C-section de-
livery (as perinatal hAFSC). hAFSC have shown remarkable paracrine 
potential in promoting tissue regeneration in several models of 
inflammatory-based or ischemic disease [4–9]. Functional assays by our 
group and others indicated that extracellular vesicles (EVs) secreted by 
hAFSC (hAFSC-EVs) act as major conveyors of pro-survival, car-
dioprotective, neurotrophic, anti-inflammatory, and anti-fibrotic effects 
in different preclinical studies [7,8,10–19]. EVs are membrane-bound 
nanoparticles with heterogeneous size distribution (from 50- up to 
1000 nm) released by all cells; they act as mediators of intercellular 
signalling via the horizontal transfer to responder cells of their cargo 
enriched in bioactive molecules. As a matter of fact, MSC-EVs play 
pivotal roles in orchestrating different biological processes, including 
the modulation of the immune response and the activation of 
pro-resolving mechanisms driving tissue repair [20]. Since the EV con-
tent mirrors the paracrine profile of the parental cell, preconditioning 
strategies have been optimised to prime progenitor cells to enhance their 
regenerative potential. When stimulated in vitro by a short burst of 
hypoxia, hAFSC demonstrated to secrete EVs endowed with significant 
cardio-active profile [7,8,12]. Nevertheless, standardisation of the 
manufacturing of the hAFSC secretome, including EVs, is currently a 
matter of optimization. Therefore, here we investigated whether the II 
trimester hAF can represent an alternative appealing source of EVs with 
paracrine activity similar to hAFSC-EVs, thus offering an effortless and 
less time-consuming option for biotech and translational purposes. 

The biological activity of hAF-EVs has been recently evaluated in 
preclinical models of murine neonatal hypoxic encephalopathy with 
relevant improvement of local angiogenesis [21], in 
inflammatory-related models with quenching of the T cell immune 
response [22] and in terms of modulation of the inflammasome activa-
tion in human monocytes [23]. Notably, a cell-free biological formula-
tion of human term amniotic fluid enriched in EVs has been recently 

reported to significantly decrease inflammatory cytokine production in 
preclinical murine models of SARS-CoV-2 infection in vitro and in vivo 
[24]. Nevertheless, these promising results have been documented for III 
trimester hAF-EVs from clinical waste samples obtained by elective 
C-section procedures; currently, very little is known about the 
pro-resolving and regenerative capacity of more immature II trimester 
hAF-EVs. 

Therefore, here we (i) validated a straightforward protocol to effi-
ciently separate and concentrate EVs from leftover samples of II 
trimester hAF obtained during routine prenatal screening; (ii) provide 
their phenotypic characterization, and (iii) profile their paracrine po-
tential in counteracting oxidative stress on responder cells and in 
restraining pro-fibrotic activation in vitro, two hallmarks of skeletal 
muscle and cardiac dysfunction with relevant clinical impact. 

2. Material and methods 

2.1. hAF-EVs separation and concentration 

II trimester human amniotic fluid (hAF) samples were collected as 
leftover material via amniocentesis for routine prenatal screening 
donated for research purposes by healthy donors at IRCCS Istituto G. 
Gaslini in Genova, Italy. All patients provided informed written consent 
in accordance with specific authorization (P.R. 428REG2015 from 
Comitato Etico Regione Liguria) and in compliance with Helsinki Decla-
ration ethical principles. hAF samples were obtained from 36.48 ± 0.64- 
year-old female healthy donors (n = 33 in total, with no prior history of 
oncological and/or infective diseases, including HIV and hepatitis in-
fections) as validated for unaltered karyotype. hAF samples (4.33 ±
0.18 mL average volume) were subjected to centrifugation at 300×g for 
5 min at room temperature to isolate cellular content. The supernatant 
was then further processed at 300×g for 10 min and then at 2000×g for 
20 min at 4 ◦C to remove any remaining cellular debris. The supernatant 
was subsequently concentrated by means of ultrafiltration using 100 
kDa selective cut-off membranes, according to manufacturer’s in-
structions (Amicon Ultra-15 Centrifugal Filter, Merck Millipore) up to a 
final volume of 1 mL. The concentrated samples were stored at − 80 ◦C 
until use. Size exclusion chromatography (SEC) was employed to isolate 
hAF-EVs by using IZON qEV original 70 nm columns (Izon Science). In 
accordance with manufacturer’s guidelines, 1 mL of hAF was loaded 
onto the column and eluted with 1X Phosphate-buffered saline (PBS) 
solution. The hAF-EVs-enriched fractions were collected and concen-
trated by ultracentrifugation (UC) at 100,000×g for 120 min in an ul-
tracentrifuge (Beckman Coulter Optima XPN-100; Beckman Coulter) 
with SW55Ti swinging bucket rotor. EV samples were then resuspended 
in sterile PBS solution for following analyses. 
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2.2. Characterization of hAF-EVs 

