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Abstract  
Postoperative atrial fibrillation (AF) affects one-third of patients following cardiac surgery, 

increasing the risk of stroke. Inflammation-driven atrial fibrosis contributes to postoperative AF. Our lab 

is investigating the use of extracellular vesicles (EVs) derived from human atrial explant cells to mitigate 

atrial fibrosis and prevent AF. While EVs have demonstrated protective effects, the underlying 

mechanisms remain incompletely understood. Recently, our proteomic analysis revealed that EVs are 

enriched in decorin, an extracellular matrix protein known for its antifibrotic properties. This study 

investigates whether decorin helps EVs reduce atrial fibrosis by inhibiting profibrotic pathways. This 

investigation involves a comparison between EVs that contain decorin and those depleted of it. My 

findings confirm that decorin is highly enriched in EVs and demonstrate that decorin treatment reduces 

fibroblast proliferation stimulated by TGF-β1. Additionally, DsiRNA knockdown depletes decorin from 

EVs, providing a model to assess its role. Decorin-enriched EVs significantly reduced cell proliferation 

compared to decorin-depleted EVs. This suggests that decorin plays a significant role in addition to other 

factors contributing to the antifibrotic effect of EVs.  
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Unpaired t-test was used to determine statistical difference between these groups (p ≤ 0.05). Figure 9. 

qPCR and ELISA confirmation of decorin knockdown. Human atrial fibroblasts were seeded in a 12-

well plate and treated with 2 siRNA (20 nM each) and control mimic. The siRNA and control mimic 

treatment were facilitated using lipofectamine  RNAiMAX reagent. (A) The cell lysate was obtained and 

used to conduct qPCR(n=2 technical replicates, n=1 biological replicate). Values are shown as mean ± 

standard deviation (2 DsiRNA: 0.99 ± 0.48 and Control Mimic: 1.25 ± 1.07). Unpaired t-test was used to 

determine statistical difference (p ≤ 0.05) .(B) EDC conditioned media was used to conduct ELISA to 

confirm protein level knockdown (n=2 technical replicates, n=1 biological replicate). Values are shown as 

mean ± standard deviation (2 DsiRNA: 253 ± 21.4 and Control Mimic: 687 ± 88). Unpaired test was used 

to determine statistical difference (p ≤ 0.05).   

Figure 10. EDCs decorin knockdown using siRNA in a 24-well plate. These cells were seeded in a 

24well plate and exposed to two treatments: control mimic, and decorin siRNA. (A) After 72 hours, qPCR 

was used to evaluate gene expression using cell lysate (n=4 technical replicates, n=1 biological replicate). 

Values are shown as mean ± standard deviation (3 DsiRNA: 0.025 ± 0.015 and Control Mimic: 1.04 ± 

0.33). Unpaired t-test was used to determine statistical difference (p ≤ 0.05). (B) After 72 hours, ELISA 
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was used to determine decorin’s concentration within EDCs conditioned media (n=3 technical replicates, 

n=1 biological replicate). Values are shown as mean ± standard deviation (3 DsiRNA:111.76 ± 6.55 and  

Control Mimic: 4389.69 ± 364.61). Unpaired t-test was used to determine statistical difference (p ≤ 0.05).   

 

Figure 11. EDCs EVs depletion of decorin using siRNA in petri dishes. These cells were seeded in 

petri dishes and exposed to three treatments: vehicle, control mimic, and dsiRNA. After 72 hours, the 

EDCs conditioned media were processed to obtain extracellular vesicles (EVs), and the cell lysate was 

obtained. (A ) After 72 hours, qPCR was used to evaluate gene expression using cell lysate (n=3 technical 

replicates, n=1 biological replicate).  Values are shown as mean ± standard deviation (Vehicle: 1.01 ± 0.2, 

Control Mimic: 2.03 ± 0.9, and 3 DsiRNA: 0.0097 ± 0.007). One-way ANOVA with Tukey’s post hoc 

test. (B) After 72 hours, ELISA was used to determine decorin’s concentration within EDCs EVs (n=3 

technical replicates, n=1 biological replicate). Values are shown as mean ± standard deviation (Vehicle: 

344 ± 38, Control Mimic: 323 ± 12.56, and 3 DsiRNA: 8.96 ± 5.29). One-way ANOVA with Tukey’s post  

hoc test.  

Figure 12. DCN has no effect on cell proliferation. Human atrial fibroblasts were seeded in 96-well 

plates. After 24 hours of seeding, these cells were treated with 1 µg/mL DCN, 10 µg/mL DCN, and 

TGFβ1 (10 ng/mL). (A) After 48 hours of treatment, cells proliferation was assessed using cell counting 

kit-8 (CCK-8)(n=3 technical replicates, n=1 biological replicate). This dye is added to the wells 

consisting of cells and incubated. The optical densities are measured using a microplate reader. Values are 

shown as mean ± standard deviation (Control: 0.78 ± 0.05, 1 µg/mL DCN: 0.79 ± 0.04 ,10 µg/mL DCN: 

0.743 ± 0.04, TGF-β1: 1.04 ± 0.07 ). One-way ANOVA with Tukey’s post hoc test. Significant differences 

are shown as p ≤ 0.05. (B) After 24 hours of treatment, cell proliferation was assessed using Hoechst 

staining (n=3-4 technical replicates, n=1 biological replicate). The stained nuclei within the wells are 

imaged using a fluorescent microscope at 365 nm filter. The nuclei were counted using ImageJ. Values are 

shown as mean ± standard deviation (Control:1999.5 ± 151.5, 1 µg/mL DCN: 2144.875 ± 182. 9,10 
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µg/mL DCN: 2364.58 ± 127.2, TGF-β1: 2758.16 ± 312.6). One-way ANOVA with Tukey’s post hoc test. 

Significant differences are shown as p ≤ 0.05.  

Figure 13. Hoechst-stained images of a well seeded human atrial fibroblasts separately treated with 

DCN and TGF-β1. Human atrial fibroblasts were seeded in a 96-well plate. After 24 hours, these cells 

were treated separately with (A) media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (10 

Page 10 of 68 ng/mL) (n=1 technical replicate, n=1 biological replicate) (C) 1 µg/mL DCN (n=1 technical 

replicate, n=1 biological replicate) (D) 10 µg/mL DCN (n=1 technical replicate, n=1 biological replicate). 

After 24 hours of treatment, wells were treated with Hoechst to stain nuclei. Four images of each well 

were captured using a fluorescent microscope at a 5 x magnification. In this figure, one well with each 

treatment was illustrated but the other wells are shown in the supplementary figures. The nuclei were 

counted using ImageJ. The scale bar represents 100 µm.  

Figure 14. DCN inhibits TGF-β1 proliferative activity. Human atrial fibroblasts were seeded in  96well 

plates. 24 hours later, these cells were treated with 1 µg/mL DCN and 10 µg/mL DCN. After 24 hours of 

decorin treatment, these cells were treated with TGF-β1 (10 ng/mL). (A) After 48 hours of treatment, cell 

proliferation was assessed using cell counting kit-8 (CCK-8) (n=3-4 technical replicates, n=1 biological 

replicate). The optical density was measured at 450 nm using a microplate reader. Values are shown as 

mean ± standard deviation (Control: 0.73 ± 0.02, 1 µg/mL DCN + TGF-β1: 0.76 ± 0.05,10 µg/mL DCN + 

TGF-β1: 0.73 ± 0.02, TGF-β1: 0.89 ± 0.04). One-way ANOVA with Tukey’s post hoc test. Significant 

differences are shown as p ≤ 0.05. (B) After 24 hours of treatment, cell proliferation was measured using 

Hoechst staining (n=4 technical replicates, n=1 biological replicate). The wells containing the cells where 

imaged using a fluorescent microscope at a 365 nm filter. The nuclei were counted using ImageJ. Values 

are shown as mean ± standard deviation (Control: 3521 ± 302.5, 1 µg/mL DCN + TGFβ1: 3209.8 ± 

321.67, 10 µg/mL DCN + TGF-β1: 3402.56 ± 159.58, TGF-β1: 4360.375 ± 105.4). One-way ANOVA 

with Tukey’s post hoc test. Significant differences are shown as p ≤ 0.05.  
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Figure 15. Hoechst-stained images of human atrial fibroblasts co-treated with DCN (1 µg/mL or 10 

µg/mL) and TGF-β1 (10 ng/mL). Cells are seeded on 96-well plates. These cells are treated with (A) 

media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (n=1 technical replicate, n=1 

biological replicate) (C) 1 µg/mL decorin with TGF-β1(n=1 technical replicate, n=1 biological replicate) 

(D) 10 µg/mL decorin with TGF-β1 (n=1 technical replicate, n=1 biological replicate). 24-hour post- 

treatment, wells were treated with Hoechst to stain the nuclei. The wells were imaged using a fluorescent 

microscope and nuclei were counted using ImageJ. In this figure, one well per treatment is displayed, and 

the remaining wells are shown in the supplementary figures. The scale bar represents 100 µm.  Figure 16. 

NanoSight Tracking Analysis of decorin-enriched and decorin-depleted EVs. (A) This image 

represents a single frame from a 60-second NTA video acquisition of the DsiRNA EV sample. (B) This 

image represents a single frame from a 60-second NTA video acquisition of the control mimic EV sample. 

n=1 biological replicate, and n=1 technical replicate. (C) This histogram represents the NanoSight data 

for the DsiRNA EV sample. n=1 biological replicate, and n=1 technical replicate. (D) This histogram 

represents the nanosight data for the Control Mimic EV sample.  

Figure 17. EVs depleted of decorin do not prevent TGF-β1 induced cell proliferation. Human atrial 

fibroblasts were seeded in 96-well plates. After 24 hours of seeding, cells were treated with decorin 

enriched and decorin-depleted EVs. A ratio of 10,000 EVs per human atrial fibroblast was used to 

normalize decorin-enriched and depleted EVs. After 24 hours, EV treated cells were exposed to TGF-β1 

treatment. (A) After 48 hours of treatment, CCK-8 reagent was added into each well. The optical density 

of these wells was measured at 450 nm (n=3-4 technical replicates, n=1 biological replicate). Values are 

shown as mean ± standard deviation (Control: 1.62 ± 0.04, EVs (Control Mimic): 1.67 ± 0.04, EVs  

(DsiRNA) + TGF-β1: 1.75 ± 0.02, TGF-β1: 1.8305 ± 0.05). One-way ANOVA with Tukey’s post hoc test. 

