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Abstract

Matrix-bound vesicles (MBVs), an integral part of the extracellular matrix (ECM), are emerging 

as pivotal factors in ECM-driven molecular signaling. This study is the first to report the 

isolation of MBVs from porcine arterial endothelial cell basement membranes (A-MBVs) and 

thyroid cartilage (C-MBVs), the latter serving as a negative control due to its minimal vascular 

characteristics. Using Transmission Electron Microscopy (TEM), Nano-Tracking Analysis (NTA), 

Electrochemical Impedance Spectroscopy (EIS), and Atomic Force Microscopy (AFM), we 

orthogonally characterized the isolated MBVs. We detected the presence and preservation of 

vascular endothelial cadherin (CD144) in A-MBVs, its low to non-detetcted in C-MBVs, in which 

SOX9, a chondrocyte marker, was detected. Moreover, we developed a prototype of an immuno-

functionalized screen-printed electrode designed for the immunoadsorption of CD144+ MBVs. 

This device facilitated the electrochemical detection of the targeted vesicles and allowed for their 

subsequent topological characterization using AFM, which verified the integrity and morphology 

of CD144+ MBVs post-immunoadsorption. These advancements enhance our comprehension of 
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MBVs as conveyors of tissue-specific signals and pioneer new avenues for harnessing their cargo 

in biomedical applications. This research sets a significant precedent for future studies on the 

application of MBVs in regenerative medicine and ECM signaling.
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1. Introduction

Extracellular vesicles (EVs) constitute a diverse group of nano-sized structures carrying 

various biomolecules such as proteins (transmembrane and intraluminal), metabolites, 

DNA, and miRNA enclosed by lipid bilayers.1,2 Most types of cells release EVs into 

the extracellular environment,3 and their cargoes represent a molecular signaling snapshot 

of the originating cells’ status.4 Initially considered part of cellular waste management 

systems,5,6 EVs influence cell fate responses and reflect cell/tissue status, such as 

homeostasis, inflammation, and neoplasm.7–9 Furthermore, recent research has unveiled 

the role of EVs as valuable biomarkers for monitoring various diseases, including cancer, 

liver injury, autoimmune diseases, endothelial-EVs in cardiovascular diseases, and other 

pathologies.7,8,10–12

Among EVs, matrix-bound vesicles (MBVs) are EVs embedded in the extracellular 

matrix (ECM) and distinguished by their tissue-specific features potentially linked to cell 

regulatory processes.13 MBVs carry biomolecules (intraluminal and transmembrane) that 

reflect the ECM of origin, embodying their source tissue’s molecular and physiological 

characteristics.14–17 These new types of vesicles mimic the specific cell fate responses 

the ECM directs, making them valuable as EV models in engineering tools for studying 

ECM molecular signaling.18–20 Although MBVs hold promise for regenerative medicine, 

their innovative nature and the insufficient characterization of specific biomarkers 

present significant challenges for practical integration and translation, as these remain 

underexplored.21,22 For this reason, it is crucial to establish standardized workflows 

that facilitate the identification and biomolecular cargo analysis, enabling more effective 

utilization in biomedical applications.

The research presented here focuses on Vascular Endothelial Cadherin (CD144), a well-

established cell-cell junction biomarker in endothelial tissues.23,24 CD144 is crucial for 

maintaining the integrity of the endothelial barrier and is involved in endothelial injury 

during inflammation; elevated EV levels can signal endothelial dysfunction.23 Indicating 

the relevance of CD144 in cardiovascular disease.10,25 Our research focuses on the premise 

that MBVs from endothelial cell basement membranes (A-MBVs) will exhibit significantly 

higher levels of CD144 compared to those from non-endothelial thyroid cartilage tissue 

(C-MBVs). This study aims to deepen our understanding of MBVs and develop immuno-

functionalized tools for their selective adsorption, specifically targeting the CD144+ protein 

cargo.
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To this end, this work comprehends the isolation and comparison of MBVs from artery 

endothelial cell basement membranes (A-ECM tissue) with those from non-endothelial 

thyroid cartilage tissue (C-ECM tissue), as illustrated in Fig. 1. The orthogonal 

characterization of A-MBVs using Transmission Electron Microscopy (TEM), Nano 

Tracking Analysis (NTA), Electrochemical Impedance Spectroscopy (EIS), and Atomic 

Force Microscopy (AFM) enhances our understanding of MBVs. It paves the way for further 

research into their roles in critical pathophysiological processes. For instance, externally 

added CD144 enhances angiogenesis in hydrogels,26,27 and tissue-specific EVs could serve 

as biomarker models for developing detection tools like biosensors.

In this study, we targeted the detection CD144 as a likely protein-cargo in MBVs isolated 

from arterial endothelial cell-basement membranes (A-MBVs) using immunosorbent assays, 

with quantification provided by enzyme-linked immunosorbent assay (ELISA). In contrast, 

CD144 was not detected in MBVs derived from thyroid cartilage (C-MBVs), reflecting 

the absence of endothelial-associated elements. However, SOX9, a chondrocyte biomarker, 

was detected in MBVs from C-MBVs. An immunofunctionalized detection device was 

developed, capable of detecting CD144 in EV samples through electrochemical changes, 

reducing the required sample volume tenfold compared to traditional ELISA methods. 

AFM was employed to examine the morphology of CD144+ MBVs and commercial EVs 

(Fig. 1), confirming successful immunoadsorption and consistency with TEM imaging. 

This research advances our understanding of MBVs as carriers of ECM signals and sets 

the stage for further advancements in biomedical research involving MBVs carrying tissue-

specific markers. The development of novel characterization tools, such as electrochemical 

techniques and AFM, helps address the challenges of heterogeneity in the EV field by 

enhancing the selectivity in characterizing EV populations.