hAF-EV size distribution and yield were determined by Nanoparticle 
Tracking Analysis (NTA, Nanosight NS300, Malvern Panalytical). Sam-
ples were acquired and recorded under a controlled continuous flow at 
25 ◦C. For each measurement, 5 videos of 60 s were captured. Samples 
were characterised using NTA 3.2 software with a detection threshold 
equal to 5 as the ratio of total completed tracks over total valid tracks. 
EV morphological evaluation was performed by transmission electron 
microscopy (TEM) negative staining. hAF-EV samples were absorbed on 
a glow-discharged carbon-coated formvar copper grid and negatively 
stained with 2 % uranyl acetate. EV pictures were examined by a Talos 
L120C operating at 120 kV. Images were acquired with a Ceta CCD 
camera (all FEI, Thermo Fisher Scientific). Dimension distribution 
analysis was performed using ImageJ software (https://imagej.dow 
nload.it/). Canonical expression of EV markers was analysed by West-
ern Blot (WB) and flow cytometry. Samples were prepared following two 
different protocols, according to the specific marker to be evaluated. To 
define TSG101, Syntenin-1, ALIX and APO-B48 expression, hAF-EV and 
hAF samples were boiled at 95 ◦C with Laemmli SDS sample buffer 6X 
(VWR International, Dietikon), for 10 min; for CD63 and CD81 expres-
sion, hAF-EVs and hAF samples were mixed with Laemmli sample buffer 
6X without SDS. Samples were then separated on 4–20 % Mini- 
PROTEANTGXTM Precast Gel, and transferred onto a PVDF membrane 
with a semi-dry transfer system (all from Bio-Rad Europe). Membranes 
were incubated with the following primary antibodies: anti-TSG101 
(1:1000 ab125011); anti-Syntenin-1 (1:1000 ab19903); anti-ALIX 
(1:1000 ab186429); anti-APO-B48 (1:500 ab20737, all from Abcam); 
anti-CD63 (1:1000, 10628D, Invitrogen) and anti-CD81 (1:1000, 
555675, Becton-Dickinson, BD). IRDye 680RD- or 800CW- goat anti- 
mouse or goat anti-rabbit secondary antibodies were then used (LI- 
COR Biosciences, LicorBio). Infrared signal was detected using an Od-
yssey CLx Detection System (LI-COR Biosciences). Concentrated hAF 
samples were used as comparative reference. CD9, CD63 and CD81 (JSR 
Life Science) expression was also investigated by flow cytometry (FC) as 
previously described [25]. 1 × 1010 hAF-EVs resuspended in 100 μL of 
PBS1X were incubated overnight at 10 ◦C and 400 rpm with 1 μL of CD9, 
CD63, and CD81 (JSR Life Sciences Ex-C9-SP; Ex-C63-SP; Ex-C81-SP; 
ratio 1:1:1) mixed beads, corresponding to 1.2 × 105 beads in total 
(for each test). After 24 h, 1 μL of 10 μg/mL of FITC-conjufìgated CD9 
(Biolegend 312104) or 10 μg/mL of PE-conjugated CD63 (Biolegend 
353004) or 5 μg/mL of PE-conjugated CD81 (Biolegend 349505) was 
added to 100 μL of hAF-EVs and bead-containing samples, which were 
then acquired (20000 events) with CytoFLEX (Beckman Coulter) and 
analysed using Kaluza software (Beckman Coulter). hAF-EVs samples 
underwent bead-based EVs immunocapture and were analysed by 
MACSPlex human Exosome Kit (Miltenyi Biotec), according to previ-
ously validated studies [26,27]; hAF-EVs were incubated with 37 fluo-
rescently labelled capture bead populations, each coated with a specific 
antibody binding the respective surface epitope, and 2 control bead 
populations, followed by EVs detection reagent (i.e. fluorescently 
labelled antibodies for the canonical CD9/CD63/CD81 tetraspanin 
markers). Median fluorescence intensity (MFI) was measured on a 
MACSQuantAnalyzer10 flow cytometer (Miltenyi Biotec). All markers 
were analysed simultaneously. Surface epitope levels were referenced to 
EV-specific epitopes by subtracting the respective fluorescence values of 
blank control from MFI values for individual epitopes and normalizing 
them for CD9/CD63/CD81 MFI, reflecting EV concentration. 
Super-resolution microscopy was performed on a Nanoimager S Mark II 
microscope from ONI (Oxford Nanoimaging) using the EV profiler Kit 
(ONI) according to the manufacturer’s protocol. The microscope was 
equipped with a 100x, 1.4NA oil immersion objective, an XYZ 
closed-loop piezo 736 stage, and triple emission channels split at 640, 
488 and 555 nm. For EV characterization, the EV profiler Kit (ONI) was 
used following manufacturer’s protocol. The Kit contains anti CD9-488, 
CD63-568 and CD81-647 fluorescent antibodies and all the buffers and 

reagents necessary for the experiment. The CD81-647 antibody was 
substituted with the anti-human HLA-G one conjugated with APC 
(Miltenyi Biotec). Images were performed in dSTORM mode and ac-
quired sequentially in total reflection fluorescence (TIRF) mode. 
Single-molecule data was filtered using NimOS software (v.1.18.3, ONI). 
Data has been analysed with the Collaborative Discovery (CODI) online 
analysis platform (www.alto.codi.bio from ONI) and the drift correction 
pipeline version 0.2.3 was used [28]. 

2.3. Molecular profiling of hAF-EVs cargo 

hAF-EVs samples were lysed and proteins denatured, reduced, and 
alkylated with 50 μL of iST-LYSE buffer (PreOmics) for 10 min at 95 ◦C 
on an Eppendorf ThermoMixer at 1000 rpm. Protein concentration in 
lysed samples was assessed by tryptophan fluorescence emission assay 
and 8 μg of protein lysates were used for subsequent analyses. Protein 
Aggregation Capture (PAC)-based protein isolation and digestion were 
performed on a KingFisher™ Apex magnetic handling station (Thermo 
Scientific) in a 96-well format. More in detail, 1:1 Sera-Mag™ Speed-
Bead Carboxylate Modified Magnetic Particles 45152105050250 and 
65152105050250 (Cytiva) were added to lysed samples in plate #1 with 
a protein/bead ratio of 1:4 (w/w). 70 % ACN (v/v) was used to induce 
protein aggregation. After mixing, the solution was allowed to settle to 
precipitate proteins on beads (two cycles of 1 min of mixing at medium 
speed, followed by a 10 min pause each). Sequential washes with 100 % 
ACN (x3), 70 % ethanol and isopropanol (plates #2–6) were performed 
for 2.5 min at slow speed, without releasing the beads from the magnet. 
The captured proteins were then digested in 100 μL of 25 mM Tris, pH 8, 
with 0.7 μg trypsin (Promega) and 0.3 μg Lys-C (Wako) for 2.5 h at 37 ◦C 
in plate #7. Once the process was completed, the magnetic beads were 
removed from the digested samples and placed back into plate #1. 
Peptide mixtures were acidified using 2 % trifluoroacetic acid (TFA) to 
quench protease activity and desalted according to the in-StageTip (iST) 
method [29]. Eluted peptides were dried by vacuum centrifugation and 
resuspended in 2 % ACN, 0.1 % formic acid (FA) in water. Peptides were 
separated on an EASY-Spray PepMap RSLC C18 column (50 cm × 75 μm, 
2 μm particle size, Thermo Scientific) using a 50 min gradient ranging 
from 2 % solution B (80 % ACN, 5 % dimethyl sulfoxide (DMSO), and 
0.1 % FA) to 45 % B at a flow rate of 250 nL/min. The mass spectrometer 
was operated in positive polarity and data-independent acquisition 
(DIA) mode. Full scans (m/z 375–1500) were acquired in the Orbitrap at 
70,000 resolution with the automatic gain control (AGC) target set to 3 
× 106. Precursors were selected for data-independent fragmentation 
with an isolation window width of 34 m/z and 19 loop count. The higher 
collisional dissociation energy for MS/MS fragmentation was set to 27 
%. MS2 scans were acquired at 35,000 resolution with 3 × 106 AGC 
target. Raw files were analysed by Spectronaut v18 (Biognosys AG) 
using a library-free approach (directDIA) under default settings. Enzy-
mes/Cleavage Rules were set to Trypsin/P, LysC. The library was 
generated against the Uniprot Human database (release 
UP000005640_9606, November 2022). Carbamidomethylation was 
selected as a fixed modification, while methionine oxidation and 
N-terminal acetylation were selected as variable modifications. The false 
discovery rate (FDR) of peptide spectrum match (PSM) and peptide/-
protein groups was set to 0.01. For quantification, Precursor Filtering 
was set to Identified (Qvalue) and MS2 was chosen as quantity MS-level. 
Raw files were processed by Spectronaut v18 (Biognosys AG) using the 
directDIA search against the UniProt Human database (release 
UP000005640_9606, November 2022) under default settings. 