Significant differences are shown as p ≤ 0.05. (B) After 24 hours of treatment, Hoechst staining was used 

to stain cells nuclei (n=3-4 technical replicates, n=1 biological replicate). These cells were imaged using a 
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fluorescent microscope at 365 nm filter. The nuclei were counted using ImageJ. Values are shown as mean 

± standard deviation (Control: 87.875 ± 3.12, EVs (Control Mimic): 77.875 ± 9.33, EVs (DsiRNA)  

+ TGF-β1: 108.375 ± 2.62, TGF-β1: 106 ± 9.85). One-way ANOVA with Tukey’s post hoc test.  

Significant differences are shown as p ≤ 0.05.  

Figure 18. Hoechst-stained images of human atrial fibroblasts co-treated with extracellular vesicles 

and TGF-β1. Human atrial fibroblasts were seeded in 96-well plates. These cells were treated with (A) 

media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (n=1 technical replicate, n=1 

biological replicate) (C) EVs (control mimic) with TGF-β1 (n=1 technical replicate, n=1 biological 

replicate), and (D) EVs (DsiRNA) with TGF-β1(n=1 technical replicate, n=1 biological replicate). 24 

hours later, Hoechst was added into each well to stain the nuclei. The nuclei were imaged using a 

fluorescent microscope. The scale bar represents 100 µm.  

Supplementary Figure S1. Hoechst images of human atrial fibroblasts. Fibroblasts were seeded at 

varying densities including (A) 1000, (B) 2000, (C) 3000, and (D) 4000 cells in a 96 well plate. Cells 

were treated with 0 ng/mL of TGF-β1, 5 ng/mL of TGF-β1, 10 ng/mL of TGF- β1 for 48 hours. 

Fluorescent microscopy was used to capture images at 5x magnification that show the Hoechst-stained 

nuclei of the cells in the wells. The scale bar represents 100 µm. n=2 technical replicates per condition.  

These cells were from one biological sample (n=1 biological replicate).   

Supplementary Figure S2. Hoechst-stained images of a wells seeded human atrial fibroblasts 

separately treated with DCN and TGF-β1. Human atrial fibroblasts were seeded in a 96-well plate.  

After 24 hours, these cells were treated separately with (A) media (n=3 technical replicates) (B) TGF-β1  

(10 ng/mL) (n=3 technical replicates) (C) 1 µg/mL DCN (n=3 technical replicates) (D) 10 µg/mL DCN  

(n=2 technical replicates). These cells were from one biological sample (n=1 biological replicate). After 

24 hours of treatment, wells were treated with Hoechst to stain nuclei. Four images of each well were 

captured using a fluorescent microscope at a 5 x magnification. The nuclei were counted using ImageJ.  

The scale bar represents 100 µm.   
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Supplementary Figure S3. Hoechst-stained images of human atrial fibroblasts co-treated with DCN 

(1 µg/mL or 10 µg/mL) and TGF-β1 (10 ng/mL). Cells are seeded on 96-well plates. These cells are 

treated with (A) media (B) TGF-β1 (C) 1 µg/mL decorin + TGF-β1 (D) 10 µg/mL decorin + TGF-β1. 24-

hour post- treatment, wells were treated with Hoechst to stain the nuclei. The wells were imaged using a 

fluorescent microscope and nuclei were counted using ImageJ. The scale bar represents 100 µm. n=3 

technical replicates per condition. These cells were from one biological sample (n=1 biological replicate). 

Supplementary Figure S4. Hoechst-stained images of human atrial fibroblasts co-treated with 

extracellular vesicles and TGF-β1. Human atrial fibroblasts were seeded in 96-well plates. These cells 

were treated with (A) media (B) TGF-β1 (C) EVs (control mimic) with TGF-β1, and (D) EVs (DsiRNA) 

with TGF-β1. 24 hours later, Hoechst was added into each well to stain the nuclei. The nuclei were 

imaged using a fluorescent microscope. The scale bar represents 100 µm. n=3 technical replicates per 

condition. These cells were from one biological sample (n=1 biological replicate).  
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Introduction   
 

  Post-operative atrial fibrillation (POAF) is a common type of atrial fibrillation (AF) experienced 

by 30% of patients undergoing cardiac surgery.1 This is an asymptomatic condition that only persists for 

2-4 days post-surgery, however it can have detrimental effects on patients.1 POAF is associated with long 

hospital stays, stroke, myocardial infarction, heart failure, and mortality.1 While this condition can also 

affect patients undergoing non-cardiac (thoracic) surgery, the incidence of POAF among these patients is 

less than cardiac surgery patients.1 During cardiac surgery, there are a variety of complications that can 

arise leading to POAF including injury to atrial myocardium, and inflammation.1 An injury to the atrial 

myocardium could cause disruptions in the heart’s conduction processes leading to re-entry.1 A concept 

where a specific part of the heart is constantly propagated with electrical impulses leading to AF.2 

Furthermore, cardiac surgery can also contribute to POAF by causing the body to have an inflammation 

response to the surgical injuries. 3 As a result of this, inflammatory markers and cytokines are higher in 

POAF patients compared to other patients.3 There have been many efforts to prevent POAF using various 

medications as this condition can compromise a patient’s quality of life.   

  Beta blockers and amiodarone are medications commonly used in clinical settings to reduce 

POAF incidence.4 Beta blockers can be used for a variety of cardiovascular conditions as they exhibit a 

diverse array of effects including anti-arrhythmic and anti-ischaemic.5   Despite these benefits, 

betablockers can also cause a variety of complications like bradycardia, atrioventricular block, and 

symptomatic hypotension.5 On the other hand, amiodarone does not exhibit as many benefits as 

betablockers, and causes complications like QT prolongation, and torsade de pointes.4  Currently, the 

POAF prevention strategy involves  beta blockers/amiodarone followed by anticoagulants and rhythm 

control drugs.4  This strategy illustrates the challenges of preventing POAF as a variety of drugs are 

involved in this process that also have side effects. Hence, our laboratory (Cardiac Translational Research 
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Laboratory) generates extracellular vesicles (EVs) that exerts anti-fibrotic effects and reduces 

inflammation to prevent POAF.   

EVs are membrane bound particles that have a diameter of <200 nm and are secreted by various 

cell types.6 To classify these particles as EVs, they were characterized using a proteomic array and flow 

cytometry.7 It was determined that the particles consist of the following transmembrane and cytosolic 

markers: CD63, CD81, FLOT1, ICAM1, EpCam, ANXA5, ALIX, and TSG101.7 CD63 and CD81 are  

tetraspanin proteins, which are enriched in EVs.8  FLOT1 is part of the flotillin family which plays a role 

in internalizing EVs.9 Intercellular adhesion molecules (ICAM-1)is highly enriched in EVs that are 

derived from HUVEC cells.10 Epithelial cell adhesion molecule (EpCAM) is highly expressed in EVs 

derived from cancer and stem cells.11  Annexin A5 (ANXA5) binds to PS, which is a lipid 

phosphatidylserine that is present in animal cell plasma membranes, and the outer surfaces of EVs.12  

Therefore, Annexin A5 can be useful in classifying particles as EVs.12 Lastly, ALIX and TSG101 are  

ESCRT accessory proteins that regulate and transport EVs.8   

In this lab, extracellular vesicles are produced from cardiac explant-derived cells (EDCs).13  

EDCs are CD45- CD105+ cells cultured using patient atrial appendage biopsies which produce EVs into 

their conditioned media.13 Therefore, the EDC conditioned media can be further processed to isolate for 

EVs. Furthermore, these particles consist of a variety of molecules including proteins, mRNA, and 

noncoding RNAs.14 These molecules are important as they allow EVs to communicate with surrounding 

tissues and cells by uptaking them through processes like fusion.15 To specifically study the molecules 

within the EVs cargo, our laboratory conducted a proteome analysis. This analysis demonstrated that EVs 

consist of 28 proteins associated with reducing fibrosis with decorin being the most expressed.7   

Decorin is an extracellular matrix (ECM) protein that is a member of the small leucine-rich 

proteoglycan (SLRP) family. This protein is produced by the endoplasmic reticula and Golgi apparatuses 

of fibroblasts.1617 Structurally, decorin has a 42 kDa conserved core, a chondroitin-sulfate (CS) or 

dermatan-sulfate (DS) side chain, and a concave region that facilitates interactions with other proteins.16,17 
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Decorin interacts with ECM proteins by binding the receptors of growth factors and receptor tyrosine 

kinases to inhibit cell growth.17It can also directly interact with ECM proteins, limiting their availability 

by binding to them and forming complexes.17 Decorin prevents fibrosis by binding directly to 

transforming growth factor beta-1 (TGF-β1) and forming a complex,16 thus reducing its availability and 

inhibiting fibrotic signaling.17   

Transforming growth factor β (TGF-β) is a family of cytokines that are produced by somatic 

human cells.18 This family consists of three different human isoforms including TGF-β1, β2, and β3.19 All 

of these forms are ligands that bind to the following receptors: TβRI, II, III to activate a signaling cascade 

that can affect processes like cell proliferation, migration, and other processes.18 To participate in various 

cell processes, TGF-β needs to be in its active form as it consists of a latency-associated peptide (LAP).20 

This growth factor is activated when LAP is cleaved proteolytically, or when its RGD (arginine-

glycineaspartic acid) binds with ITGAV/αv integrins.19 Integrins, acids, bases, reactive oxygen species 

(ROS), thrombospondin-1 (TSP-1) and many other factors play a role in activating TGF-β.20 Once active, 

TGF-β uses the TβRI and TβRII receptors to activate the SMAD pathway in cells.20 TGF-β1 and β3 either 

binds to TβRII homodimer or initializes its homodimerization upon binding.20 This allows the receptor to 

recruit TβRI, a receptor that TGF-β1 and β3 bind to with poor affinity.20 Compared to TGF-β3, TGF-β1 

structure has been well characterized.19 In addition to this, it is also known induce organ fibrosis by 

transforming fibroblasts into myofibroblasts.19   

  In this study, decorin role in extracellular vesicles was evaluated by modifying EVs to generate 

EVs enriched with decorin and depleted of decorin. These EVs were tested using an in vitro model of 

inflammation which was induced by TGF-β1.   
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Study Rationale, Aims, & Hypothesis   

Study Rationale    

About a million adults in North America and Europe are undergoing cardiac surgery each year.21 

These patients may be affected by POAF post-surgery, as this condition is associated with increased 

hospital stay and health issues like infection, and stroke.22 As a consequence, it causes patients to 

experience short-term and long-term complications like stroke, infarction, and internal bleeding.23 In 

addition to this, it can also increase the risk of mortality within 30 days – 6 months post-surgery.23 Thus, 

making it important to have therapeutics that can prevent POAF. Extracellular vesicles (EVs) have been 

highlighted in clinical research as they are involved in cell-cell communication.24 During normal and 

diseased physiological conditions, most eukaryotic cells generate EVs and release them into extracellular 

matrix.24 These molecules consist of microRNA (miRNAs), messenger RNAs (mRNAs), proteins, and 

lipids, which are used to elicit a response in the recipient cell.24 Recently, our lab has determined that EVs 

produced by human explant derived cells (EDCs) are capable of preventing post-operative atrial 

fibrillation.7 Proteomic analysis of these EVs determined that they are enriched with decorin which may 

be contributing to their antifibrotic potential.7 Therefore, this study aims to determine if decorin depletion 

significantly alters the potential of EVs to prevent POAF.  