2. Methodology

2.1. Reagents and materials

The following reagents and materials were used: deionized (DI) water with a conductivity of 

18.2 MΩcm, 70% ethanol solution, Dulbecco’s phosphate buffered saline (DPBS) (Genesee 

Scientific), 4% sodium deoxycholate (SDC) solution (Millipore-Sigma), deoxyribonuclease 

(DNase) grade II solution (Millipore-Sigma), collagenase type II (Millipore-Sigma), tris 

base buffer (pH 8.0, 1 M) (Millipore-Sigma), 0.1% peracetic acid solution, 25 mM 

trehalose solution (Millipore-Sigma), 5 M sodium chloride (NaCl) solution (Millipore-

Sigma), 1 M calcium chloride (CaCl2) solution (Millipore-Sigma), 1 M magnesium 

chloride (MgCl2) solution (Millipore-Sigma), 0.1 M potassium chloride (KCl) solution 

(Millipore-Sigma), potassium ferricyanide (K3[Fe(CN)6]) solution (Millipore-Sigma), 

potassium ferrocyanide (K4[Fe(CN)6]) solution (Millipore-Sigma), 11-mercaptoundecanoic 

acid (MUA) (Millipore-Sigma), N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide (EDC) 

solution (Millipore-Sigma), bovine serum albumin (BSA) (Millipore-Sigma), tris buffered 

saline (TBS) (Bio-Rad) and tween 20 solution (T) (Bio-Rad). Additional reagents and 

materials included proteinase K and buffer ATL from Qiagen, rat anti-pig CD144 and goat 

anti-rat (H/L) (HRP) from BioRad, and rabbit polyclonal to SOX9 and goat anti-rabbit IgG 

H&L (HRP) from Abcam.
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Kits employed included the QuantiFluor dsDNA system from Promega, ExoQuick Ultra 

from System Biosciences, and ELISA kits for pig CD144 (pCD144) from LS Bio, human 

CD144 from Abcam, and human SOX9 from RayBiotech. These reagents, materials, and 

kits were integral for various protein detection and quantification assays. Commercial EVs 

(exosomes) from pooled human saliva (h.Sal-EVs) (System Biosciences, EXOP-510A-1) 

were used as EV controls, as EVs from saliva have been reported to carry CD144.

2.2. ECM decellularization

Preparation of endothelial cell basement membrane from arterial tissue consisted of 

separating the ascending aorta from the porcine hearts and carefully peeling the arterial 

tissue. Approximately 7 cm-long sections of the ascending aorta were dissected and opened, 

as shown in Fig. 1 (open aorta). The basement membrane was then carefully scraped to 

separate and remove any remaining vascular wall, obtaining a thin sheet of tissue called 

artery basement membrane (A) by a method similar to urinary bladder matrix (UBM) 

processing used in clinical applications of ECM biomaterials. This tissue, collected from 

five arteries, was extensively washed with DPBS and stored at −80 °C for decellularization.

Non-endothelial thyroid cartilage tissue was excised from the trachea of 7–10 pigs. 

Each larynx was opened to expose the vocal fold area and then sectioned to facilitate 

cartilage removal, ensuring all connective tissues and muscles were cleared away to prevent 

contamination from endothelial-related tissue. The cartilage was minced into 3 × 3 mm 

cubes, rinsed with deionized water to eliminate residual blood, and stored at −20 °C until 

decellularization.

Decellularization of arterial and cartilage tissue was performed following the standardized 

protocol by Mora-Navarro et al. and Biehl et al., with modifications.20,28. The procedure 

began with three 10-min rinses with DI water, 1X DPBS, and again with DI water. This 

was followed by a 1-h treatment in 4% SDC solution and another 1-h wash in 1 mg/mL 

DNase grade II solution. Between treatments, tissues were rinsed with DI water, 1X 

DPBS, and DI water. Final sterilization included an ethanol and peracetic acid solution 

and three subsequent rinses as previously described (see Table 1 for the summary of all 

decellularization steps). The effectiveness of decellularization was monitored in real-time 

through a UV–visible spectrophotometer (see Figure s1), which measured DNA and protein 

release at 260 nm and 280 nm wavelengths.29 After washing, the decellularized ECMs 

(dECMs) were lyophilized overnight and stored at room temperature.

Also, the effectiveness of decellularization was evaluated by quantifying residual double-

stranded DNA (dsDNA) in the dECM. ECM in clinical use is reported with less than 2 μg 

of dsDNA per mg dry ECM.30–32 Lyophilized samples were ground and digested as follows: 

for 3 mg of A-ECM, digestion began with an initial 24-h incubation in 800 μL of 0.2 mg/mL 

collagenase type II in a 50 mM tris base buffer (pH 8.0) containing 0.2 M NaCl, 5 mM 

CaCl2, and 0.5 mM MgCl2. This was followed by an overnight incubation at 60 °C with 20 

μL of 20 mg/mL proteinase K and 180 μL of buffer ATL. For 3 mg of C-ECM, digestion 

with 20 μL of proteinase K and 180 μL of ATL was sufficient. Digested samples were 

diluted 1:50 with 1X TE buffer (pH 7.4, Promega) and further diluted two-fold to match the 
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standard range of the QuantiFluor dsDNA system kit. Quantification was performed using a 

Spark multimode microplate reader (TECAN) per the manufacturer’s instructions.

2.3. MBVs isolation method

dECM was ground into a fine powder and enzymatically digested to release embedded 

vesicles using a 0.2 mg/mL collagenase type II solution in a buffer containing 0.2 M 

NaCl, 5 mM CaCl2, and 0.5 mM MgCl2. This solution was added to the dECM to reach a 

final concentration of 5 mg/mL and incubated at room temperature with constant agitation 

for 48 h, following a modified protocol from Quijano and Mora.16,20 Post solubilization, 

the sample was clarified through centrifuging at 500 g for 10 min, 2,500 g for 20 min, 

and 10,000 g for 30 min to remove ECM fibers and remaining debris, following the 

protocol by Mora et al. The resulting samples were filtered using a 0.2 μm filter (Fisher 

Scientific) followed by ultrafiltration (UF) to concentrate MBVs. An Amicon ultrafiltration 

tube (Millipore Sigma) of 100 kDa was used. The solution was centrifuged at 4,000 g for 

5 min several times. Sample volumes were typically reduced from 15 mL to 500 μL or 

20 mL–1 mL. For the purification of MBVs, we employed a commercial affinity-based 

polymer precipitation technique, as detailed in Ref.33 Specifically, we used the EV-validated 

ExoQuick Ultra kit (SBI, System Bioscience) to isolate and purify MBVs according to the 

manufacturer’s instructions. Briefly, 67 μL of ExoQuick was added to 250 μL of MBVs 

sample incubated on ice for 30 min and later centrifugated at 3,000 g for 10 min; the 

obtained pellet was resuspended in the kit’s buffer and later passed through the resin; 

column was later washed to recover MBVs, achieving a final volume of approximately 500 

μL.