Oximetric and luminometric analyses were performed on hAF-EVs 
permeabilized by 0.03 % digitonin. Oxygen consumption rate (OCR) 
was assayed by a thermostatically controlled oxygraph apparatus 
equipped with an amperometric electrode. ATP synthesis through FoF1- 
ATP synthase (ATP synthase) was evaluated by a luminometer, 
employing the luciferin/luciferase chemiluminescent method in the 
presence of the following solutions: 0.1 mM ADP, 0.6 mM ouabain, 0.25 
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mM di(adenosine)-5-penta-phosphate (an adenylate kinase inhibitor) 
[30]. Oxidative phosphorylation (OxPhos) efficiency was assessed by 
means of calculating the ratio between synthesized ATP and OCR (P/O 
value). In the presence of succinate as respiratory substrates, the P/O 
ratio around 1.5 indicates that ATP production and oxygen consumption 
are coupled, thus minimizing the reactive oxygen species (ROS) pro-
duction. hAF-EVs samples were processed by QIAzol™ Lysis Reagent 
(Qiagen) suspension and RNA extraction was performed with miRNeasy 
Micro Kit (Qiagen). Whole-transcriptome RNA-sequencing (RNAseq) 
analysis was performed by Next-Generation Sequencing, using the 
Universal Plus™ Total RNAseq library preparation kit with NuQuant® 
with targeted transcript depletion with AnyDeplete (Tecan) for globin 
genes. The yields of final libraries were assessed by Qubit 4.0 fluorim-
eter, and their sizes were measured by 2100 Agilent Bioanalyzer (Agi-
lent). The libraries were analysed by paired-end sequencing on 
NextSeq550 Illumina platform, 2 × 75bp. FASTQ files are available in 
the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under acces-
sion number E-MTAB-14034. Raw FASTQ sequences were processed 
with DRAGEN RNA v4.0.4 pipeline (Illumina) and genes quantification 
files were extracted. The comparison of individual gene expression 
levels used TPMs (Transcripts Per Million) as the measurement unit. A 
median value was computed for each gene across samples, and genes 
with expression levels below 1 TPM were excluded due to their potential 
as artifacts. The average of all gene medians was then calculated, and 
genes exhibiting a median expression higher than this threshold were 
selected for the enrichment analysis, which was performed through the 
freely available Enrichr tool (https://maayanlab.cloud/Enrichr/). 

2.4. Analysis of hAF-EV paracrine potential in vitro 

2.4.1. Cell culture 
The mouse myoblast C2C12 cell line was purchased from Interlab 

Cell Line Collection (ICLC) and cultured at 37 ◦C and 5 % CO2 in high 
glucose Dulbecco’s Modified Essential Medium (DMEM) medium with 
10 % FBS, 2 % L-glutamine and 1 % penicillin/streptomycin (all Euro-
Clone), as previously described [7]. Human 3D microtissue (hMT) was 
generated from human induced pluripotent cell (iPS)-derived car-
diomyocytes (hCM), human cardiac fibroblast (hCF), and human aortic 
endothelial cells (hAEC) according to Ref. [31]. Briefly, hCM were ob-
tained differentiating iPS cells as previously described [11]. hCF were 
derived from enzymatic digestion of leftover cardiac atrial appendage 
tissue samples obtained from patients with no significant coronary ar-
tery disease, undergoing heart surgery for aortic regurgitation. Cardiac 
tissue was donated for research purposes at Istituto Cardiocentro 
Ticino-EOC, Switzerland. All patients provided informed written con-
sent in accordance with specific authorization (Comitato Etico Cantonale, 
Bellinzona, Switzerland; Ref.CE 2923) and in compliance with Helsinki 
Declaration ethical principles. hCF were obtained following enzymatic 
dissociation of the atrial specimens. Briefly, atrial specimens were 
minced and incubated for 45 min at 37 ◦C with a APS1X buffer con-
taining 1 mg/mL Liberase™ (Roche). Obtained cells were cultured in 
EGM-2 complete medium, composed by EBMTM-2 Basal Medium and 
EGM TM-2 Single QuotsTM Supplements (CC-3156, Lonza). Lastly, 
hAEC were purchased from Lonza (CC-2535, Lonza) and cultured in 
EGM-2 complete medium supplemented with 10 % FBS. Human 3D 
microtissue (hMT), were obtained combining hCM, hCF and hAEC in the 
proportion of 1:0.2:0.2 (3500:750:750 cells) using low-binding BIO-
FLOAT™ 96-well plates (faCellitate). After a centrifugation at 1100 rpm 
for 5 min, hMT were further maintained in vitro in EGM-2 complete 
medium. Two days after plating hMT were spontaneously beating and 
used in vitro. 

2.4.2. Preclinical models of oxidative stress 
hAF-EVs pro-survival paracrine potential was evaluated on C2C12 

cells undergoing 1 μM H2O2 oxidative stress. C2C12 were primed with 5 
× 107 hAF-EVs particles/ml under serum-free conditions for 3 h. 

Oxidative stress and cellular damage were subsequently induced by 
administering 1 μM H2O2 for 2 h. Cells were then cultured in complete 
medium for 20 h. Cell viability was then assessed by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using a 
0.5 mg/mL MTT solution (Sigma-Aldrich) and absorbance read at 570 
nm on a Biotek ELx808 Absorbance Microplate Reader with Biotek Gen5 
2.03 software. Energy metabolism and oxidative damage accumulation 
were also evaluated on C2C12 cells in control conditions and undergoing 
oxidative stress with or without EV priming by assaying the aerobic ATP 
synthesis, the OCR, the lactate dehydrogenase (LDH) activity, and the 
malondialdehyde (MDA) concentration. The activity of ATP synthase 
was evaluated on 1 × 105 cells resuspended in PBS with 0.6 mM ouabain 
and 0.25 mM di(adenosine)-5-Penta-phosphate, and permeabilized with 
0.03 mg/mL digitonin. The reaction was monitored with a luminometer 
employing the luciferin/luciferase chemiluminescent method, stimu-
lating the cells with 10 mM pyruvate, 5 mM malate, and 0.1 mM ADP. 
OCR activity was measured on 1 × 105 digitonin-permeabilized cells 
resuspended in PBS by an amperometric electrode in a closed chamber, 
using 10 mM pyruvate and 5 mM malate as respiratory substrate. As for 
hAF-EVs, OxPhos efficiency was analysed by P/O value; in the presence 
of pyruvate plus malate, P/O ratio should be around 2.5 with energy 
production and respiration being coupled. Lactate dehydrogenase (EC 
1.1.1.27) activity was assayed spectrophotometrically at 340 nm, 
following the NADH oxidation. The assay medium contained: 100 mM 
Tris–HCl pH 7.4, 0.2 mM NADH, and 5 mM pyruvate. MDA concentra-
tion was evaluated by the thiobarbituric acid reactive substance 
(TBARS) assay [32]. The TBARS solution was composed of 0.25 M HCl, 
0.25 mM trichloroacetic acid, and 26 mM thiobarbituric acid. An 
amount of 50 μg of cell homogenate protein dissolved in 300 μL of 
Milli-Q water was added along with 600 μL of TBARS solution. For 1 h, 
the mixture was incubated at 95 ◦C and evaluated spectrophotometri-
cally at 532 nm. MDA standard solutions with concentrations between 1 
and 20 μM were employed for the calibration. hMT were pre-treated 
with 1 × 107 hAF-EVs/hMT for 3 h before exposing them to 1 mM 
H2O2 for 2 h hMT were then cultured in complete EGM2 medium for 24 
h and analysed by CCK8 assay (Dojindo, Tabaru as per manufacturer’s 
instructions). 