Aims    
The aims of this study are to characterize the effect of decorin knockdown in EDCs on EV 

formation and composition, establish decorin relationship with TGF-β1 in inhibiting fibroblast 

proliferation, and to evaluate the impact of decorin knockdown on EVs ability to influence human atrial 

fibroblasts proliferation.   

Hypothesis   
Decorin contributes to the ability of extracellular vesicles to reduce atrial fibrosis, thereby aiding  

in the prevention of atrial fibrillation.  
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Materials & Methods   

Cell Culture   

Primary Human Explant-Derived Cells (EDCs)  

Human explant-derived cells (EDCs) were obtained from patient atrial appendage biopsies. These 

cells were grown at 5% O2 at 37˚C in T75 or T175 flasks containing 20% CEM (78% IMDM, 20% HI F 

BS, 1% anti-anti, 1% L-Glutamine, 0.18% BME). For long term storage, EDCs were stored in the -80°C 

freezer.  

Primary Human Atrial Fibroblasts   

To conduct in vitro experiments, primary human atrial fibroblasts were isolated and cultured.  

Human atrial appendages were obtained from consenting patients undergoing cardiac surgery in the  

University of Ottawa Heart Institute (UOHI). The samples were minced and digested using collagenase  

IV (Gibco, 17104019). To ensure the cells grew well, Dulbecco’s Modified Eagle Medium (Gibco, 

11965118) was supplemented with 20% FBS (Gibco, A5670701), and 1% anti-anti (Gibco, 15240062).  

Initially, the cells were placed in a T75 flask to ensure they were in proximity, helping them grow well.  

However, it was noted that it was difficult to grow cells from older patient atrial appendages. In that case, 

I decided to place the cells in a T25 flask to ensure they were near each other. Subsequently, the media 

was changed every 2-3 days to ensure the cells were provided with sufficient nutrition to grow.  

Characterize Human Atrial Fibroblasts   

  I used Flow Cytometry to characterize primary human atrial fibroblasts. First, primary human 

atrial fibroblasts were isolated and cultured from consenting patients undergoing cardiac surgery at the 

University of Ottawa Heart Institute (UOHI). Cells were lifted using 3 mL of TrypLE (Gibco,50591420) 

when they reached 80% confluency within the T175 flasks. After a few minutes of incubation, 6 mL of 

DPBS (Gibco, 14190144) was added to this solution and resuspended. The cell suspension was 

centrifuged at 300 RCF for 5 minutes. A cell hemocytometer was used to determine the number of cells 

within this suspension. 200,000 to 250,000 cells were pipetted into 1.5 mL microcentrifuges. These tubes 
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were centrifuged at 300 RCF at 4°C for 5 minutes. After centrifugation, the supernatant was disposed and 

the cell pellet was resuspended with 200 µL of cold DPBS and 5 microliters of CD90, and DDR2 

displayed in Table 1. The cell suspension containing antibodies was incubated in a 4°C fridge. After 30 

minutes of incubation, the cell pellet was washed with cold DPBS twice before processed using the  

MACSQuant Analyzer 10.   

Table 1. List of antibodies used for flow cytometry.  

Names  Company  Catalog Number   

CD90  BD Biosciences  555596  

DDR2 Antibody   Novus Biologicals   FAB25381P  

  

Extracellular vesicle Isolation  

  30 mL of conditioned media from human explant derived cells (EDCs) were placed into 50 mL 

falcon tubes. These falcon tubes were placed in -80°C freezer for short-term. The conditioned media was 

taken out of the -80°C freezer and placed into the 4°C fridge for the media to thaw overnight. After the 

thawing process, the conditioned media was used for isolation of extracellular vesicles. About 8-9 mL of 

conditioned media was added into each conical ultracentrifuge tube. Then, these tubes were inserted into 

the SW41 rotor, and the weight of the tubes were balanced using DPBS to ensure they are within the 

range of ±0.05g from each tube. The Beckman Coulter Ultra Centrifuge was used to spin the tubes at 

8000 RPM, 4°C for 30 minutes. After the spin, the supernatant from these tubes was obtained and placed 

into new conical ultracentrifuge tubes. These tubes were balanced and spun at 28,000 RPM, 4°C for 3 

hours in the Beckman Coulter Ultra Centrifuge. After this spin, the supernatant was disposed carefully to 

ensure that the pellet wasn’t disturbed. The pellets in the three tubes were resuspended using 200 µL of 

DPBS (Gibco). The resuspended pellets were placed on ice and the Nanosight Tracking Analysis (NTA) 

instrument was used to determine the concentration of these EVs. These EVs were stored in the -80°C 

freezer for a short-term. Within this study, EVs were obtained from multiple independent donors. There 
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was variability between the EV samples concentrations however, the yields were sufficient for 

downstream assays.  

Transmission Electron Microscopy of Extracellular Vesicles   

  Transmission Electron Microscopy (TEM) was used to localize decorin within extracellular 

vesicles. To prepare the samples for TEM, petri dishes were incubated with 3 mL of fibronectin for an 

hour at 37°C. Human explant-derived cells were plated on the fibronectin-coated petri dishes, and 

incubated at 5% O2 at 37°C. After 3 days of incubation, the conditioned media from these petri dishes 

were obtained and processed using ultracentrifugation to obtain extracellular vesicles. The EVs were 

fixed using 50 μL of 4% paraformaldehyde (PFA). The grids were charged, and the extracellular vesicles 

sample were placed on the grid and incubated for an hour. After incubation, the grids were washed for 5 

minutes using phosphate buffer solution. Permeabilization buffer was diluted to 1X concentration in 

distilled water, which was applied to the grid for 30 minutes. Then, primary and secondary antibodies 

provided in Table 2 were used to stain decorin for about 1-2 hours. 1% glutaraldehyde was used for 10 

minutes to fix the sample on the grids. After a wash with 8x distilled water, the grid was incubated with 

uranyl oxalate for 10 minutes to improve the contrast in the extracellular vesicle images. Lastly, the grid 

was air dried and used in TEM to obtain images of EVs.   

Table 2. Antibodies used for staining Extracellular Vesicles.   

Name  Company   Catalog Number   

Decorin Monoclonal Antibody (5E8E7)  Invitrogen   FERMA548436  

Goat anti-Mouse IgG (H+L) Secondary 

Antibody, Alexa Fluor™ 488-10 nm  

colloidal gold   

  

Invitrogen   A31561  

 

Decorin knockdown using small interfering RNA   

Small scale knockdown   

40,000 EDCs were seeded to 6 wells of the 24-well plate, and media was added to these wells to achieve a 

total volume of an mL/well. After 24 hours, the wells were transfected using 3 DsiRNA from the 
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TriFECTa RNAi kit (Integrated DNA Technologies) and lipofectamine RNAiMAX reagent (Invitrogen, 

13-778-030). After 72 hours of transfection, the conditioned media, and cell lysate was collected.    

Large scale knockdown   

A petri dish was coated with 3 mL fibronectin and incubated for 1 hour at 37°C. Subsequently, 

EDCs from flasks were lifted using TrypLE, centrifuged at 400 RCF for 5 minutes, and manually counted. 

Following this, 550,000 EDCs were added to each petri dish, and media was added to achieve a total 

volume of 10 mL/petri dish. After 24 hours, 3 DsiRNA (TriFECTa RNAi kit) with lipofectamine 

RNAiMAX (Invitrogen, 13-778-030) were used to transfect these petri dishes.- 

After 72 hours, the conditioned media and cell lysate was collected to 

conduct downstream assays.Transcriptional and protein profiling   

Small scale   

The ability of DsiRNA to knockdown decorin on a transcriptional and protein level was assessed 

in EDCs. To analyze decorin transcriptional levels, 500 µL of Qiazol lysis reagent was added to the wells 

containing the cells. Then, the miRNeasy Micro kit (50) was used to perform RNA isolation. The 

concentration, 260/280 ratio, 260/230 ratio of the isolated RNA was analyzed using a NanoDrop 

Spectrophotometer. The isolated RNA was used in the quantitative reverse transcription polymerase chain 

reaction (RT-qPCR) assay by adding 2 µL of iscript (RTase), 200 ng of RNA sample, and filling up the 

remaining volume with nuclease-free water in PCR tubes. These tubes were placed into a thermocycler 

with the following conditions: 5 minutes at 25˚C, 20 minutes at 46˚C, and 1 minute at 95˚C. A master mix 

for the 18S housekeeping gene and the decorin gene is prepared for the qPCR reaction. 6 µL of master 

mix was added per well with 4 µL of cDNA from RT reactions.   