2.4. MBV characterization and targeted tissue-specific protein detection

2.4.1. Protein quantification—We determined protein presence using the BCA protein 

assay kit (Millipore Sigma), with BSA as the standard. Briefly, 25 μL of each sample and 

standard were reacted with BCA and cupric sulfate solution, and absorbance was read at 562 

nm using a Spark multimode microplate reader (TECAN).

2.4.2. Nano-Tracking Analysis (NTA)—MBVs were analyzed using a NanoSight 

LM100 system (Malvern Panalytical Instruments). Videos were recorded and analyzed using 

NTA software (version 3.1), with a camera level of 11 and a detection threshold of 3, at a 

controlled temperature of 20–22 °C. Samples were diluted in 0.22 μm filtered DPBS with 25 

mM trehalose at ratios of 1:10, 1.5:10, and 2:10. Particle number and size distribution were 

determined from an average of three 60-s videos.

2.4.3. Transmission Electron Microscopy (TEM)—Copper carbon formvar 400-

mesh grids were glow-discharged prior to sample loading. The grid was floated on a drop of 

the sample for 10 min, then washed twice by floating on drops of filtered deionized water. 

Following this, a 2% uranyl acetate solution was applied as a negative stain. Excess stain 

was blotted with Whatman paper, and the grid was air-dried. Imaging was performed using a 

JEOL 1230 TEM.
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2.4.4. Immunosorbent characterization of MBVs

2.4.4.1. Dot blot analysis.: The presence of CD144 was analyzed in MBVs using a dot 

blot approach. A 5 μL sample (approx. 1×108 particles/mL) was applied to a nitrocellulose 

membrane (0.22 μm, Bio-Rad), blocked with 1 mL of 5% BSA in TBS-T (Bio-Rad), 

and incubated with primary antibodies against pCD144 (2.5 μg/mL, Bio-Rad) and SOX9 

(2 μg/mL, Abcam) for 90 min. Following primary antibody incubation, membranes were 

washed with TBS-T and incubated with appropriate HRP-conjugated secondary antibodies. 

Chemiluminescence detection was performed using a ChemiDoc instrument (Bio-Rad).

2.4.4.2. ELISA.: CD144 and SOX9 levels were quantified using specific ELISA kits. The 

plates were pre-coated with antibodies against the target proteins. Samples were added and 

incubated according to the manufacturer’s protocols. Following incubation with detection 

reagents and appropriate washes, colorimetric development was performed using a TMB 

substrate and stopped with a stop solution. Absorbance was measured at 405 nm.

2.5. Integrative analysis of CD144+ EVs (MBVs and h-saliva-EVs)

2.5.1. Electrochemical detection device development—Screen-printed electrodes 

(SPEs) were obtained from BASi Instruments. Parafilm was used to mask the reference 

and counter electrodes to functionalize the working electrode area, exposing only the gold 

(Au) working electrode of 2 mm diameter, as depicted in Fig. S2. This selective exposure 

was crucial to preserve the integrity of the reference electrode while functionalizing the 

working electrode. The SPE was then immersed in a 10 mM solution of MUA at 4 °C 

for 3 h to form a thiol-terminated self-assembled monolayer (SAM) on the gold surface. 

Subsequently, the electrode was rinsed with DPBS and 70% ethanol to remove unbound 

MUA. Electrochemical surface changes were monitored using a potentiostat interface 1010E 

with Gamry DigiElch 8 software (Gamry Instruments). In the next step, the working 

electrode was incubated for 36 h at 4 °C with a mixture of 5 μM of EDC and anti-CD144 

antibody (0.005 mg/mL) to immobilize the antibodies on the surface, enabling selective 

capture of MBVs carrying pCD144.

2.5.2. Electrochemical sensing—We utilized a 5 mM equimolar solution of 

K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KCl for all electrochemical assessments, performed 

using the potentiostat interface 1010E (Gamry Instruments) equipped with Gamry DigiElch 

8 software. Employing a conventional three-electrode system, we conducted several 

electrochemical techniques. Cyclic voltammetry (CV) was carried out at varying scan rates 

(20, 50, 100, 250, and 500 mV/s), starting from an initial voltage of −0.2 mV to a final 

voltage of 0.5 mV, across three cycles to identify functionalization steps. Electrochemical 

impedance spectroscopy (EIS) maintained a potential of 0.100 mV and scanned frequencies 

between 0.1 Hz and 100 kHz, with resistance to charge transfer (Rct) assessed using 

electrochemical models. In differential pulse voltammetry (DPV), the potential swept from 

−0.2 V to +0.5 V, employing a step size of 25 mV/s and a pulse size of 50 mV/s. For 

MBV detection, a 3 μL sample was placed on pAntiCD144 functionalized SPE surfaces 

for 20 min, followed by washing with DPBS to remove unbound molecules. Detection was 

quantified using the same electrochemical techniques, allowing evaluation of the capture 
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efficiency of the MBVs through interactions with specific antibodies on the SPE surfaces, 

signifying potential applications in targeted biomarker analysis.

2.5.3. Immunoadsorbed MBVs morphology analysis through atomic force 
microscopy (AFM)—AFM measurements were conducted using an Agilent 5500 atomic 

force microscope in tapping mode. Each scanned area was 0.425 × 0.425 μm, captured at a 

resolution of 512 pixels per line across 512 lines per image, with a scan rate of 1 line per 

second. Data analysis was performed using the Nanoscope8 software.

2.6. Statistical analysis

Statistical analyses were conducted using GraphPad PRISM version 9.0. Experiments were 

replicated a minimum of three times, except as noted. dsDNA quantification was analyzed 

using the Student’s unpaired t-test. ELISA results were evaluated through a non-linear 

sigmoidal 4-PL curve fit with 95% confidence intervals. Statistical significance was defined 

at a p-value of less than 0.05 unless otherwise specified.

3. Results

3.1. Tissue-specific MBV isolation

To evaluate the presence of target proteins in matrix-bound vesicles (MBVs) isolated from 

tissue-specific extracellular matrices (ECM), we analyzed two tissue groups: endothelial 

tissues (e.g., endothelial cell-basement membrane) and non-endothelial tissues (e.g., 

cartilage). Based on previous studies, CD144, an established endothelial cell-junction 

marker, was chosen as the target protein 34–36. We expected that MBVs isolated from 

endothelial tissues would contain endothelial-related markers like CD144, while these 

markers would likely be absent or undetectable in non-endothelial tissues such as cartilage. 

Given its avascular nature,37,38 cartilage was a rational choice for a negative control.