To induce ROS production, hCF were treated with 10 ng/mL TGFβ1 
(CYT-716, Prospect) for 3 h and then incubated with 1 μg/mL of dihy-
droethidium (DHE, Thermo Fisher Scientific) for 30 min at 37 ◦C. Live 
cells were then counterstained with Hoechst 33342 (1 μg/mL - Thermo 
Fisher Scientific). Images were acquired with Lionheart FX automated 
microscopy and analysed with Gen5 software (Biotek) to evaluate DHE 
mean fluorescent signal. To induce the pro-fibrotic activation of hCF into 
myofibroblasts, hMT were treated with 10 ng/mL TGFβ1 (CYT-716, 
Prospect) after being primed with 1 × 107 hAF-EVs/hMT and analysed 
after 7 days. hMT dimension was evaluated by bright field pictures. 
Images were acquired with Lionheart FX automated microscopy and 
analysed with Gen5 software (Biotek). 

2.4.3. Uptake of hAF-EVs from target cells 
hAF samples (500 μL) were labelled with 5 μL of the commercially 

available lipophilic near-infrared fluorescent cyanine dye DiR (2.5 mg/ 
mL; Thermo Fisher Scientific) and incubated at 37 ◦C for 5 min under 
gentle shaking. hAF-EVs were then separated by SEC, thus helping 
eliminate the unbound dye in excess, and concentrated by UC, as 
described above in paragraph 2.1. C2C12 cells and hMT were incubated 
under serum-free conditions with DiR-labelled hAF-EVs and live images 
were acquired 24 h later using the automated microscope BioTek 
Lionheart FX (Biotek); acquisition was performed within a heated 
chamber (37 ◦C). 

2.4.4. Biochemical and molecular analyses of target cells 
hMT were fixed with 4 % PFA solution for 5 min at room temperature 

(RT). hMT were then permeabilized with 0.3 % Triton X (Triton X 
detergent, Sigma-Aldrich) and blocked in 2 % bovine serum albumin 
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(BSA, Merck) in PBS for 40 min at RT, followed by a 5 min wash with 
PBS. hMT were incubated for two days at RT under slow agitation with 
the following primary antibodies: Cardiac Troponin T for hCM (cTnT, 
1:300, 564766, BD Biosciences); Vimentin for hCF (1:500, ab92547, 
Abcam); and Cleaved-Caspase 3 (C-Casp3, 1:1000, Cell Signaling). hMT 
were then incubated with fluorophore-conjugated secondary antibodies 
for 24 h at RT (Alexa Fluor-488; Alexa Fluor-594 and Alexa Fluor-633, 
1:400, Thermo Fisher Scientific) then included for imaging into cham-
ber slide in 1 % low melt Agarose (H26417-14, Thermo Fisher Scienti-
fic). Samples were imaged on the Stellaris 5 Confocal Microscope (Leica) 
at 20X magnification and processed with ImageJ (https://imagej.dow 
nload.it/) software. Same threshold was used for all the samples. 

Total RNA from hMT was obtained using TRIzol™ (Thermo Fisher 
Scientific) following manufacturer’s instructions. Obtained RNA was 

further transcribed into cDNA using GoScript™ Reverse Transcription 
System (Promega Madison) as for manufacturer’s instructions. Real time 
qRT-PCR was then performed on a CFX Connect™ Real-Time PCR 
Detection System (Bio-Rad). Fold change of Collagen I (COLL-I) gene 
expression was evaluated by 2− ΔΔCt method, considering human GAPDH 
as housekeeping reference and hMT in control conditions as calibrator. 
Primer sequences were the following: human COLL-I Forward: 
AGTGGTTTGGATGGTGCCAA Reverse: GCACCATCATTTCCACGAGC; 
human GAPDH forward: TGCACCACCAACTGCTTAGC Reverse: 
GCATGGACTGTGGTCATGAG. 

2.5. Statistical analyses 

Results are presented as mean with standard error of the mean (s.e. 

Fig. 1. Characterization of hAF-EVs. A) Representative graphical output of hAF-EVs size distribution by nanoparticle tracking analysis; B) hAF-EVs morphology 
and ultrastructure analysis by TEM with representative image of hAF-EVs and evaluation of the particle distribution according to size (n = 3); scale bar: 500 nm; C) 
Flow cytometry analysis of hAF-EVs for the expression of the CD9, CD63 and CD81 tetraspanin antigens; graph shows the mean ± s.e.m value referring to each 
antigen expression MFI (n = 4); D) Representative cropped images of Western Blot analyses of hAF-EVs and hAF for the expression of the canonical EV markers 
Syntenin-1, TSG101, ALIX, CD81 and CD63 and for APO B48 as lipoprotein marker (n = 4); E) Immunophenotyping of hAF-EVs by flow cytometry and MacsPlex 
Assay for surface antigens profiling; the graph shows the mean ± s.e.m value referring to each antigen expression MFI (n = 6); F) Super-resolution microscopy 
analysis on hAF-EV for the expression of CD9, CD63 and HLA-G; the graph on the left shows the mean ± s.e.m value referring to the percentage of clusters positive 
for: triple expression of HLA-G, CD9 and CD63 and single expression of HLA-G or CD63 or CD9 (n = 5); representative images on the right represent single hAF-EV 
expressing CD63 (green), HLA-G (red), CD9 (magenta), scale bar: 200 and 100 nm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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m) of at least three (n = 3) independent experiments as technical 
(C2C12 cell line) and biological (hAF-EVs, hMT and hCF) replicates. 
hAF-EV samples were tested as independent preparations, each obtained 
from a corresponding independent donor. According to normality 
analysis, comparisons were drawn by one-way ANOVA followed by post- 
hoc Tukey’s multiple comparisons test, by Kruskal-Wallis non para-
metric test, and by Student’s t-test where appropriate. Analyses were 
performed using Graph-Pad Prism Version 8.0.2 (GraphPad Software, 
https://www.graphpad.com) with statistical significance set at *p <
0.05. For proteomic analysis, the quantification data obtained from 
Spectronaut (Protein Quant Pivot Report) was imported into Perseus 
software version 1.6.15.0 [33]. To ensure data quality, protein groups 
with less than 70 % valid intensity values were filtered out. The raw 
intensities were then log2-transformed and normalized using quantile 
normalization to account for technical variations. Missing values were 
imputed with random numbers drawn from a normal distribution to 
simulate low abundance values close to noise levels. The quantified 
proteome was divided into five quantiles based on the median abun-
dance of each protein. Enrichment analysis was performed on the most 
abundant proteins (top 5th quantile) using ShinyGO v0.80 [34] with 
statistical significance set at FDR <0.05 for biological processes and 
cellular components. 