Then, decorin concentration was confirmed using an enzyme linked immune assay (ELISA) kit 

(Invitrogen, EHDCN). The EDC conditioned media was collected from each well and used in ELISA to 

confirm knockdown of decorin.    
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Large scale   

DsiRNA knockdown of decorin was evaluated by analyzing gene expression and protein 

concentration. To analyze changes in gene expression, 700 µL of Qiazol lysis reagent was added to each 

petri dish. Then, the miRNeasy Micro kit (50) was used to perform RNA isolation.  After conducting RNA 

isolation, a NanoDrop Spectrophotometer was used to analyze the concentration, 260/280 ratio, 260/230 

ratio of the isolated RNA. Reverse transcription was used to convert RNA to cDNA. Then qPCR was 

conducted using master mix for 18S housekeeping and decorin gene, cDNA, and SYBR green.   

To analyze changes in protein concentration, EDC conditioned media was collected from the petri 

dishes. An enzyme linked immune assay (ELISA) (Invitrogen, EHDCN), was used to quantify the protein 

within EVs.  

Functional effects of decorin (in vitro)  

Human atrial fibroblasts are grown in Dulbecco’s Modified Eagle High Glucose Medium (Gibco, 

11965118) and human atrial fibroblasts were seeded in a 96-well plate. After 24 hours, cells were treated 

with 1, and 10 µg/mL of Decorin from bovine articular cartilage (D8428, Sigma Aldrich). After 48 hours 

of seeding, wells containing decorin were treated with 10 ng/mL of TGF-β1 (catalogue: GF 346,  

Millipore Sigma). After 72 hours of seeding, the wells were stained with PureBlu Hoechst 33342 Nuclear  

Staining Dye (135-1304, BioRad). Then, these wells were imaged using a fluorescent microscope and a  

365 nm filter. After 96 hours of seeding, another 96-well plate was treated with 10 µL of Dojindo 

Molecular Cell Counting Kit-8 (NC0314243, Fisher Scientific). The optical density was measured using a 

microplate reader.  

Functional effects of extracellular vesicles (in vitro)  

To test the effects of extracellular vesicles, human atrial fibroblasts were seeded in a 96-well 

plate. After 24 hours, these cells were treated with decorin-depleted extracellular vesicles (10,000 

EVs/human atrial fibroblast) whereas other cells were treated with decorin-enriched extracellular vesicles 
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(10,000 EVs/human atrial fibroblast). The decorin-depleted and decorin-enriched EV dosage was 

normalized by particle number.  After 48 hours, wells containing decorin-depleted and decorin-enriched 

EVs were treated with  10 ng/mL of TGF-β1 (catalogue: GF 346,  

Millipore Sigma). After 72 hours of seeding, proliferation was analyzed by staining these wells with 

PureBlu Hoechst 33342 Nuclear Staining Dye (135-1304, Biorad). Then, proliferation was analyzed 

within a separate 96-well plate using Dojindo Molecular Cell Counting Kit-8 (NC0314243, Fisher 

Scientific).  

Statistical Analysis   

Microplates were used for the experiments conducted in this study. For each experimental  

condition, cells were seeded in multiple wells per plate to reduce variability. The values of wells 

corresponding to a particular condition were presented as averages (mean ± standard deviation). In 

addition to this, data within each figure was presented as mean ± standard deviation. The statistical test 

and the n for each sample were mentioned within the figure legends. Unpaired t-tests were used to 

analyze statistical differences between two groups. To test the statistical difference between more than 

two groups, the one-way ANOVA test with Tukey’s post hoc test was used. For the initial proliferation 

assays, two-way ANOVA with Tukey’s post hoc test was used. For all figures, variances were assumed to 

be equal, and normality was confirmed using the Shapiro-Wilk test. A value of p ≤ 0.05 was considered 

significant for all statistical tests.   
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Results   

Characterization of Primary Human Atrial Fibroblasts  

An in vitro model was established by isolating and culturing primary human atrial fibroblasts 

(Figure 1). To characterize primary human atrial fibroblasts, flow cytometry was used to assess the 

expressions of fibroblast markers, DDR2, and CD90.25 Figure 2A illustrated a significant increase in 

CD90 (94-fold increase, p < 0.05) and DDR2 (92-fold increase, p < 0.05) expression compared to the 

unstained cells. Figures 2B and 2C qualitatively depict these trends in both biological replicates. A right 

shift is observed from unstained cells (red) to CD90-stained cells (purple) and DDR2-stained cells (blue) 

in terms of fluorescent intensity. Interestingly, the population of cells within Figure 2B has a smaller 

human atrial fibroblast diameter (nm) compared to cells in Figure 2C. In addition to this, Figure 2B 

unstained control cells have a higher fluorescent intensity compared to Figure 2C unstained cells. 

Altogether, this data suggests that these cultured cells are human atrial fibroblasts, and consist of cells 

with diverse sizes.  

  

 

 

 

 

 

 

 

 

 

Figure 1. Isolation and culture of human atrial fibroblasts. (A) Schematic of the procedure used to 

isolate fibroblasts from atrial appendage tissue obtained from consented patients. Tissue was digested 
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using collagenase IV and plated in flasks. (B) Representative fluorescent microscope image of primary 

human atrial fibroblasts at passage 1 (10x magnification) from one patient (n=1 biological replicate). 

Scale bar represents 100 µm.  

  

  

  

  

  

  

  

  

  

C  

   

Figure 2. Characterization of primary human atrial fibroblasts. (A) Human atrial fibroblast marker 

expressions were quantified by calculating the percentage of PE+ cells in unstained, CD90-stained, and 
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DDR2-stained cell populations (n = 2 biological replicates, n =1 technical replicate).  Values are shown as 

mean ± SD (Unstained: 1 ± 0; CD90: 94 ± 4.2; DDR2: 91.5 ± 7.8). One-way ANOVA with Tukey’s post-

hoc test. Significant difference between Unstained and CD90-stained, and Unstained and DDR2-stained 

(p ≤ 0.05). (B) Representative flow cytometry plots display the gating of the control cell populations (top 

panel) and the bottom panel illustrate plots of control, CD90-stained, and DDR2 stained cells. (C) These 

are flow cytometry plots of an additional biological replicate which displays gating of control cells (top 

panel) and stained cells (bottom panel). 

TGF-β1 induces proliferation in primary human atrial fibroblasts  

To test the anti-fibrotic properties of decorin, and extracellular vesicles in preventing 

postoperative atrial fibrillation (POAF), TGF- β1 concentrations were optimized in vitro.26 These 

concentrations were adjusted to mimic fibrosis which contributes to POAF.27 To induce fibroblast 

proliferation, 5 and 10 ng/mL of TGF-β1 was delivered to wells containing 1000, 2000, 3000, 4000, and 

5000 cells (Figure 3). Subsequently, cell proliferation was assessed using CCK-8 and Hoechst-staining.  

CCK-8 was used to determine the optical density of wells at 450 nm (Figure 3A). In addition to this, 

Hoechst was used to determine the average number of cells per the fluorescent microscope’s field of view 

at 5x magnification (Figure 3B).   

  

  Post-48 hours of cell treatment with TGF-β1 (5, and 10 ng/mL), the wells were treated with 

CCK8(Figure 3A). This method illustrates the relationship between cell densities per well and the 

absorbance of the formazan dye measured in optical density (O.D.). The trend seen between these 

variables reveals a positive correlation since as the cell densities per well increase, the O.D. values 

increase.  A comparison between the control wells consisting of 1000 and 2000 cells per well, revealed 

~1.4-fold increase in the O.D. values. Interestingly, ~1.1 fold-decrease was observed in the O.D. values of 

3000 cells/well to 4000 cells/well.  From 4000 cells/well to 5000 cells/well, there was ~1.23 fold-increase 

observed in O.D. values. When TGF-β1 was administered to wells containing 1000, 2000, and 3000 cells, 
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no significant differences were observed in O.D. compared to control (p > 0.05, Figure 3A). However, 

4000 cells/well treated with 5 ng/mL of TGF-β1 had a 1.23-fold increase in O.D. compared to control (p < 

0.05, Figure 3A). A similar fold-increase was seen when 4000 cells/well were treated with 10 ng/mL of 

TGF-β1. This resulted in an optical density increase of 1.2-fold compared to control (p < 0.05, Figure 

3A). For 5000 cells per well, there was only a significant difference between the cells with no treatment 

and cells receiving 10 ng/mL of TGF-β1 (1.24-fold increase, p < 0.05, Figure 3A).   

  

To corroborate the findings from the CCK-8 assay, Hoechst was used to stain the nuclei of 

primary human atrial fibroblasts seeded in a 96-well plate. As the number of cells increased in each 

control well, the average number of cells/field of view increased, which was observed in the images taken 

using a fluorescent microscope (Figure 4, Supplementary Figure S1). However, TGF-β1 administration 

produced differing trends across the cell densities. At 1000 cells/well, there was no significant difference 

seen between the control wells and those treated with 5 ng/mL and 10 ng/mL of TGF- β1 (p> 0.05, Figure 

3B). As the cell density increased to 2000 cells/well, there was only an observed significant difference 

between the cells treated with 10 ng/mL of TGF-β1 compared to the control wells (1.28-fold increase, p < 

0.05, Figure 3B). At a cell density of 3000 cells/well, there was a significant difference in cell counts 

between the control wells, and the wells treated with 5 ng/mL of TGF-β1 (1.2-fold increase, p < 0.05, 

Figure 3B) and 10 ng/mL of TGF- β1 (1.17-fold increase, p < 0.05, Figure 3B). At a cell density of 4000 

cells/well, there was a significant difference in cell counts between the control wells, and 10 ng/mL of 

TGF-β1 treated wells (1.15-fold increase, p < 0.05, Figure 3B). Lastly, when the cell density reached 

5000 cells/well there was only a significant decrease in the cells treated with 10 ng/mL TGF-β1 compared 

to the control (1.16-fold decrease, p < 0.05, Figure 3B).    

  

  In contrast to the Hoechst method, the CCK-8 methods display statistical increases in cell counts 

after treatment with TGF-β1 concentrations at higher cell densities like 4000, and 5000 cells per well 

(Figure 3A). However, in the Hoechst method statistical increases were observed when cell densities 
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were 2000, 3000, and 4000 cells per well. Furthermore, for CCK-8, wells seeded with 4000 cells showed 

increased proliferation at both 5 and 10 ng/mL of TGF-β1. However, Hoechst staining revealed a 

significant increase only at 10 ng/mL of TGF-β1 in wells with 4000 cells(Figure 3). In addition to this, 

for CCK-8, wells seeded with 5000 cells demonstrated a significant increase in cells at 10 ng/mL of 

TGFβ1 treatment. In contrast, Hoechst staining showed a significant decrease in cells relative to the 

control (Figure 3).   