3.2. Tissue decellularization

Fig. 2A presents a macro view of each native tissue sample in the top panel, while the 

bottom panel displays the macro view of the decellularized (dECM) of the respective 

tissues. The two different tissues exhibited significant changes in appearance after the 

decellularization process, transforming into white acellular scaffolds. This transformation 

was particularly notable in blood-rich tissues such as the artery. The H&E imaging (Fig. 2 A 

i–iv) shows the remotion of the nuclei (dark purple dots) before and after decellularization.

A standardized decellularization process would enable an adequate comparison across 

dECM biomolecules, reducing the confounding effects of native cellular components 

or variations in decellularization reagents.28,29,39 Approximately 1 g of A-ECM and C-

ECM tissues were processed for decellularization, following the protocol outlined in the 

methodology section (Table 1). SDC was employed as a detergent, and DNase was used 

to cleave DNA residues within the tissue. Decellularization progress was continuously 

monitored by automatically sampling aliquots from the bioreactor every 30 s and measuring 

their absorbance at 260 nm using a UV–visible spectrophotometer, see Fig. S1. This 
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monitoring allowed track of nucleic acid concentration, including double-stranded DNA 

(dsDNA), throughout the decellularization process.29

Fig. 2B presents a plot of absorbance at 260 nm versus time (hours), revealing distinct peaks 

corresponding to different decellularization stages. From 0.5 to 1.5 h, tissues underwent the 

detergent stage with 4% SDC, where absorbance peaked at 0.389 for A-ECM and 0.249 for 

C-ECM, indicating an increase in nucleic acids. As the process continued, the monitoring 

curves stabilized, suggesting a saturation of nucleic acids in the bioreactor. A second peak, 

observed following the addition of DNase (1 mg/mL), showed absorbance levels reaching 

0.529 for A-ECM and 0.543 for C-ECM. These results highlight differences in absorbance 

between tissue types and confirm the method’s effectiveness in correlating absorbance with 

nucleic acid concentrations, emphasizing successful intracellular content removal, which is 

critical for refining ECM.

The residual dsDNA was quantified in the acellular dECM, following standard procedures. 

Fig. 2C illustrates the reduction in dsDNA levels for both A-dECM and C-dECM, 

comparing the amounts in native tissues (dark grey bars) with those in decellularized dECM 

(light grey bars). The dsDNA quantification assays were performed in triplicate for each 

tissue type. Statistical analyses using GraphPad Prism software and an unpaired Student’s 

t-test revealed significant differences (P < 0.05) between native and dECM tissues. Notably, 

the reduction in μg of dsDNA per mg of dry tissue was substantial: from 2.276 ± 0.735 

to 0.191 ± 0.246 μg/mg for A-ECM, and from 0.682 ± 0.263 to 0.074 ± 0.059 μg/mg 

for C-ECM.40 Despite the initially low dsDNA content in C-ECM, the reduction remained 

significant, underscoring the efficacy of the decellularization protocol.

This significant reduction in DNA content is crucial for biomaterial applications, as residual 

nucleic acids can provoke immune responses. Post-decellularization, the acellular scaffolds 

were lyophilized at −80 °C and 0.15 mbar, preparing them for subsequent MBV isolation, 

which involved further ECM processing to release the embedded MBVs.

3.3. Morphology and size characterization of isolated MBVs

MBVs released from the dECM were characterized for size and morphology using NTA 

and TEM, as depicted in Fig. 3. A 50 μL aliquot of Cartilage derived MBVs and Artery 

derived MBVs were diluted 12-fold and 10-fold, respectively, using 1X DPBS to measure 

particle size distribution and concentration. Fig. 3A and B illustrate representative particle 

size distributions for A-MBVs and C-MBVs, respectively, selected from several analyzed 

batches. The NTA results showed that C-MBVs exhibited a higher particle concentration, 

with an average of 1.26×1010 ± 5.52×108 particles/mL. In comparison, A-MBVs had 

a lower concentration at 8.46×109 ± 1.30×108 particles/mL. Additionally, C-MBVs had 

larger average particle sizes, measuring 297.9 ± 6.3 nm compared to 251.5 ± 23.2 nm for 

A-MBVs. These averages were derived from measurements recorded by the instrument, 

and the figures represent the particle size distribution of the sampled populations. These 

findings suggest that MBVs from cartilage-derived dECM are both more abundant and more 

significant, reflecting possible differences in the structural or functional attributes of the 

dECM between the two tissue types (see Fig. S3).
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Fig. 3C and D shows TEM images of isolated MBVs, with red arrows pointing to the 

vesicles. NTA and TEM analyses aligned with detecting particles below the 200 nm range. 

Both techniques also showed evidence of EV aggregation, which appears to be enlarged 

in the images. Fig. 3D and Fig. S3 illustrate various MBVs aggregated on the left side, 

resulting in an approximate size of 350 nm. This observation is consistent with classical 

observations of extracellular vesicles.16,41 The TEM images show that MBVs possess 

a rounded morphology and a bilayer membrane structure characteristic of such vesicles 

(enlargements of Fig. 3C and D). This uniformity in shape across samples indicates a 

successful isolation process, confirming the integrity of the MBVs extracted. The clear 

visualization of these vesicles supports their identification and highlights the potential for 

their utilization in further biomolecular analyses.

3.4. Immunosorbent characterization of isolated MBVs

The presence of CD144 in the MBVs was evaluated using immunosorbent assays (Dot 

Blot).42,43 A-MBVs, originating from endothelial-rich tissues, were expected to contain the 

tissue-specific biomarker CD144. Conversely, C-MBVs were anticipated to carry SOX9, 

associated with chondrocytes, and little to no CD144. Commercial extracellular vesicles 

isolated from human saliva (h.Sal-EVs) (System Bioscience, SBI, CA, USA) served as a 

positive control due to the established presence of CD144 in circulating EVs.36,44

Fig. 4A and B presents Dot Bot analyses with 3 μL samples of h.Sal-EVs, A-MBVs, and 

C-MBVs, each at a concentration of 1 μg/mL of total protein. Fig. 4A shows the detection 

of CD144 in h.Sal-EVs and A-MBVs, with no detectable CD144 in C-MBVs. A separate 

blot was conducted to detect SOX9 in the same samples, as shown in Fig. 4B, revealing 

the presence of SOX9 in h.Sal-EVs, A-MBVs, and C-MBVs. The distinct patterns observed 

in the dot blot analysis suggest specific expression profiles of CD144 and SOX9 across 

different MBV sources, suggesting their potential roles in cellular communication.