3. Results 

3.1. hAF is enriched with small EVs with heterogeneous phenotype 

hAF samples were processed by SEC followed by concentration of 
EVs by ultracentrifugation (Suppl Fig. 1A); hAF-EV yield was 6.31 ±
0.98 × 109 particles/hAF ml (Suppl Fig. 1B); EVs showed canonical 
round cup-shaped morphology and 209.63 ± 6.10 nm and 125.99 ±
54.31 nm average size by NTA and TEM analyses (Fig. 1A–B). hAF-EVs 
were found positive for the CD9, CD63 and CD81 tetraspanin signature 
(Fig. 1C–D). Expression of Syntenin-1, TSG101, and ALIX markers by 
WB further confirmed the enrichment of small EVs in the preparations 
with concomitant lack of ApoB-positive lipoprotein cross-contamination 
(Fig. 1D). hAF-EV phenotypic profile by MACSPlex assay showed a 
positive trend of enrichment for CD133/1, CD326, CD24, CD29 and 
SSEA4 (Fig. 1E). Single particle analysis by super-resolution microscopy 
indicated 26.61 ± 5.26 % of small hAF-EVs co-expressing HLA-G on 
their surface, alongside CD9 and CD63 (Fig. 1F). 

3.2. hAF-EVs antagonise oxidative stress on target cells 

C2C12 viability was significantly affected by H2O2 injury, as 
decreasing to 71.79 ± 3.08 % compared to control cells treated with 
vehicle solution (****p < 0.0001); hAF-EV stimulation did not alter cells 
in standard condition, while their priming before oxidative injury 
resulted in relevant rescue of viability up to 91.29 ± 12.84 % (*p < 0.05, 
Fig. 2A). Fluorescently DiR-labelled hAF-EVs (DiR + hAF-EVs) were 
uptaken by target C2C12 cells as analysed after 24 h incubation 
(Fig. 2B). C2C12 exposed to H2O2 stress presented metabolic alteration 
with impaired ATP synthesis and OCR with enhanced lactate dehydro-
genase (LDH) activity and increased malondialdehyde accumulation 
(****p < 0.0001). hAF-EVs priming appreciably counteracted such signs 
of metabolic dysfunction (****p < 0.0001, Fig. 2C). A human 3D cardiac 
microtissue (hMT, [35]) culture system was also employed as in vitro 
preclinical model of cardiac oxidative stress. hMT were affected by 
oxidative stress as assessed by CCK8 assay, with hAF-EVs pre-treatment 
significantly rescuing their viability (****p < 0.0001, Fig. 2D). Immu-
nostaining analysis for C-Casp3 further confirmed a relevant 2-fold 
increased expression (*p < 0.05) in hMT undergoing oxidative injury, 
while hAF-EVs stimulation promptly reduced the activation of cell death 
program to physiological levels (**p < 0.01, Fig. 2D). DiR + hAF-EVs 
were uptaken by target hMT as analysed after 24 h incubation (Fig. 2E). 

3.3. hAF-EVs prevent the pro-fibrotic commitment of target cells 

H2O2-induced activation of cardiac fibroblast into pro-fibrotic 
myofibroblast in hMT was detected by a 2-fold increased expression of 
Collagen I mRNA; such effect was tamed down by hAF-EVs (*p < 0.05, 
Fig. 3A). We further confirmed that reactive oxygen species (ROS, 
detected by DHE) are released by hCF undergoing TGFβ stimulation for 
3 h (*p < 0.05, Fig. 3B). We translated this finding to our 3D hMT model; 
hMT exposed to TGFβ over 7 days were remarkably smaller (****p <
0.0001), in agreement to Ref. [36]; treatment with hAF-EVs showed a 
trend in preventing their size condensation (Fig. 3C). TGFβ-stimulated 
hMT also presented a significant 1.8- and 2.5-fold increase of Vimentin- 
and αSMA-positive hCF over cTnT-positive cardiomyocytes, respectively 
(**p < 0.01, Fig. 3D; *p < 0.05, Fig. 3E). hMT receiving hAF-EVs showed 
substantial reduction of Vimentin-positive and αSMA-positive cells over 
cTnT-positive ones (*p < 0.05 and ****p < 0.0001 respectively, 
Fig. 3D–E). 