  

Altogether, this data supports that using lower cell densities in the Hoechst method significantly 

increases cells treated with TGF-β1 compared to the control. On the other hand, using higher cell densities 

in the CCK-8 method significantly increases cells treated with TGF-β1 compared to control. Furthermore, 

in this study Hoechst nuclear counting was designated as the primary endpoint of proliferation. This was 

done as the Hoechst method measures cell number whereas CCK8 assay is influenced by cellular 

metabolic changes.28  

 

  

 

 

 



16 

 

 

 

 

 

 

Figure 3. Optimization of TGF-B1 concentration for proliferation assays with human atrial 

fibroblasts. Human atrial fibroblasts were treated with increasing concentrations of TGF-β1 (5 and 10 

ng/mL) for 48 hours to assess its effect on cell proliferation. (A) Proliferation was measured using the CCK-

8 assay, with absorbance readings taken at 450 nm (n=3-4 technical replicates, n=1 biological replicate). 

Data is presented as mean absorbance ± standard deviation (SD). Two-way ANOVA with Tukey’s post hoc 

test. Significant differences are shown as p ≤ 0.05.  (B) Cell counts were determined manually from 

Hoechst-stained cells using ImageJ (n = 2-3 technical replicates, n=1 biological replicate). Data are 

expressed as the mean cell number per field of view ± SD. Two-way ANOVA with Tukey’s post hoc test. 

Significant differences are shown as p ≤ 0.05.  
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Figure 4. Hoechst images of human atrial fibroblasts. Fibroblasts were seeded at varying densities 

including 1000, 2000, 3000, and 4000 cells in a 96 well plate. Cells were treated with 0 ng/mL of TGF-β1 

(n=1 technical replicate, n=1 biological replicate), 5 ng/mL of TGF-β1 (n=1 technical replicate, n=1 
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biological replicate), 10 ng/mL of TGF- β1 (n=1 technical replicate, n=1 biological replicate) for 48 

hours. Fluorescent microscopy was used to capture images at 5x magnification that show the Hoechst-

stained nuclei of the cells. The scale bar represents 100 µm.   

Characterization of Extracellular Vesicles (EVs) and Decorin 

Localization   

  Extracellular vesicles were isolated multiple times to study the role of decorin and to conduct 

downstream experiments (Figure 5A). Nanoparticle Tracking Analysis (NTA) instrument was used to 

determine the size, and concentration of extracellular vesicles by creating a 60 second video of the sample 

(Figure 5C). NTA displays this data as a graph to demonstrate the relationship between the size of 

extracellular vesicles (nm) and the concentration of the sample (particles/ml) (Figures 5B, 5D, and 5E).   

To explore variability between samples of extracellular vesicles, three independently prepared 

samples using the same protocol were analyzed for particle concentration and size. In the first sample of 

extracellular vesicles had a concentration of 4.37 x 1010 particles/ml (Figure 5B). The mean size of 

particles in this sample were (190.3 ± 97.1) nm, however the peaks generated by NTA demonstrate 

variability in particle size (Figure 5B). This graph consisted of four peaks, each peak represents a group 

of particles with similar diameters (Figure 5B). The first peak is the highest compared to the others and is 

located at 143 nm, whereas the following peaks were located at 232, 336, and 465 nm (Figure 5B). In the 

second sample of extracellular vesicles concentrated at 2.24 x 1010 particles/ml (Figure 5D). For this 

sample, the NTA data displayed three peaks (Figure 5D). The highest peak was observed at 88 nm, 

whereas the following peaks were observed at 125, and 194 nm (Figure 5D). The mean size of particles 

found in this sample were (103.2 ± 31.9) nm.  Lastly, in the third sample of extracellular vesicles 

concentrated at 4.89 x 1010 particles/ml, five peaks were observed (Figure 5E). The highest peak was 

observed at 134 nm, whereas the other peaks were observed at 207, 339, 479, and 688 nm (Figure 5E). 

The mean size of particles in this sample is (222.5 ± 103.9) nm. Interestingly, these samples differed in 

terms of their concentration and size of extracellular vesicles.   
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To further investigate whether ultracentrifugation (UC) generated an optimal concentration of 

extracellular vesicle, a sample of fixed EVs was sent for transmission electron microscopy (TEM) to be 

negative stained. The images of extracellular vesicles were taken at the following magnifications: 20,000 

x, 25,000 x, 30,000 x, 60,000 x, 80,000 x, and 100,000 x (Figure 6). The image taken at 20,000 x displays 

seven extracellular vesicles with a lipid bilayer, and cup-shaped morphology, (Figure 6A). According to 

the scale bar, the sizes of these EVs are about 70 – 100 nm. Notably, there are less extracellular vesicles 

(two) with about a diameter of 100, and 150 nm visualized in an image taken at 25,000 x magnification 

(Figure 6B). At 30,000 x magnification, there were less extracellular vesicles  

(two) visualized with about 80 nm, and 170 nm diameter compared to 20,000 x magnification (Figure  

6C). Interestingly, at 60,000 x magnification, there were 3 extracellular vesicles with diameters of about 

100, 110, and 200 nm within that field of view (Figure 6D). At 80,000 x magnification, four extracellular 

vesicles were observed with sizes 80 nm, 80 nm, 90 nm, and 100 nm (Figure 6E). Lastly, at the 100,000 x 

magnification, there was only one extracellular vesicle visualized with about 100 nm diameter (Figure 

6F).  

Extracellular vesicles were further processed using immunohistochemistry (IHC) to localize decorin 

within these molecules. Transmission electron microscopy (TEM) was used to capture images of a sample 

of EVs at the following magnifications: 50,000 x, 80,000 x, 100,000 x, 120,000 x, and 150,000 x 

magnification (Figure 7). At 50,000 x, there was an extracellular vesicle about 100 nm present with 

clusters of decorin surrounding its lipid bilayer (Figure 7A). At 150,000 x, the EVs have a diameter of 

about 50 nm (Figure 7B and 7C).   
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Figure 5. Isolation of Extracellular Vesicles from human explant derived cells (EDC).  (A) Schematic 

overview of the extracellular vesicle isolation from EDCs conditioned media. (B) The Nanoparticle 

Tracking Analysis (NTA) instrument determines the concentration of the isolated EVs and displays the 

particle sizes within this sample (C) This image represents a single frame from a 60-second NTA video 

acquisition using the sample presented in (B). Individual extracellular vesicles (EVs) are visible as bright 
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points of scattered light, exhibiting Brownian motion within the sample volume. The software tracks the 

movement of these particles to determine their diameter and concentration.  (D) NTA of a second 

extracellular vesicle sample shows particle concentration and size distribution. (E) NTA of a third EV 

sample’s concentration and size distribution was measured. n=3 biological replicates, and n=1 technical 

replicate.  

 

Figure 6. Transmission electron microscopy (TEM) imaging of extracellular vesicles. A transmission 

electron microscope was used to take images of a fixed extracellular vesicles sample at the following 
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magnifications: (A) 20,000 x (scale bar: 200 nm)  (B) 25,000 x (scale bar: 200 nm) (C) 30,000 x (scale 

bar: 200 nm) (D) 60,000 x  (scale bar: 100 nm) (E) 80,000 x (scale bar: 100 nm) (F) 100,000 x (scale bar: 

50 nm). The yellow arrows were used to highlight extracellular vesicles within the above panels. The 

scale bars for each image is located in the bottom right corner. n=6 technical replicates, and n=1 

biological replicate.  

  

 

Figure 7.  Transmission electron microscopy (TEM) imaging used to localize decorin within 

extracellular vesicles. To localize decorin images were taken at the following magnifications: (A) 

50,000x magnification (scale bar: 100 nm) (B) 150,000x magnification (scale bar: 50 nm) (C) 150,000x 

magnification (scale bar: 50 nm) Yellow arrows highlight extracellular vesicles within these images, and 

orange arrows highlight decorin within these panels. n=2 biological replicates, and n=1-2 technical 

replicates per biological replicate.  
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siRNA – Mediated Depletion of Decorin in Extracellular Vesicles  

To generate decorin depleted extracellular vesicles for downstream assays, knockdown was 

optimized and validated using quantitative polymerase chain reaction (qPCR), and enzyme-linked 

immunosorbent assay (ELISA). Extracellular vesicles were generated by plating about 400,000 – 600,000 

human explant derived-cells (EDCs) on three petri dishes. The media from each petri dish was processed 

to collect 200 µL of extracellular vesicles. To prevent overconsumption of reagents, knockdown was 

initially performed on a smaller scale where 6, 12, and 24-well plates were used to optimize the number 

and concentration of siRNA, and lipofectamine reagent.   

  

Knockdown was first attempted using a 6-well plate where the cells were treated for 24 hours 

using 10 nM of a DsiRNA and control mimic with lipofectamine 2000 reagent. qPCR was conducted 

using cell lysate, which demonstrated no significant difference between the control and treatment wells (p 

> 0.05, Figure 8). Moving forward, ELISA was incorporated into these knockdown experiments to 

confirm reduction of protein levels. To improve knockdown efficiency, cells in a 12-well plate were 

treated with two DsiRNA (20 nM each) for 72 hours with lipofectamine RNAiMAX. qPCR conducted 

using cell lysate revealed that there is no significant difference between control and treatment groups (p > 

0.05, Figure 9A). However, ELISA revealed that there is a reduction in decorin in the treatment group 

compared to the control (2.7-fold decrease, p<0.05 Figure 9B). As there was no difference observed in 

the qPCR data, three siRNA (10 nM each) were used to treat cells for 72 hours. The qPCR data shows a 

significant reduction in DCN expression as compared to the control group (41-fold decrease, p< 0.05, 

Figure 10A). ELISA was conducted on the same cells conditioned media which also resulted in a 

significant decrease in decorin levels compared to the control group (39-fold decrease, p < 0.05, Figure 

10B). Hence, optimization on a small scale demonstrated a reduction in protein levels and gene 

expression compared to control when cells were treated with 3 DsiRNA (10 nM each) for 72 hours.   
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On a large-scale knockdown of decorin, 3 DsiRNA (10 nM each), control mimic, and vehicle 

(lipofectamine RNAiMAX) were used to treat human explant-derived cells. A vehicle (lipofectamine 

RNAiMAX) treatment was used to ensure no residual transfection reagents in the EV sample. After 72 

hours of treatment, the cell lysate and conditioned media were obtained. The cell lysate was used to 

analyze decorin expression using qPCR, which displayed a significant difference between control mimic 

and DsiRNA (208-fold decrease, p<0.05, Figure 11A).  In addition to this, ELISA demonstrated that there 

was a significant decrease in decorin expression in extracellular vesicles treated with DsiRNA compared 

to treatment with control mimic (36-fold decrease, p < 0.05, Figure 11B) and vehicle (38-fold decrease, 

p<0.05, Figure 11B). ELISA had also shown that the EVs treated with vehicle consisted of 9.16 x 107 

EVs/pg of DCN, EVs treated with control mimic consisted of 1.14 x 108 EVs/pg of DCN, EVs treated 

with DsiRNA consisted of 3.7 x 109 EVs/pg of DCN.  