Following confirming CD144 presence, biomarkers were quantified using ELISA as a 

validated immunoassay and benchmark control. The ELISA results are presented in Fig. 

4C and D. For CD144, concentrations were measured as 1.429 ± 0.391 ng/mL in h.Sal-EVs 

and 0.517 ± 0.032 ng/mL in A-MBVs, as shown in Fig. 4C. CD144 was undetectable in 

several assays for C-MBVs. The ELISA kit used for CD144 (Abcam), had a minimum 

detection threshold of 0.331 ng/mL. Data was fitted using a non-linear model (R2 = 0.9980), 

with a linear curve fit provided in Supplemental Fig. S4.

Fig. 4D details the ELISA results for SOX9, showing concentrations of 2.169 ± 0.165 

ng/mL in h.Sal-EVs, 0.929 ± 0.152 ng/mL in A-MBVs, and 1.064 ± 0.174 ng/mL in C-

MBVs. SOX9 was detected in all samples analyzed. The ELISA kit for SOX9 (RayBiotech), 

features a minimum detection limit of 0.41 ng/mL. Results were estimated using a non-

linear fit (R2 = 0.9842), and a linear curve fit is available in Supplemental Fig. S5.

3.5. Characterization of the electrode functionalization

Following the characterization of A-MBVs, electrochemical analysis was employed for the 

detection of the CD144 biomarker within the A-MBVs. This approach is supported by 

previous studies that have indicated that altering the surface of the electrodes enhances the 
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detection signals of biomarkers.45 Our study uses antibodies, which enhance the detection of 

the target molecule and reduce non-specific adsorption on the electrode surface.46 Thus, 

the electrochemical properties of the surface were analyzed both before and after its 

modifications. Gold electrodes were studied to understand the changes produced by the 

immobilization of the antibody, Anti-CD144, on the electrochemistry of the surface. A 

solution of 5 mM of K3Fe(CN)6/K4Fe(CN)6 with 0.1 M KCl was used to characterize the 

modified electrode surface.

Fig. 5A and B illustrate cyclic voltammetry (CV) analyses conducted at a scan rate of 100 

mV/s on modified gold electrodes. Fig. 5A shows the results for human saliva-derived 

extracellular vesicles (h.Sal-EVs, control), while Fig. 5B depicts the results for artery-

derived MBVs (A-MBVs). The electrode modifications included: the baseline gold surface 

(Au), the surface after modification with MUA (Au/MUA), and the final stage following 

antibody immobilization targeting the CD144 protein (Au/MUA/Anti-CD144).

In Fig. 5A and B, the CV plots show changes in the kinetics of the redox reaction. These 

changes are observed in the change of the peak-to-peak potential between the oxidation 

and reduction peaks. Also, a decrease in electrical currents and a reduction in reaction 

reversibility were observed due to Anti-CD144 immobilization, as indicated by the increased 

separation between the oxidation and reduction peaks. The oxidation and reduction peak 

currents at different scanning rates were plotted against the square root of the scan rates 

(v1/2) in Fig. 5C. Peak currents not only decreased but also deviated from linearity with 

respect to v1/2, particularly in the case of Anti-CD144, meaning that the redox reaction is not 

limited by electron transfer kinetics due to the blocking effect of the antibodies.

Electrochemical impedance spectroscopy (EIS) was utilized to investigate the chemical 

modifications on the surface of Anti-CD144-modified electrodes. The EIS data revealed 

increased charge transfer resistance (Rct) following the immobilization of Anti-CD144, 

indicating a more resistive surface due to the antibody layer. This increase in Rct is 

consistent with the expected blocking effect of the antibody, which hinders electron transfer 

at the electrode interface. Fig. 6A and B illustrate these changes, highlighting the elevated 

Rct values observed after Anti-CD144 functionalization.

Fig. 6 shows the EIS of A. Au Bare, Au/MUA, AU/MUA/anti-CD144, and Au/MUA/anti-

CD144/h.Sal-EVs. B. Au Bare, Au/MUA, AU/MUA/anti-CD144 and Au/MUA/anti-CD144/

A-MVBs. EIS is a robust analytical method for detecting changes in electrode interfacial 

properties and analyzing the interactions between analytes and their immobilized probing 

molecules on electrode surfaces.47 Differences in antibody immobilization affect mass 

transport limitations, an expected outcome due to the higher charge transfer involved. Fig. 

6C shows the circuit used to model the EIS of the modified gold electrodes, which was 

chosen because of the use of the redox couple K3[Fe(CN)6]/K4[Fe(CN)6].48

Fig. 6A depicts the Nyquist plot of the different functionalization steps and attached is 

h.Sal-EVs, the small black semicircle represents a typical response from the electrode 

without modifications with an Rct, 0.383 kΩ; this semicircle increases significantly after 

MUA functionalization (Rct=19.589 kΩ, red semicircle), and later decreases with the 
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immobilization of the antibody (Rct=2.556 kΩ, green semicircle), finally once the h.Sal-EVs 

were incubated in the working electrode, and an Rct of 4.761 kΩ was measured (blue 

semicircle), meaning a decrease in electron transfer due to vesicle binding to the antibodies 

on the gold electrode surface.

Similar behavior was observed for the impedimetric detection of A-MBVs (Fig. 6B). Rct of 

the gold electrode without modification was 0.890 kΩ (black semicircle), functionalization 

of MUA increased the Rct to 10.490 kΩ (red semicircle), immobilization of antibody 

significantly decreased the Rct to 1.768 kΩ (green semicircle) showing an increase in 

electron transfer through the antibody, and A-MBVs were detected by EIS again as a 

decrease in electron transfer due to vesicle binding to the antibody observed as a decrease in 

Rct, going to 3.061 kΩ (purple semicircle), showing a successful attachment of A-MBVs to 

the immunosensor and electrochemical detection through impedimetric assay.

Fig. 6D and E depict the changes in Rct due to adding h.Sal-EVs and A-MBVs across 

different experiments (n = 3). The best-performing electrodes are displayed. The results 

of Rct were 2.508 ± 0.053 kΩ and 4.700 ± 0.068 kΩ for pAntiCD144 and h.Sal-EVs, 

respectively, and 1.753 ± 0.017 kΩ and 3.067 ± 0.023 kΩ for pAntiCD144 and A-MBVs. 

These results indicate the surface modification caused by adding the respective EVs.