Fig. 2. hAF-EV paracrine potential against oxidative stress from H2O2 injury. A) On the left: representative images of C2C12 cells under control conditions 
(Ctrl); after 2 h exposure to 1 μM H2O2 (H2O2), following 3 h treatment with hAF-EVs (hAF-EVs) and after being primed with hAF-EVs for 3 h and exposed to 1 μM 
H2O2 for 2 h (hAF-EVs + H2O2), scale bar: 200 μm. On the right: graph showing the mean ± s.e.m value referring to C2C12 viability with and without oxidative stress 
and hAF-EV priming by MTT assay (Ctrl: 100 %, n = 9; H2O2: 71.80 ± 3.10 %, n = 9; hAF-EVs + H2O2: 91.30 ± 3.71 %, n = 12; hAF-EVs: 89.30 ± 3.90 %, n = 12; 
****p < 0.0001; *p = 0.0228 H2O2 versus hAF-EVs + H2O2). B) Representative images of hAF-EV uptake from target C2C12 cells in vitro; images were obtained on 
live cells visualized by means of phase contrast microscopy (Bright-field) while DiR + hAF-EVs were in red (CYN5); scale bar: 200 μm. C) Metabolic profile of C2C12 
with and without oxidative stress (n = 8) and with hAF-EV priming (n = 12). The graphs show the mean ± s.e.m value of the following analyses: ATP synthesis by 
nmol ATP/min/106 cells (Ctrl: 53.91 ± 0.70; H2O2: 24.54 ± 0.70; hAF-EVs + H2O2: 49.15 ± 0.90; hAF-EVs: 52.80 ± 0.61; ****p < 0.0001; ***p = 0.0005 Ctrl versus 
hAF-EVs + H2O2; **p = 0.0032 hAF-EVs + H2O2 versus hAF-EVs, nmol: nanomoles, min: minutes); oxygen consumption rate (OCR) by nmol O/min/106 cells (Ctrl: 
21.81 ± 0.34; H2O2: 12.41 ± 0.31; hAF-EVs + H2O2: 19.70 ± 0.92; hAF-EVs: 21.75 ± 0.30; ****p < 0.0001; *p = 0.0382 and p = 0.0241 for Ctrl versus hAF-EVs +
H2O2 and hAF-EVs + H2O2 versus hAF-EVs, respectively; O: oxygen) and P/O ratio (Ctrl: 2.45 ± 0.01; H2O2: 1.98 ± 0.01; hAF-EVs + H2O2: 2.41 ± 0.01; hAF-EVs: 2.43 
± 0.01; ****p < 0.0001); LDH activity by U/mg (Ctrl: 0.65 ± 0.01; H2O2: 1.30 ± 0.02; hAF-EVs + H2O2: 0.63 ± 0.01; hAF-EVs: 0.62 ± 0.01; ****p < 0.0001; U: units; 
mg: milligrams) and MDA activity by μM/mg (Ctrl: 4.10 ± 0.08; H2O2: 7.15 ± 0.15; hAF-EVs + H2O2: 4.71 ± 0.07; hAF-EVs: 3.86 ± 0.08; ****p < 0.0001; μM: 
micromolar; U: units; mg: milligrams). D) Viability analysis on hMT under control conditions (Ctrl), after 2 h exposure to 1 mM H2O2 (H2O2), following 3 h treatment 
with hAF-EVs (hAF-EVs) and after being primed with hAF-EVs for 3 h and exposed to 1 mM H2O2 for 2 h (hAF-EVs + H2O2). The graph on the left refers to the CCK8 
viability assay showing the mean ± s.e.m value referring to hMT viability in fold change with and without oxidative stress and hAF-EVs priming (n = 7; Ctrl: 1.00 ±
0.01; H2O2: 0.84 ± 0.02; hAF-EVs + H2O2: 0.95 ± 0.01; ****p < 0.0001; *p = 0.0217). Panel on the right refers to cleaved Caspase-3 expression (C-Casp3) by hMT 
under control conditions (Ctrl), after 2 h exposure to 1 mM H2O2 (H2O2), following 3 h treatment with hAF-EVs (hAF-EVs) and after being primed with hAF-EVs for 3 
h and exposed to 1 mM H2O2 for 2 h (hAF-EVs + H2O2) with representative images of immunohistochemical staining for cTnT-positive cardiomyocytes (green) and 
apoptotic C-Casp3-positive cells (red); nuclei are in blue by DAPI; scale bar: 50 μm. On the right graph showing mean ± s.e.m value of C-Casp3 area in percentage 
(Ctrl: 0.30 ± 0.02 %, n = 4; H2O2: 0.70 ± 0.13 %, n = 7; hAF-EVs + H2O2: 0.24 ± 0.03 %, n = 6; *p = 0.0374; **p = 0.0074); E) Representative images of hAF-EV 
uptake from hMT in vitro; images were obtained on live hMT visualized by phase contrast microscopy (Bright-field) while DiR + hAF-EVs were in red (CYN5); scal bar: 
200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.4. hAF-EVs are enriched with functional molecular cargo 

The identified proteins within hAF-EV cargo (n = 3351) were divided 
into 5 quantiles (Q1-5, Fig. 4A); biological process and cellular 
component gene ontology (GO) analyses of the 670 more expressed in 
Q5 suggested the presence of proteins involved in extracellular vesicle 
organization and transport (Supplementary Fig. 2), confirming EV 
identity. We also appreciated the presence of proteins related to 
different pathways involved in energetic metabolism (glycolysis, Krebs 
cycle, oxidative phosphorylation) and antioxidant response (glutathione 
metabolism, catalase, superoxide dismutase pathway, peroxiredoxin 
family, Fig. 4B and Table 1), thus suggesting EV protective role against 
oxidative stress. MSC-EVs have been previously shown to conduct aer-
obic metabolism [30,37]. Likewise, hAF-EVs undergoing OxPhos eval-
uation presented de novo ATP synthesis and oxygen consumption 
(Fig. 4C). Whole-transcriptome RNAseq analysis of hAF-EVs resulted in 
a total of 8558 RNA species with TPMs >1. We then performed 
enrichment analysis of the 633 transcripts with a TPMs level higher than 
total transcript median average (18.37 TPM). GO enrichment analysis 
for biological processes highlighted the presence of RNA species 
involved in ATP biosynthesis (Fig. 4D); GO for molecular function 
identified genes involved in the oxidoreduction-driven active trans-
membrane transporter activity (Fig. 4E), and KEGG analysis confirmed 
these data suggesting the presence of RNA involved in the oxidative 
phosphorylation (Fig. 4F and Table 2). This analysis also allowed the 
identification of different transcripts belonging to ribosomal constitu-
ents, in addition to few ribonucleoproteins. 

4. Discussion 

We previously characterised the paracrine therapeutic profile of 
secretome fractions from hAFSC obtained from leftover and clinical 
waste samples of hAF from II and III trimester of gestation. Immature 
hAFSC obtained from prenatal screening via routine amniocentesis 
procedure can exert relevant cardio-active effects by secreting pro- 
resolving and anti-aging EVs [8,38]. Nonetheless, the separation and 
concentration of secretome components from hAFSC require prolonged 
in vitro cell expansion and different steps for EV processing. Here we 
focused on profiling EVs directly concentrated from leftover samples of 
II trimester hAF as starting material, to assess their paracrine potential 
and whether they can offer a relevant alternative. 

The hAF is a complex biofluid and it becomes enriched with het-
erogeneous metabolites during gestation [39,40] hAF composition re-
flects the changes during pregnancy, especially during the III trimester, 
due to the contribution of fetal urine and pulmonary, cardiovascular, 
renal, and endothelial secretions [41]. hAF-EVs represent a heteroge-
neous population from different contributions: placenta membranes, 
cells present in the amniotic fluid (including hAFSC), and cells deriving 
from the fetal pulmonary and gastrointestinal tract. The first evidence of 
hAF-EVs as diagnostic elements comes from a study in 2017 showing the 

procoagulant capacity of phosphatidylserine- and tissue factor-enriched 
hAF-EVs during amniotic fluid embolism driving disseminated intra-
vascular coagulation [42]. Small EVs from hAF have been shown to act 
as informative biomarkers for antenatal hydronephrosis diagnosis, ac-
cording to their moesin content [43] and to be dysregulated in their 
microRNA (miRNA) components in fetuses with congenital diaphrag-
matic hernia [44]. Likewise, III trimester hAF-EVs have been found 
functionally related to preeclampsia by means of increased expression of 
CD105 (endoglin), which may concur to anti-angiogenic effects [28]. 