 

Figure 8. qPCR confirmation of decorin knockdown. Quantitative polymerase chain reaction (qPCR) 

was conducted on human explant-derived cells (EDC) cell lysate (n=2 technical replicates, n=1 biological 
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replicate). Human atrial fibroblasts seeded in a 6-well plate were treated with siRNA and control mimic 

for 24 hours. siRNA and control mimic treatment were facilitated using lipofectamine 2000 reagent.  

Values are shown as mean ± standard deviation (1 DsiRNA: 1.5 ± 1.7 and Control Mimic: 1.4 ± 1.4).  

Unpaired t-test was used to determine statistical difference between these groups (p ≤ 0.05).  

  

 

Figure 9. qPCR and ELISA confirmation of decorin knockdown. Human atrial fibroblasts were 

seeded in a 12-well plate and treated with 2 siRNA (20 nM each) and control mimic. The siRNA and 

control mimic treatment were facilitated using lipofectamine RNAiMAX reagent. (A) The cell lysate was 

obtained and used to conduct qPCR (n=2 technical replicates, n=1 biological replicate). Values are shown 

as mean ± standard deviation (2 DsiRNA: 0.99 ± 0.48 and Control Mimic: 1.25 ± 1.07). Unpaired t-test 

was used to determine statistical difference (p ≤ 0.05) .(B) EDC conditioned media was used to conduct 
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ELISA to confirm protein level knockdown (n=2 technical replicates, n=1 biological replicate). Values are 

shown as mean ± standard deviation (2 DsiRNA: 253 ± 21.4 and Control Mimic: 687 ± 88). Unpaired test 

was used to determine statistical difference (p ≤ 0.05).   

 

Figure 10. EDCs decorin knockdown using siRNA in a 24-well plate. These cells were seeded in a 

24well plate and exposed to two treatments: control mimic, and decorin siRNA. (A) After 72 hours, qPCR 

was used to evaluate gene expression using cell lysate (n=4 technical replicates, n=1 biological replicate). 

Values are shown as mean ± standard deviation (3 DsiRNA: 0.025 ± 0.015 and Control Mimic: 1.04 ± 

0.33). Unpaired t-test was used to determine statistical difference (p ≤ 0.05). (B) After 72 hours, ELISA 

was used to determine decorin concentration within EDCs conditioned media (n=3 technical replicates, 

n=1 biological replicate). Values are shown as mean ± standard deviation (3 DsiRNA:111.76 ± 6.55 and  

Control Mimic: 4389.69 ± 364.61). Unpaired t-test was used to determine statistical difference (p ≤ 0.05).   
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Figure 11. EDCs EVs depletion of decorin using siRNA in petri dishes. These cells were seeded in 

petri dishes and exposed to three treatments: vehicle, control mimic, and dsiRNA. After 72 hours, the 

EDCs conditioned media were processed to obtain extracellular vesicles (EVs), and the cell lysate was 

obtained. (A) After 72 hours, qPCR was used to evaluate gene expression using cell lysate (n=3 technical 

replicates, n=1 biological replicate).  Values are shown as mean ± standard deviation (Vehicle: 1.01 ± 0.2, 

Control Mimic: 2.03 ± 0.9, and 3 DsiRNA: 0.0097 ± 0.007). One-way ANOVA with Tukey’s post hoc 

test. (B) After 72 hours, ELISA was used to determine decorin’s concentration within EDCs EVs (n=3 

technical replicates, n=1 biological replicate). Values are shown as mean ± standard deviation (Vehicle: 

344 ± 38, Control Mimic: 323 ± 12.56, and 3 DsiRNA: 8.96 ± 5.29). One-way ANOVA with Tukey’s post  

hoc test.  
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Decorin Treatment Does Not Alter Cell Proliferation Relative to 

Controls  

In vitro assays were performed by treating human atrial fibroblasts with decorin and TGF-β1. To 

assess whether decorin alone alters cell proliferation, separate wells treated with decorin or TGF-β1 

individually prior to examining their combined effects. Cell proliferation was analyzed using the cell 

counting kit-8 (CCK-8), and Hoechst staining of nuclei. CCK-8 assay quantifies the metabolic activity of 

cells which is measured using a microplate reader at 450 nm.29 On the other hand, Hoechst staining was 

used to stain nuclei, and four images of each well were taken using a fluorescent microscope.   

  

The CCK-8 assay graph depicts a relationship between the following treatments administered to 

the cells: control (media), 1 µg/mL decorin, 10 µg/mL decorin, and TGFβ1 and the optical density 

measured at 450 nanometers (Figure 12A). This assay demonstrated that cells treated with only media 

had an average optical density (OD) of (0.78 ± 0.05) at 450 nm. Cells treated with 1 µg/mL and 10 µg/mL 

decorin had an average optical density (OD) of (0.791 ± 0.036), and (0.743 ± 0.044) like the control 

values (p > 0.05, Figure 12A). However, cells treated with TGF-β1 displayed an average optical density 

of (1.038 ± 0.072) at 450 nm, significantly higher than cells treated with media (95% CI of difference: 

0.39 to -0.12,1.33-fold increase, p < 0.05, Figure 12A), 1 µg/mL decorin (95% CI of difference: -0.38 to 

0.11, 1.31-fold increase, p < 0.05, Figure 12A), and 10 µg/mL decorin (95% CI of difference: -0.43 to - 

0.16,1.4-fold increase, p < 0.05, Figure 12A).  

  

In contrast, Figure 12B illustrates a relationship between the various cell treatments: control  

(media), 1 µg/mL decorin, 10 µg/mL decorin, and TGFβ1 and the average number of nuclei stained using 

Hoechst per field of view. Cells treated with TGF-β1 had (2758 ± 313) nuclei per field of view. This was 

significantly higher than wells treated with media (95% CI of difference: -1224 to -293, 1.38-fold 

increase, p < 0.05, Figure 12B), and 1 µg/mL decorin (95% CI of difference: -1079 to -148, 1.29-fold 

increase, p < 0.05, Figure 12B). Interestingly, a non-significant upward trend was observed between cells 
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treated with 10 µg/mL decorin and TGF-β1 (p < 0.05, Figure 12B). Similarly, these trends are observed 

in representative Hoechst-stained images (Figure 13, Supplementary Figure S2). Cells treated with 

media visually have less Hoechst-stained nuclei as compared to those treated with TGF-β1 (Figures 13A 

and 13B). However, cells treated with 1 and 10 µg/mL of decorin visually have less stained nuclei 

compared to the cells treated with media (Figures 13A, 13C, and 13D).   

  

  These findings support that cells treated with varying concentrations of decorin do not alter cell 

proliferation compared to cells treated with TGF-β1.  

 

  

Figure 12. DCN has no effect on cell proliferation. Human atrial fibroblasts were seeded in 96-well 

plates. After 24 hours of seeding, these cells were treated with 1 µg/mL DCN, 10 µg/mL DCN, and 

TGFβ1 (10 ng/mL). (A) After 48 hours of treatment, cells proliferation was assessed using cell counting 

A               B   
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kit-8 (CCK-8) (n=3 technical replicates, n=1 biological replicate). This dye is added to the wells 

consisting of cells and incubated. The optical densities are measured using a microplate reader. Values are 

shown as mean ± standard deviation (Control: 0.78 ± 0.05, 1 µg/mL DCN: 0.79 ± 0.04 ,10 µg/mL DCN: 

0.743 ± 0.04, TGF-β1: 1.04 ± 0.07 ). One-way ANOVA with Tukey’s post hoc test. Significant differences 

are shown as p ≤ 0.05. (B) After 24 hours of treatment, cell proliferation was assessed using Hoechst 

staining (n=3-4 technical replicates, n=1 biological replicate). The stained nuclei within the wells are 

imaged using a fluorescent microscope at 365 nm filter. The nuclei were counted using ImageJ. Values are 

shown as mean ± standard deviation (Control:1999.5 ± 151.5, 1 µg/mL DCN: 2144.875 ± 182. 9,10 

µg/mL DCN: 2364.58 ± 127.2, TGF-β1: 2758.16 ± 312.6). One-way ANOVA with Tukey’s post hoc test. 

Significant differences are shown as p ≤ 0.05.   

Figure 13. Hoechst-stained images of a well seeded human atrial fibroblasts separately treated with 

DCN and TGF-β1. Human atrial fibroblasts were seeded in a 96-well plate. After 24 hours, these cells 
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were treated separately with (A) media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (10 

ng/mL) (n=1 technical replicate, n=1 biological replicate) (C) 1 µg/mL DCN (n=1 technical replicate, n=1 

biological replicate) (D) 10 µg/mL DCN (n=1 technical replicate, n=1 biological replicate). After 24 hours 

of treatment, wells were treated with Hoechst to stain nuclei. Four images of each well were captured 

using a fluorescent microscope at a 5 x magnification. In this figure, one well with each treatment was 

illustrated but the other wells are shown in the supplementary figures. The nuclei were counted using 

ImageJ. The scale bar represents 100 µm.    