3.6. Electrochemical detection of CD144+ EVs

EIS is widely regarded for its high sensitivity in the biorecognition of analytes, such 

as proteins and enzymes, due to its capability to detect minimal changes in interfacial 

properties on modified electrodes.49–51 This technique is particularly advantageous in this 

study, as it allows for precise monitoring of antibody binding to tissue-specific proteins 

present in the isolated MBVs. Additionally, EIS requires only a minimal sample volume (<5 

μL), making it a suitable method for detecting EVs, where isolation yields are often limited. 

The changes on the modified working electrode are directly related to the presence of the 

specific analytes, h.Sal-EVs (EV control) and A-MBVs.

Fig. 6D, blue column, shows the targeting of CD144+ EVs, using h. Sal-EVs with a 0.7 

ng/mL concentration of CD144 as a positive control, CD144 concentration was determinate 

with ELISA, a 3 mL drop was incubated within the working electrode for 20 min, Rct values 

and other impedance parameters were fitted for the spectra. The ΔRct was calculated as 

the difference between the raw Rct response of the incubated h. Sal-EVs and the raw Rct 

response of the immobilized pAnti-CD144.

Another concentration of CD144 per mL was also used to evaluate the electrochemical 

behavior; the calculated ΔRct for the two concentrations 0.233 and 0.712 ng of CD144/mL 

were plotted in Supplemental Fig. S6. The biosensor was able to detect both concentrations 

of CD144 in the h.Sal-EVs, for the concentration of 0.233 ng of CD144/mL, the ΔRct was 

0.7817 ± 0.1819 kΩ, and for 0.712 ng of CD144/mL, the ΔRct was 1.807 ± 0.3462 kΩ for 

three different experiments.

The Rct of Anti-CD144 and A-MBVs was plotted in Fig. 6E purple column. The difference 

between AntiCD144 Rct and A-MBVs Rct (ΔRct) was plotted in Supplemental Fig. S7. This 
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change was 0.7833 ± 0.0633 kΩ at a concentration of 0.517 ng/mL of CD144 and 469.6 ng 

of total protein. These results highlight the potential of the developed biosensor for detecting 

targeted specific markers in EVs.

3.7. AFM validation of CD144+ EV capture on functionalized SPEs

In the context of EV heterogeneity, orthogonal methodologies are crucial for further 

EV characterization. Using tapping-mode AFM, this section verifies the attachment and 

morphology of EVs that were immune-adsorbed through CD144 on the functionalized SPE 

surfaces.

This high-resolution technique not only reinforced the specificity of our electrochemical 

detection but also confirmed the targeted capture of EVs-like particles, thereby enhancing 

the reliability of our subsequent analyses.

Fig. 7 presents AFM images of the EVs (h. Sal-EVs and A-MBVs) deposited onto the 

gold screen-printed electrode surface. The screen-printed electrodes functionalized with 

pAntiCD144 successfully captured h.Sal-EVs and A-MBVs through the interaction of the 

endothelial biomarker CD144 within the EVs to the immobilized antibody.

This characterization confirms the biosensor’s suitability for detecting EVs carrying the 

targeted markers. AFM analysis provided insights into the topography and height of these 

MBVs. Topography images revealed the diameter of isolated MBVs, while height images 

showed an average height of 20 nm—consistent with values reported by Sharma et al.52

Furthermore, the analysis performed using AFM tapping mode provided detailed insights 

into the physical characteristics of h.Sal-EVs and A-MBVs.

As depicted in Fig. 7A–h.Sal-EVs exhibited a broader size range, with diameters varying 

from 100 nm to 150 nm. Their shapes were less uniform, potentially reflecting the diverse 

cellular origins and physiological conditions under which these EVs were produced. In 

contrast, A-MBVs, shown in Fig. 7C, measured approximately 162 nm in diameter and 

maintained a visible bilayer structure under high-resolution AFM, indicative of their intact 

vesicular nature.

The height analysis from AFM of A-MBVs, illustrated in Fig. 7D, further supported 

these findings. A-MBVs typically exhibited a narrower height distribution around 21.0 nm. 

Meanwhile, h.Sal-EVs displayed more significant height variations, ranging from 17.5 nm to 

24.7 nm, as shown in Fig. 7B. These AFM observations align with TEM analyses performed 

for the A-MBVs, confirming the robustness of the results and the efficacy of using both 

AFM and TEM jointly to explore the detailed structural properties of EVs from different 

sources.

4. Discussion

Our study evaluates matrix-bound vesicles (MBVs) isolated from two distinct tissues—

artery endothelial cell basement membrane (A-tissue) and thyroid cartilage (C-tissue)—to 

establish an approach for analyzing these complex ECM signaling components.
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By employing a standardized decellularization protocol, we seek minimal variability and 

enhanced reproducibility28,29,39 in ECM derivation, which is essential for consistently 

studying their associated biomacromolecules such as endothelial MBVs (A-MBVs). Also, 

we are developing tailored sensing tools that target biomarkers carried by extracellular 

vesicles, such as CD144, a transmembrane endothelial marker, for a thorough endothelial-

EV characterization.34,35,53,54

The ECM derivation system is equipped with an inline UV spectroscopy system (refer 

to Fig. S1) that enables real-time monitoring of nucleic acid removal from tissues. This 

monitoring tool represents a significant advancement over previous prototypes reported in 

the literature for dECM production.29 The reported decellularization streamlines the process 

into a three-step washing sequence, comprising 1 h each of contact with SDC detergent and 

DNase I, completing the process in 6 h. This is an efficiency enhancement compared to 

traditional methods reported in the literature, which can take 72 h up to 480 h.40,55,56

During the decellularization process, the system demonstrated, via inline real-time 

monitoring, significant increases in nucleic acid levels in the bioreactor’s liquid phase 

during SDC and DNase treatments of both A-tissue and C-tissue. This was evidenced 

by pronounced nucleic acid concentration peaks, indicative of effective decellularization 

(see Fig. 2B). The effect was especially prominent in artery samples (A-dECM), where 

the cellular composition likely contributed to the increased nucleic acid levels. Post-

decellularization analysis revealed a marked reduction in dsDNA content across all dECM 

samples, consistent with H&E staining results. Notably, DNA content in artery dECM 

decreased by 94%, as depicted in Fig. 2C, corroborating findings from Inal et al.56 and 

similar detergent-based decellularization studies.57,58 For cartilage, dsDNA reduction was 

approximately 89%, resulting in 74 ng of dsDNA per mg of dry dECM, comparable 

to findings by Hong59 (53.21 ng/mg) and Guimaraes60 (20 ng/mg) dsDNA per mg of 

dry dECM. All our ECM materials maintained a final dsDNA content below that of 

the reference urinary bladder membrane ECM (UBM-ECM), already used in clinical 

applications.14,21,61

Characterizing isolated MBVs in terms of size, morphology, and targeted biomolecular 

proteins offers critical insights into their structure and origin 2. TEM revealed that 

these vesicles typically exhibit a round shape with a distinctive border, indicative of the 

characteristic lipid bilayer of extracellular vesicles.14 Specifically, TEM analysis showed 

that A-MBVs generally ranged between 200 and 250 nm (Fig. 3A and C), closely aligning 

with findings from isolated MBVs in the bovine pericardium, which averaged 142 nm.41 

Moreover, C-MBVs displayed a peak size distribution at 200 nm, with TEM images (Fig. 