To the best of our knowledge, here we present first-time evidence 
that II trimester hAF is enriched with EVs with paracrine potential in 
antagonising oxidative stress on target cells. By optimising EV separa-
tion from hAF, we obtain a relevantly high particle yield with canonical 
EV morphology and dimension. While we cannot identify a unique 
origin for II trimester hAF-EVs, we found a positive trend of the 
enrichment for CD133/1, CD326, CD24, CD29 and SSEA4 antigens in 
their phenotypic signature, implying a contribution from amniotic fluid 
and fetal urine [28], as well as by immature stem cells [45], including 
hAFSC [7]. Compared to III trimester hAF-EVs, our EVs showed limited 
placental inception as by HLA-G expression [28], thus suggesting fetal 
origin with less committed potential. 

We have demonstrated that hAFSC secretome components, including 
hAFSC-EVs, are remarkably active in counteracting oxidative stress and 
exacerbation of fibrosis on cardiac cells and the myocardial tissue in 
preclinical models of disease [12,46]; here we investigated whether II 
trimester hAF-EVs may exert similar effects. II trimester hAF-EVs exer-
ted cytoprotective potential on murine myoblasts exposed to H2O2 
injury, similarly to what we initially reported for hAFSC-EVs on the 
same cell line in vitro [7], by means of metabolic rescue based on sup-
porting ATP production and limiting activation of intracellular oxidative 
pathways. We confirmed these results on a human cardiac microtissue 
model, with relevant hAF-EVs trophic potential in preserving cell 
viability and counteracting oxidative injury, a hallmark of cardiac 
dysfunction. Notably, another read-out of cardiac injury triggered by 
oxidative stress is the commitment of fibroblasts into pro-fibrotic myo-
fibroblasts [47]; myofibroblasts produce extracellular matrix compo-
nents leading to fibrosis development and resulting into extensive 
scarring [48]. We confirmed that hAF-EVs can protect hMT against 
H2O2-dependent fibroblast activation as early as within the first 24 h. 
Moreover, myofibroblast activation by TGFβ stimulation is a 
well-known pathway [49] with one of the TGFβ-activated cascades 
being the oxidative stress [50]; in our 3D cardiac model of 
oxidative-related fibrosis, hAF-EVs promptly quenched the expansion of 
activated myofibroblasts to the detriment of the cardiomyocyte coun-
terpart. Overall, this data suggests a therapeutically relevant paracrine 
role of hAF-EVs against the scarring process, possibly through preven-
tion of oxidative stress induction. 

hAF-EVs were also found expressing aerobic respiratory capacity, 
although with limited OxPhos efficiency; this may indicate that imma-
ture and “developmentally juvenile” EVs from early-mid gestation 

Fig. 3. hAF-EV paracrine potential against oxidative stress from pro-fibrotic activation. A) Real-time qRT-PCR analysis for Collagen 1 (COLL-1) expression 
over GAPDH as housekeeping. The graph shows the mean ± s.e.m fold change value of COLL-1/GAPDH of hMT with and without oxidative stress and hAF-EVs 
priming (n = 7; Ctrl: 1.00 ± 0.10; H2O2: 1.93 ± 0.39; hAF-EVs + H2O2: 0.91 ± 0.20; *p = 0.049 Ctrl versus H2O2; *p = 0.0292 H2O2 versus hAF-EVs + H2O2). 
B) Evaluation of ROS production by DHE assay on hCF with and without TGFβ treatment; the graph shows the mean ± s.e.m of fold change value (Ctrl: 1.02 ± 0.03, 
n = 15; TGFβ: 1.12 ± 0.02, n = 16; *p = 0.023). C) Evaluation of hMT size variation (Δ size in μm) cultured in control conditions (Ctrl), with TGFβ treatment (TGFβ) 
and with hAF-EV and TGFβ treatment (hAF-EVs + TGFβ) after 7 days (Ctrl: 22.30 ± 4.50, n = 21; TGFβ: − 1.93 ± 3.20, n = 22; hAF-EVs + TGFβ: 5.63 ± 4.00, n = 13; 
****p < 0.0001; *p = 0.0256; μm: micron). D) Immunohistochemical staining for Vimentin (VIM) over cardiac Troponin T (cTnT) expression within hMT cultured in 
control conditions (Ctrl), with TGFβ treatment (TGFβ) and with hAF-EV and TGFβ treatment (hAF-EVs + TGFβ); on the left: representative images showing cTnT- 
positive cardiomyocytes (green) and VIM-positive fibroblasts (red), nuclei are in blue by DAPI staining; scale bar: 50 μm; on the right, the graph shows the mean 
± s.e.m of VIM/cTnT area in arbitrary units (Ctrl: 37.74 ± 3.36, n = 14; TGFβ: 73.68 ± 7.51, n = 21; hAF-EVs + TGFβ: 41.77 ± 4.35, n = 16; **p = 0.002; *p =
0.0476). E) Immunohistochemical staining for alpha smooth muscle actin (aSMA) over cardiac Troponin T (cTnT) expression within hMT cultured in control 
conditions (Ctrl), with TGFβ treatment (TGFβ) and with hAF-EV and TGFβ treatment (hAF-EVs + TGFβ); on the left: representative images showing cTnT-positive 
cardiomyocytes (green) and aSMA-positive myofibroblasts (red), nuclei are in blue by DAPI staining; scale bar: 50 μm; on the right, the graph shows the mean 
± s.e.m of aSMA/cTnT area in arbitrary units (Ctrl: 2.90 ± 0.39, n = 18; TGFβ: 7.20 ± 1.20, n = 21; hAF-EVs + TGFβ: 0.80 ± 0.18, n = 10; *p = 0.0498; **p =
0.0085; ****p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Characterization of hAF-EV cargo. A) Heatmap of protein expression levels in hAF-EV samples (n = 6). The 3351 identified proteins are divided into five 
quantiles (Q1-Q5) based on their median log2 intensity, with Q1 representing the lowest and Q5 representing the highest values. B) Rank plot showing proteins 
detected in hAF-EVs (x-axis) ranked from highest to lowest median log2 protein abundance (y-axis). Proteins related to energy metabolism and antioxidant response 
are highlighted. C) Metabolic profile of hAF-EV samples (n = 6) in terms of ATP synthesis (523.97 ± 18.64 nmol ATP/min/mg), OCR (328.61 ± 13.63 nmol O/min/ 
mg) and P/O (1.60 ± 0.03). D-F) Enrichment analysis from RNAseq of hAF-EV samples (n = 7) with enrichment analysis for GO biological process, GO molecular 
function and KEGG human gene ontology sorted by p-value ranking; arrows pointing at ATP biosynthetic process, oxidoreduction-driven active transmembrane 
transporter activity and oxidative phosphorylation. GO: gene ontology; Q: quantile; SOD: superoxide dismutase; OxPhos: oxidative phosphorylation; nmol: nanomoles; min: 
minutes; mg: milligrams; O: oxygen; KEGG: Kyoto encyclopaedia of genes and genomes. 
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amniotic fluid may present significant potential in rescuing cell bio-
energetics, thus counteracting oxidative stress leading to inflammaging. 
While previous studies indicated that human umbilical cord-MSC-EVs 
can express the respiratory complexes I, IV, and V able to conduct the 