Decorin inhibits TGF-β1- Induced Cell Proliferation  

To investigate the relationship between decorin and TGF-β1, human atrial fibroblasts were 

cotreated with both proteins. Cell proliferation was assessed using CCK-8 assay, and Hoechst-stained 

nuclei. CCK-8 data depicts a relationship between the cell treatments: media (control), 1 µg/mL decorin 

with TGF-β1, 10 µg/mL decorin with TGF-β1, and TGF-β1 and the optical density measured at 450 nm. 

Cells treated with media (control) had an average optical density of (0.731 ± 0.021). It was observed that 

cells co-treated with 1 µg/mL decorin and TGF-β1 had an average optical density of (0.76 ± 0.046) which 

wasn’t statistically different than the control group (p < 0.05, Figure 14A). Similarly, it was observed that 

cells co-treated with 10 µg/mL decorin and TGF-β1 had an average optical density of (0.728 ± 0.022) 

resulting in no significant difference than the control (p < 0.05, Figure 14A). However, TGF-β1 treated 

cells had an optical density of (0.887 ± 0.043) which was significantly higher than the control (95% CI of 

difference; -0.24 to -0.07, 1.21-fold increase, p < 0.05, Figure 14A).    

  To corroborate these findings, Hoechst-stained nuclei images were taken using a fluorescent 

microscope (Figure 15, Supplementary Figure S3). There were four pictures taken of each well, which 

were quantified using ImageJ (Figure 15). These images revealed that the average number of nuclei per 

field of view was comparable between media-treated, 1 µg/mL decorin and TGF-β1, and 10 µg/mL 

decorin and TGF-β1. Media- treated (control) wells had an average number of (3521± 303) cells per field 

of view, 1 µg/mL decorin and TGF-β1 had an average number of (3210 ± 322) cells per field of view, and 
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10 µg/mL decorin and TGF-β1 had an average number of (3403 ± 160) cells per field of view (Figure 

14B). In contrast to this, Figure 15B depicts that wells treated with TGF-β1 visibly have a greater number 

of nuclei compared to the other treatments. This visual observation is confirmed with the quantitative 

analysis displayed in Figure 14B. Wells treated with TGF-β1 had an average of (4360 ± 105) cells per 

field of view which were significantly more than wells treated with media (95% CI of difference: -1344 to 

-334, 1.24-fold increase, p < 0.05) , 1 µg/mL decorin and TGF-β1 (95% CI of difference: -1656 to -646,  

1.36-fold increase, p < 0.05), and 10 µg/mL decorin and TGF-β1 (95% CI of difference: -1463 to -453, 

1.28-fold increase, p < 0.05). Wells treated with 1 µg/mL decorin with TGF-β1 had similar number of 

nuclei as wells treated with 10 µg/mL decorin with TGF-β1 (p > 0.05, Figure 14B). This was also 

reflected visually in Figures 15C and 15D, which displayed similar numbers and distribution of nuclei in 

these wells.    

 

Figure 14. DCN inhibits TGF-β1 proliferative activity. Human atrial fibroblasts were seeded in 96-well 

plates. 24 hours later, these cells were treated with 1 µg/mL DCN and 10 µg/mL DCN. After 24 hours of 
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decorin treatment, these cells were treated with TGF-β1 (10 ng/mL). (A) After 48 hours of treatment, cell 

proliferation was assessed using cell counting kit-8 (CCK-8) (n=3-4 technical replicates, n=1 biological 

replicate). The optical density was measured at 450 nm using a microplate reader. Values are shown as 

mean ± standard deviation (Control: 0.73 ± 0.02, 1 µg/mL DCN + TGF-β1: 0.76 ± 0.05,10 µg/mL DCN + 

TGF-β1: 0.73 ± 0.02, TGF-β1: 0.89 ± 0.04). One-way ANOVA with Tukey’s post hoc test. Significant 

differences are shown as p ≤ 0.05. (B) After 24 hours of treatment, cell proliferation was measured using 

Hoechst staining (n=4 technical replicates, n=1 biological replicate). The wells containing the cells where 

imaged using a fluorescent microscope at a 365 nm filter. The nuclei were counted using ImageJ. Values 

are shown as mean ± standard deviation (Control: 3521 ± 302.5, 1 µg/mL DCN + TGF-β1: 3209.8 ± 

321.67, 10 µg/mL DCN + TGF-β1: 3402.56 ± 159.58, TGF-β1: 4360.375 ± 105.4). One-way ANOVA 

with Tukey’s post hoc test. Significant differences are shown as p ≤ 0.05. 

Figure 15. Hoechst-stained images of human atrial fibroblasts co-treated with DCN (1 µg/mL or 10 

µg/mL) and TGF-β1 (10 ng/mL). Cells are seeded on 96-well plates. These cells are treated with (A) 
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media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (n=1 technical replicate, n=1 

biological replicate) (C) 1 µg/mL decorin with TGF-β1(n=1 technical replicate, n=1 biological replicate) 

(D) 10 µg/mL decorin with TGF-β1 (n=1 technical replicate, n=1 biological replicate). 24-hour post- 

treatment, wells were treated with Hoechst to stain the nuclei. The wells were imaged using a fluorescent 

microscope and nuclei were counted using ImageJ. In this figure, one well per treatment is displayed, and 

the remaining wells are shown in the supplementary figures. The scale bar represents 100 µm.   

Decorin-Enriched EVs Inhibit TGF-β1-Induced Proliferation  

To test the effect of decorin-enriched and decorin-depleted extracellular vesicles on TGF-

β1induced cell proliferation, I performed large-scale knockdown experiments using DsiRNA. The size, 

and concentration of these extracellular vesicles were determined using the NTA instrument. Figures 16A 

and 16B illustrate snapshots of a 60-second video that the NTA prepares to measure concentration of 

extracellular vesicles. These videos determined that the decorin-depleted sample consisted of 8.79 x 1010 

EV particles/ml whereas the decorin-enriched EVs consisted of 7.42 x 1010 EV particles/ml. Majority of 

the decorin-depleted samples consisted of EVs with 140 nm diameter, which was less than the mean of 

this sample (176 ± 82.3) nm. Interestingly, Figure 16C depicts multiple peaks demonstrating that the 

decorin-depleted EV sample consists of particles of the following sizes: 111, 140, 288, 401, 511, and 929 

nm. In contrast to this, decorin-enriched EV samples mainly had a 116 nm diameter, which was less than 

the average particle size within this sample of (166.4 ± 72.5) nm. In addition to this, Figure 16D depicts 

that this sample of EVs had multiple peaks representing particles in this sample with the following sizes:  

116, 149, 282, 465, and 669 nm.    

  

A ratio of 10,000 decorin enriched and depleted EVs per cell was used to treat cells prior to 

TGFβ1. This shows that EV dosage was normalized by particle number. These experiments were 

conducted twice to be analyzed by CCK8 and Hoechst staining (Figure 18, Supplementary Figure S4). 

Figure 17A shows that there was no significant difference between the cells treated with media and 



35 

decorin enriched EVs (p > 0.05). Similarly, in Figure 17B there was no significant difference between 

cells treated with media and decorin enriched EVs (p > 0.05). However, the optical density of cells treated 

with decorin depleted EVs were significantly higher than cells treated with media in the CCK8 assay 

(95% CI of difference: -0.22 to -0.03, 1.08-fold increase, p < 0.05, Figure 17A) and the Hoechst staining 

(95% CI of difference: -35 to -6.1, 1.23 fold-increase, p < 0.05, Figure 17B). There is a greater increase in 

Hoechststained nuclei in cells treated with decorin depleted EVs as compared to cells treated with decorin 

enriched EVs treatment (95% CI of difference: -45 to -16.1, 1.39 fold-increase, p < 0.05, Figure 17B). On 

the other hand, there isn’t a significant increase in the optical density of cells treated with decorindepleted 

EVs compared to decorin-enriched EVs (p > 0.05, Figure 17A). Lastly, both assays have demonstrated 

there is no significance between cells treated with depleted decorin EVs and TGFβ1 (p >  

0.05, Figures 17A and 17B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. NanoSight Tracking Analysis of decorin-enriched and decorin-depleted EVs. (A) This 

image represents a single frame from a 60-second NTA video acquisition of the DsiRNA EV sample. (B) 
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This image represents a single frame from a 60-second NTA video acquisition of the control mimic EV 

sample. n=1 biological replicate, and n=1 technical replicate. (C) This histogram represents the nanosight 

data for the DsiRNA EV sample. n=1 biological replicate, and n=1 technical replicate. (D) This histogram 

represents the nanosight data for the Control Mimic EV sample.  

  

  

Figure 17. EVs depleted of decorin do not prevent TGF-β1 induced cell proliferation. Human atrial 

fibroblasts were seeded in 96-well plates. After 24 hours of seeding, cells were treated with decorin 

enriched and decorin-depleted EVs. A ratio of 10,000 EVs per human atrial fibroblast was used to 

normalize decorin-enriched and depleted EVs. After 24 hours, EV treated cells were exposed to TGF-β1 

treatment. (A) After 48 hours of treatment, CCK-8 reagent was added into each well. The optical density 

of these wells was measured at 450 nm (n=3-4 technical replicates, n=1 biological replicate). Values are 
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shown as mean ± standard deviation (Control: 1.62 ± 0.04, EVs (Control Mimic): 1.67 ± 0.04, EVs 

(DsiRNA) + TGF-β1: 1.75 ± 0.02, TGF-β1: 1.8305 ± 0.05). One-way ANOVA with Tukey’s post hoc test. 

Significant differences are shown as p ≤ 0.05. (B) After 24 hours of treatment, Hoechst staining was used 

to stain cells nuclei (n=3-4 technical replicates, n=1 biological replicate). These cells were imaged using a 

fluorescent microscope at 365 nm filter. The nuclei were counted using ImageJ. Values are shown as mean 

± standard deviation (Control: 87.875 ± 3.12, EVs (Control Mimic): 77.875 ± 9.33, EVs (DsiRNA)  

+ TGF-β1: 108.375 ± 2.62, TGF-β1: 106 ± 9.85). One-way ANOVA with Tukey’s post hoc test.  

Significant differences are shown as p ≤ 0.05.  