3D) demonstrating spherical forms between 200 and 250 nm, consistent with Shapiro’s 

findings on chondrocyte-derived matrix vesicles.62

These dimensions and morphologies are within the typical MBV size range of 50–400 nm 

reported in the literature.13,16 In addition, aggregates of MBVs were found, as shown in Fig. 

3D; these EV aggregations can occur due to vesicle crowding and complex interactions in 

biological environments, which may include non-vesicular components acting as adhesive 

“glue” between vesicles.63–65 The integrity of MBVs provides strong evidence that the 
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purification methods were adequate in dissociating the ECM while releasing the EVs into 

the liquid phase environment.

The immunosorbent characterization of MBVs (i.e., A-MBVs and C-MBVs) regarding the 

presence or no detection of endothelial-related biomarkers (i.e., CD144) further supports 

our hypothesis about MBVs carrying tissue-specific proteins. CD144, also known as 

VE-cadherin, is critical for cell-junction formation, vascular organization, and endothelial 

assembly, playing a pivotal role in developing the aorta and heart valves.66 The presence 

of VE-cadherin in MBVs isolated from A-ECM highlights their potential as carriers of 

tissue-specific markers, supporting reports posited by other researchers.12,21,45

Our findings support that MBVs carry markers associated with their tissue of origin, 

with endothelial-derived MBVs (A-MBVs) specifically carrying endothelial markers like 

CD144. This finding is highly relevant for monitoring endothelial-related EVs in diagnosing 

and understanding cardiovascular diseases such as myocardial infarction and familial 

hypercholesterolemia.34 Conversely, the absence of CD144 in MBVs from cartilage tissue, 

which does not produce the CD144 protein, suggests a specificity of the vesicles’ protein 

content. This finding prompted us to detect SOX9 as a potential cargo in C-MBVs, 

which was positive in the immunodetection, aligning with SOX9’s crucial role in cartilage 

development and maintenance.67,68 Additionally, SOX9 presence in A-MBVs might be 

explained by its involvement in tissue differentiation during embryonic development.67,69 

The detection of SOX9 in MBVs highlights the need for further investigation, mainly 

focusing on defining tissue-specific protein cargos.16

Our research aims to bridge a significant gap in studying transmembrane protein cargos 

within EVs. We are developing an innovative electrochemical device designed to enhance 

the detection of EVs, specifically those carrying markers like CD144+ indicative of 

endothelial cells. Applying electrochemical techniques to MBVs highlights our approach’s 

innovative potential to propel the field of MBV studies.

Fig. 5A and B illustrate significant voltammogram shifts following MUA functionalization, 

indicating successful antibody immobilization on the SAM. This layer acts as a barrier, 

impeding electron transfer and enhancing electron flow upon immobilizing pAnti-CD144, 

which targets the immunoadsorption of CD144+ MBVs.49 The addition of h.Sal-EVs and 

A-MBVs on the pAnti-CD144 functionalized working electrode reduced oxidation peaks, 

suggesting interference in electron transfer at the electrode/electrolyte interface, a behavior 

consistent with other studies involving mercaptohexanoic acid functionalized SPEs.70 

Electrochemical assays, shown in Fig. 6A and B, demonstrated that MUA significantly 

increases charge transfer resistance (Rct). Subsequent antibody immobilization reduced 

this resistance, facilitating interactions between the electrode surface and the ferrocyanide 

solution. The increase in resistance with the introduction of CD144+ A-MBVs confirms 

their capacity to obstruct electron transfer, aligning with findings from pathogen and protein 

detection studies.51

The biosensing device developed enhances the characterization of tissue-specific protein 

targets within MBVs, providing new insights into these underexplored EVs. Preliminary 
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data indicate that A-MBVs retain detectable biomarkers from their origin tissue. While 

electrochemical methods have not previously been applied to MBVs, similar strategies have 

effectively identified exosomes using aptamers or antibodies.71,72

Arguably, the immunefunctionalized electrode platform’s simple assembly offers a tool to 

detect biomarkers with just 3 μL of sample volume (15X less sample than an ELISA), 

underscoring its practical benefits and future translational potential. Given that MBVs are 

isolated through a complex enzymatic treatment of dECM, orthogonal assays are essential 

to confirm the lipidic nature of vesicles adsorbed on the biosensing prototype. As illustrated 

in Fig. 7, AFM imaging successfully validated MBV attachment, with topography images 

(A and C) displaying h.Sal-EVs and A-MBVs, respectively, adhered to the functionalized 

gold screen-printed electrode. Specifically, A-MBVs were shown to bind effectively to the 

Anti-CD144 functionalized electrode, with images revealing vesicles of varying diameters, 

thereby confirming targeted capture and characterization.

Fig. 7A illustrates that the diameter of h.Sal-EVs (EV control) is approximately 100 nm, a 

size consistent with observations in Fig. 7C for A-MBVs. Additionally, Fig. 7D presents a 

height analysis of the isolated/immune-adsorbed MBVs, revealing a typical height of around 

21 nm and the characteristic lipid bilayer previously identified in MBVs.13,14 A similar 

height of 24.7 nm is reported in Fig. 7B, which is aligned with findings by Sebaihi73 on EVs 

derived from human body fluids.

In our approach, a functionalized SPE equipped with antibodies successfully 

immunoadsorbs the transmembrane protein CD144 from isolated A-MBVs, showcasing 

the platform’s capability for precise vesicle capture and comprehensive biomolecular 

analysis. This technique verifies that isolated EVs from the dECM contain tissue-specific 

biomarkers, suggesting their potential use as culture media supplements to enhance stem 

cell differentiation. Additionally, the device demonstrates promise for disease prognosis and 

early detection due to its high sensitivity to low concentrations of these biomarkers.