OxPhos metabolism, functional ATP synthesis was detected only in EVs 
released from MSC obtained by term perinatal derivatives, hence indi-
cating that gestational stage may impact on aerobic metabolism poten-
tial [30]. II trimester hAF-EVs seem not to be affected by any 
requirement for gestational maturation, thus representing candidate 
therapeutics to improve the energy metabolism of the injured cells. 
Indeed, hAF-EV characterization by proteomics and RNA sequencing 
further suggested a healing role against oxidative stress, with their cargo 
including components related to energetic metabolism, antioxidant 
response pathways, ATP synthesis, oxidoreduction-driven trans-
membrane transporter activity and OxPhos. Notably, While the hAF-EV 
morphological features are comparable to those of their cellular coun-
terpart (as for II trimester hAFSC-EVs), we have appreciated a different 
proteomic profile. The II trimester hAFSC-EV proteome content that we 
previously characterized is enriched with molecular mediators involved 
in cardiovascular development, vascular remodelling and myocardial 
renewal, thus supporting their relevant cardioactive and car-
dioprotective paracrine role [38]. Here, the proteomic analysis of the 
hAF-EV cargo indicates protein elements involved in EV organization 
and transport along with mediators that may be involved in energetic 
metabolism signalling. While hAFSC-EVs may represent a more homo-
geneous population as obtained by in vitro cell culture and by 
hAFSC-conditioned medium as staring material, hAF-EV preparations 
may be enriched in vesicles secreted into the amniotic fluid by different 
cell sources (amniotic membrane progenitors, hAFSC in the amniotic 
fluid, fetal cells, etc.). Thus, their cargo may be more heterogeneous. 

Recently, a few studies on the pro-regenerative angiogenic and anti- 
inflammatory potential of hAF-EVs separated from III trimester/term 
amniotic fluid obtained during scheduled C-section delivery procedures 
have been also reported [21,22,24]. From a translational perspective, III 
trimester hAF may offer a feasible source of EVs as future theranostic 
tools. Further analyses to provide a direct comparison of the paracrine 
effects of more immature II trimester hAF-EVs versus the perinatal III 
trimester ones are required to identify the source with the most relevant 
paracrine potential for different therapeutic applications according to 
the specific disease. 

4.1. Conclusions 

In this study we characterised EVs obtained by a straightforward 
protocol from leftover samples of early-mid gestation hAF from prenatal 

Table 1 
List of proteins involved in different pathways involved in energetic metabolism and antioxidant response as identified within hAF-EVs by proteomic analysis.  

Glycolysis PPP Krebs Cycle OxPhos Glutatione metabolism Catalase, SOD Pathway Peroxiredoxin family 

GAPDH PGD IDH1 SDHB GSTP1 CAT PRDX6 
PKM TALDO1 MDH1 CYB5R3 GSTO1 SOD1 PRDX2 
ENO1 TKT ACO1 CYB5R2 LANCL1  PRDX5 
PGK1 PGLS DLST ATP5F1B GSTA2  TXNL1 
TPI1 RBKS ACO2 ATP5F1A GPX3  PXDN 
ALDOA DERA SUCLG2 CYB561 GSR   
PGAM1 SHPK MDH2 ETFB GSS   
GPI G6PD CS ETFA GSTM2   
ALDOB RPIA IDH2 NDUFA6 GSTT1   
PKLR  PDHB COX7A2 GSTM1   
PFKP  FH NDUFV1 HAGH   
ALDOC  SLC25A1 MT-CO2 MGST2   
PFKL  SUCLG1 NDUFS2 GSTM3   
BPGM  IDH3G SDHA GPX1   
PFKM  IDH3A ATP5PO GCLC   
TIGAR   NDUFS3 GSTA4   
HKDC1   UQCR10 GGT7      

NDUFB10 GSTK1      
ATP5MC1 ABCC1      
SDHB GSTT2       

GSTCD       
MGST3       
GSTM4       
GSTP1    

Table 2 
List of genes identified by enrichment analysis for biological process, molecular 
function and KEGG human gene ontology in the hAF-EV cargo by RNA 
sequencing.  

ATP Biosyntetic 
Process 
(GO:0006754) 

Oxidoreduction-Driven Active 
Transmembrane Transporter 
Activity (GO:0015453) 

Oxidative 
Phosporylation 

ATP5ME COX7C COX7C 
ALDOA COX4I1 ATP5ME 
ATP5MC2 UQCRH COX4I1 
ATP5MG NDUFS5 ATP5MC2 
ATP5MK UQCRB UQCRH 
ATP5MF COX6B1 ATP5MG 
ATP5PO COX8A UQCRQ 
ATP5PD NDUFB10 NDUFS5 
ATP5F1A NDUFA3 UQCRB 
ATP5F1D COX5A COX6B1 
ATP5F1C NDUFB2 COX8A 
ATP5MJ NDUFA1 ATP6V1F 
ATP5F1B UQCR10 ATP5MF 
ATP5PF COX5B ATP5PO  

NDUFB4 ATP5PD   
COX7A2   
NDUFB10   
NDUFA13   
ATP5F1A   
NDUFA3   
COX6C   
ATP5F1D   
COX5A   
NDUFB2   
ATP6V0C   
NDUFA1   
UQCR10   
ATP5F1C   
COX5B   
ATP5F1B   
COX6A1   
NDUFB4   
ATP5PF  
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screening. hAF-EVs were able to improve the bioenergetics of injured 
cells via paracrine effects. These findings may support hAF-EVs as future 
candidate therapeutics against inflammatory-based dysfunction 
affecting the skeletal and cardiac muscle. Additional experiments are 
required to pinpoint the EV functional mechanism(s) of action by tar-
geting molecular candidates within their cargo and to consolidate our 
findings in other relevant preclinical models of inflammation-related 
disease. 
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