Figure 18. Hoechst-stained images of human atrial fibroblasts co-treated with extracellular vesicles 

and TGF-β1. Human atrial fibroblasts were seeded in 96-well plates. These cells were treated with (A) 
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media (n=1 technical replicate, n=1 biological replicate) (B) TGF-β1 (n=1 technical replicate, n=1 

biological replicate) (C) EVs (control mimic) with TGF-β1 (n=1 technical replicate, n=1 biological 

replicate), and (D) EVs (DsiRNA) with TGF-β1(n=1 technical replicate, n=1 biological replicate). 24 

hours later, Hoechst was added into each well to stain the nuclei. The nuclei were imaged using a 

fluorescent microscope. The scale bar represents 100 µm.  
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Discussion   
There remains a need to develop therapies for post-operative atrial fibrillation (POAF). Current 

clinical therapies like β-Blockers and Amiodarone have adverse effects including bradycardia, 

hypotension, increases in liver enzymes, and thyroid dysfunction.30,31 This demonstrates that there is a 

critical need for a novel and safe therapy.  Extracellular vesicles (EVs) have been investigated by 

researchers due to their properties like low toxicity, and minor immunogenicity.32 In addition to this, they 

participate in cardiovascular pathology and play a role in facilitating communication between cells like 

cardiomyocytes, fibroblasts, smooth muscle cells, and endothelial cells.33 In particular, EVs generated in 

our lab are involved in reducing atrial fibrosis, atrial inflammation, and atrial fibrillation in a rat model.34  

These EVs were investigated further using proteomic analysis, which determined that their cargo highly 

expresses decorin, an antifibrotic protein.7 Decorin is a small leucine-repeat proteoglycan (SLRP) that can 

inhibit TGF-β1 fibrotic potential.35,36 This study was conducted to investigate whether decorin can reduce 

TGF-β1- induced proliferation of human atrial fibroblasts. The findings of this study determined that 

decorin itself and decorin enriched extracellular vesicles suppressed TGF-β1 induced fibroblast 

proliferation, suggesting decorin may be contributing towards EVs anti-fibrotic properties.  

  

  To explore the role of decorin within extracellular vesicles, an in vitro model of human atrial 

fibroblast induced proliferation was established. The results of this experiment show that the proliferation 

response was consistently dependent on both TGF-β1 concentration and cell-density. This was 

consistently seen in previous studies, in which higher concentrations of TGF-β1 can lead to scarring  

(fibrosis) whereas lower concentrations lead to minimal fibrosis.37 Studies further demonstrated that a 

concentration-dependent proliferation was observed in cells like airway smooth muscle cells (ASMC) 

treated with various concentrations of TGF-β1 (0.1, 1, and 5 ng/mL).38 In the context of the heart, TGF-β1 

was demonstrated to increase fibroblast activity, involved in atrial fibrosis.39 While, a general 

concentration-dependent trend was noted in the CCK8 and Hoechst assays in this study, a decrease in cell 
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counts were noted at a higher density of cells (like 5000 cells/well). This was highlighted in previous 

studies, as proliferation of fibroblasts was observed to be space constrained in vitro despite being treated 

by growth factors.40 Based on this, a seeding density of 4000 cells/well were used in these assays. In 

addition to this, Hoechst staining was the primary proliferation endpoint whereas CCK8 was a secondary 

proliferation endpoint. Hoechst staining is stains the DNA of cells, therefore this method isn’t dependent 

on the metabolism of cells unlike CCK8, therefore making Hoechst a suitable primary endpoint for 

proliferation.41   

  After establishing an in vitro model, the effect of decorin was investigated. This study 

demonstrated that decorin mediates the anti-fibrotic effects of extracellular vesicles (EVs). Decorin 

contributes to anti-fibrosis by binding to TGF-β1.42 This inhibits TGF-β1 proliferative activity by 

inhibiting the Smad signaling. 42Decorin inhibitory activity allows it to reduce fibrosis in cardiac, and 

renal models.43,44 Prior research has also indicated that decorin has other roles besides interacting with 

TGF-β1 including regulating collagen fibrillogenesis, a process that provides structure for tissues.45,46In 

the heart, collagen is a critical protein as the extracellular matrix is mainly made up of collagen.47 

Excessive accumulation of this protein can cause changes in electrical conductions leading to 

arrhythmias.48 Decorin-enriched EVs exhibited an antifibrotic response as compared to decorin-depleted 

EVs, providing insight into the specific molecules EVs use to produce this effect.   

  

  There are many advantages to using EVs as therapy as compared to protein due to their 

properties. EVs are particles that are biocompatible, unconstrained by biological barriers, and consist of a 

cargo with molecules derived from their parental cell.49–51 In addition to this, EVs have a lipid bilayer 

which may be involved in protecting its cargo.52 EVs are also beneficial drug delivery systems as 

compared to protein therapy due to their fast removal from systemic circulation by the kidneys.53 EVs 

also consist of many molecules therefore, allowing for multiple pathways to be targeted. Previous studies 

have demonstrated that in cardiovascular diseases, EVs have the potential to decrease cell apoptosis, 
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reduce tissue fibrosis, and inhibit cell autophagy.54 This study has added to the literature by highlighting 

decorin as a molecule within EVs with anti-fibrotic effects in atrial fibroblasts. This can also lead to the 

possibility of engineering EVs to enrich them further with decorin to ensure a large fibrotic effect.   

  

  Despite these findings, this study has some limitations that need to be addressed. Firstly, despite 

employing two assays (CCK8 and Hoechst) to measure cell proliferation, other endpoints should also be 

investigated. For instance, collagen deposition, and myofibroblast differentiation should be analyzed as 

they are altered in fibrosis.55These assays would have provided further insight into the effect decorin -

enriched EVs have on fibrosis. It would also be beneficial to normalize EV dosing within these 

experiments to protein levels to ensure comparability between decorin-depleted and decorin-enriched EV 

samples. Moreover, concentrations of EV samples varied across the 3 donors, with a coefficient of 

variation of ~34% (Figure 5). While there was still a sufficient yield of donor-specific EVs (not pooled) 

for downstream assays, the donor variability may limit the generalizability of our findings. Additionally, 

decorin specificity in the TEM images can be improved by including isotype or no-primary antibody 

controls. In addition to this, the experiments in this study were conducted in vitro therefore, we can’t 

evaluate factors that may affect the potential of decorin-enriched and decorin-depleted EVs in reducing 

fibrosis. An animal model would have provided insight into systemic interactions, and therapeutic 

efficacy.56Furthermore, there is an absence of decorin rescue experiments, which limits our ability to 

establish its causal role. This can be included in future studies.   

  

In summary, the findings from our experiment are clinically relevant as they provide insight into 

EVs mechanistic pathways that contribute to anti-fibrosis. POAF is a common yet expensive complication 

that can cause cost patients $10,000-$20,000 in treatments, a day to two days stay in the ICU, and an 

additional stay of a few days at the hospital.57,58  Fibrosis develops the atrial substrate leading to persistent 
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arial fibrillation.59Decorin -enriched EVs is a promising therapeutic for POAF as it targets fibrosis, which 

is one of the underlying causes of POAF.   
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Conclusion  
  Decorin-enriched EVs are a promising therapeutic to prevent POAF by reducing inflammation 

and fibrosis. This will be impactful as there are many cardiac patients affected by POAF, a condition 

associated with increases in incidence of mortality and morbidity. 60Conventional therapies lack efficacy 

such as  beta blockersor angiotensin-converting enzyme inhibitor therapy may lead to a recurrence of 

POAF.61 However, the use of EVs enriched with decorin reduce fibrosis in vitro by decreasing cell 

proliferation as measured by CCK8 and Hoechst. Overall, indicating that EVs may have a potential to be 

more effective than conventional therapies.   
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Supplemental Figures 

Supplementary Figure S1. Hoechst images of human atrial fibroblasts. Fibroblasts were seeded at 

varying densities including (A) 1000, (B) 2000, (C) 3000, and (D) 4000 cells in a 96 well plate. Cells 

were treated with 0 ng/mL of TGF-β1, 5 ng/mL of TGF-β1, 10 ng/mL of TGF- β1 for 48 hours.  
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Fluorescent microscopy was used to capture images at 5x magnification that show the Hoechst-stained 

nuclei of the cells in the wells. The scale bar represents 100 µm. n = 2 technical replicates per condition. 

These cells were from one biological sample (n = 1 biological replicate).  

Supplementary Figure S2. Hoechst-stained images of a wells seeded human atrial fibroblasts 

separately treated with DCN and TGF-β1. Human atrial fibroblasts were seeded in a 96-well plate.  
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After 24 hours, these cells were treated separately with (A) media (n=3 technical replicates) (B) TGF-β1  

(10 ng/mL) (n=3 technical replicates) (C) 1 µg/mL DCN (n=3 technical replicates) (D) 10 µg/mL DCN  

(n=2 technical replicates). These cells were from one biological sample (n=1 biological replicate). After  

24 hours of treatment, wells were treated with Hoechst to stain nuclei. Four images of each well were  

captured using a fluorescent microscope at a 5x magnification. The nuclei were counted using ImageJ.  

The scale bar represents 100 µm.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S3. Hoechst-stained images of human atrial fibroblasts co-treated with DCN 

(1 µg/mL or 10 µg/mL) and TGF-β1 (10 ng/mL). Cells are seeded on 96-well plates. These cells are 
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treated with (A) media (B) TGF-β1 (C) 1 µg/mL decorin + TGF-β1 (D) 10 µg/mL decorin + TGF-β1. 24-

hour post- treatment, wells were treated with Hoechst to stain the nuclei. The wells were imaged using a 

fluorescent microscope and nuclei were counted using ImageJ. The scale bar represents 100 µm. n=3 

technical replicates per condition. These cells were from one biological sample (n=1 biological replicate). 

Supplementary Figure S4. Hoechst-stained images of human atrial fibroblasts co-treated with 

extracellular vesicles and TGF-β1. Human atrial fibroblasts were seeded in 96-well plates. These cells 
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were treated with (A) media (B) TGF-β1 (C) EVs (control mimic) with TGF-β1, and (D) EVs (DsiRNA) 

with TGF-β1. 24 hours later, Hoechst was added into each well to stain the nuclei. The nuclei were 

imaged using a fluorescent microscope. The scale bar represents 100 µm. n=3 technical replicates per 

condition. These cells were from one biological sample (n=1 biological replicate).  
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