5. Conclusions

In this study, we successfully isolated MBVs from endothelial cell basement membrane-

derived extracellular matrix (A-dECM) and thyroid cartilage-derived ECM (C-dECM). 

These EVs exhibited the characteristic round morphology and intact membrane structures, 

as verified by TEM and AFM. The enzymatic digestion protocol effectively preserved the 

endothelial-specific CD144 marker within the MBVs, confirmed through immunosorbent 

assays. This data underscores the potential of A-MBVs as carriers of endothelial-related 

proteins for regenerative medicine and as models for advancing EV-based detection 

technologies.

Leveraging A-MBVs, we developed a label-free biosensing device that demonstrates 

significant potential for integration into advanced sensing technologies, offering rapid and 

scalable detection suitable for both clinical and research applications. Future research 

will focus on refining the selectivity and specificity of the biosensing device to enhance 
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performance and facilitate clinical translation while also addressing EV heterogeneity, a 

current challenge in the field.

During the preparation of this work, the author(s) used [ChatGPT 4.0 and Grammarly] in 

order to improve readability. After using this tool/service, the author(s) reviewed and edited 

the content as needed and take(s) full responsibility for the content of the publication.
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Fig. 1. 
Overview. Two porcine tissues, endothelial cell basement membrane from arteries 

and thyroid cartilage, were decellularized to isolate their respective Matrix-Bound 

Vesicles (MBVs)—A-MBVs and C-MBVs. Commercial extracellular vesicles from healthy 

individual saliva were used as controls. Characterization revealed CD144 predominantly 

in endothelial EVs, supporting its use as an endothelial biomarker, whereas SOX9 was 

identified in C-MBVs associated with chondrocytes. Immunodetection techniques facilitated 

the development of a prototype biosensor for MBV biomarker detection, with AFM 

used to characterize MBVs on the immunofunctionalized gold surface. Created with 

BioRender.com.
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Fig. 2. 
Characterization of Native and dECM. A. Overview of Tissue Samples: Macro views from 

left to right; the top panel shows native tissues of Endothelial Cell Basement Membrane 

from Artery (A) and Thyroid Cartilage (C), and the bottom panel displays corresponding 

dECM.i-iv H&E staining for microview evaluation. B. Decellularization Monitoring Curves: 

Displays for A-ECM and C-ECM. The X-axis represents time in hours, and the Y-axis 

shows absorbance at 260 nm. Highlighted sections indicate washing steps involving DI 

water, DPBS, and DI water, with treatment agents including SDC, DNase Type II, and EtOH 

with 0.1% v/v peracetic acid. C. dsDNA Quantification: Comparison of dsDNA levels from 

left to right for A-ECM and C-ECM with dark bars representing native tissue and light bars 

representing dECM. Created with BioRender.com.
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Fig. 3. 
Characterization of Isolated MBVs. Nanoparticle Tracking Analysis (NTA) shows the size 

distribution of (A) A-MBVs and (B) C-MBVs along the X-axis with particle size (nm) 

and Y-axis displaying concentration as particles/mL. The red lines indicate the standard 

deviation, and the black line represents the average based on at least three replicates. 

Inset images from Transmission Electron Microscopy (TEM) highlight (C) A-MBVs and 

(D) C-MBVs with red arrows pointing to the EVs. Scale bar = 250 nm. Created with 

BioRender.com.
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Fig. 4. 
Immunoblotting assays and quantification of targeted proteins in extracellular vesicles. A: 
Detection of porcine VE-cadherin (CD144) in human saliva EVs (h.Sal-EVs), artery-derived 

MBVs (A-MBVs), and cartilage-derived MBVs (C-MBVs). B: Detection of SRY-related 

high-mobility-group box 9 (SOX9) in h.Sal-EVs, A-MBVs, and C-MBVs. C: Enzyme-

linked immunosorbent assay (ELISA) quantification of CD144 in h.Sal-EVs, A-MBVs, and 

C-MBVs. D: ELISA quantification of SOX9 in h.Sal-EVs, A-MBVs, and C-MBVs. nd = no 

detected. Created with BioRender.com.
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Fig. 5. 
Cyclic voltammetry of A, Au Bare, Au/MUA, Au/MUA/anti-CD144 and Au/MUA/anti-

CD144/human Saliva EVs (h.Sal-EVs). B, Au Bare, Au/MUA, Au/MUA/anti-CD144 and 

Au/MUA/anti-CD144/A-MVBs. All cyclic voltammetry experiments were done in a 5 mM 

K3FeCN6/K4FeCN6 solution in 0.1 M KCl. C, Intensity peak (Ip) vs square root of scan rate 

(v1/2).
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Fig. 6. 
Electrochemical characterization of functionalized SPEs and detection of isolated MBVs, 

Nyquist Plot of the detection of, A. human Saliva Extracellular Vesicles (h.Saliva-EVs), 

B. Artery Matrix-Bound Vesicles (A-MBVs), and C. Equivalent circuit of Nyquist Plot. 

Resistance to charge transfer plot of functionalization steps, D. Detection of h. Saliva-EVs, 

and E. Detection of A-MBVs.
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Fig. 7. 
Atomic Force Microscopy (AFM) images showing A: the topography of human saliva 

extracellular vesicles (h.Sal-EVs) with white arrows indicating EVs; B: diameter (black 

arrows) and height (gold arrows) analyses in Zone 1 (Z1); C: the topography of artery 

matrix-bound vesicles (A-MBVs) with white arrows pointing to isolated MBVs; and D: 
diameter (black arrows) and height (gold arrows) analyses in Zone 2 (Z2). Created with 

BioRender.com.

Ayus-Martinez et al. Page 27

Extracell Vesicle. Author manuscript; available in PMC 2025 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ayus-Martinez et al. Page 28

Table 1

Summary of dECM production protocol.

Decellularization steps Time (minutes)

DI water 10

1X DPBS 10

DI water 10

SDC (4%) 60

DI water 10

1X DPBS 10

DI water 10

DNase (1 mg/mL) 60

DI water 10

1X DPBS 10

DI water 10

4% EtOH and 0.1% PAA 30–60

DI water 10

1X DPBS 10

DI water 10

EtOH: Ethanol and PAA: Peracetic acid.
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