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CUC-MSC expansion 
Canine umbilical cord-derived mesenchymal stromal cells (CUC-MSCs) were isolated, 
culture-expanded, characterized, and cryopreserved using a previously described 
protocol [1]. As shown schematically in Figure 4, cryopreserved CUC-MSCs (P1) were 
thawed and seeded at 2x104 cells/cm2 density on gelatin-coated tissue culture vessels. 
CUC-MSCs were allowed to recover from cryopreservation for one passage before use. 
CUC-MSCs were maintained in culture using previously described methods using ACB cell 
culture medium and incubated at 37°C, 90% humidity, and 5% CO2 in a HeraCell 150i 
incubator [1]. Once cells reached ~80-90% confluency, cells were lifted using 1.75% 
Nattokinase for 30 minutes at 37°C [1]. A live/dead cell count was performed at passage 
using acridine orange/propidium iodide (AOPI) staining solution (Nexcelom Bioscience, 
Cat. No., CS2-0106-5ML) on a Nexcelom Auto 2000 Cellometer (immune cells, low RBC 
program, Nexcelom Biosciences, Lawrence, MA). MSCs were seeded at a density of 2x104 
cells/cm2 on two gelatin-coated flasks (i.e., one flask to maintain the cell line and one to 
produce CM). MSCs were maintained in culture through P12, and CM was collected at each 
passage from P2-P12. 
 
Preparation of size exclusion chromatography column  
 A size exclusion chromatography (SEC) column was prepared as previously 
described using Sepharose CL-2B (GE Healthcare, Cat. No. 65099-79-8) [2,3]. Briefly, the 
tip of a 20 mL sterile syringe (EXELINT, Cat. No. 26280) was stuffed with cotton wool, and 
20 mL of Sepharose CL-2B slurry was poured into the syringe [3]. The column was allowed 
to settle overnight at 4°C. After settling, the dimensions were 7.5 cm (length) x 2.21 cm 
(diameter). Next, the column was packed by passing three volumes of sterile, degassed 
Dulbecco’s phosphate-buffered saline (DPBS, Gibco, Cat. No. 14-190-250) through at a 
gravity-controlled rate. The column packing quality and void volume were estimated by 
passing 0.25 mL of Blue Dextran (Sigma Aldrich, Cat. No. D5751) through the column. The 
void and separation efficiency was evaluated by layering 0.25 mL Blue Dextran or bovine 
serum albumin, respectively (BSA, Sigma Aldrich, Cat. No. A3912-500G).  Fractions (0.25 
ml) were collected after the void volume, and those containing EV or BSA were identified 
by protein concentration.  
 
  



EV isolation by a combination of ultrafiltration and size-exclusion chromatography (SEC) 
 As previously described, EVs were isolated from CM using a combination of 
ultrafiltration and size-exclusion chromatography [3]. Briefly, CM was thawed from -80°C 
at room temperature and centrifuged at 3200 g for 30 minutes at four °C (Eppendorf 
5810R centrifuge, swing bucket rotor A-4-62, Cat. No., FL08517291) to pellet cells and cell 
debris. The supernatant was filtered through a 0.22 µm syringe filter (Fisherbrand, Cat. 
No. 09-720-004) and then concentrated by approximately 100x using an Amicon Ultra-15 
filter unit with an Ultracel-100 membrane (MWCO = 100 kDa, Merck Millipore, Cat. No. 
UFC910024). The sample was centrifuged at 3200 g at four °C until the sample volume 
was ≤ 300 µL, and that sample was collected in a separate microcentrifuge tube. The 
membrane was jetted with 200 µL DPBS, and any adherent EVs were collected from the 
membrane and added to the sample tube. The concentrated sample was layered onto the 
SEC column and was eluted with sterile, degassed DPBS. Following the void volume, 27 
fractions of 250 µL were collected. Aliquots were sampled to estimate protein 
concentration using a NanoDrop 8000 spectrophotometer (1.5 µL per reading, samples 
measured in technical triplicates, Thermo Scientific, Waltham, MA).  The four fractions 
following the void volume were pooled and concentrated 4x using the Amicon Ultracel-
100 membrane. 
 
EV isolation by ultracentrifugation 

EVs were isolated from CM by ultracentrifugation using a previously described 
method with slight modifications [4]. Briefly, CM was thawed from -80°C at room 
temperature and centrifuged at 3200 g for 30 minutes at four °C to pellet cells and cell 
debris. The supernatant was collected, filtered through a 0.22 µm syringe filter, and 
transferred to a 38.5 mL open-top polypropylene tube (Beckman Coulter, Cat. No., 326823). 
CM was centrifuged at 20,000 g for 30 minutes at four °C (SorvallTM wX+ Ultra Series 
Centrifuge, Thermo Fisher Scientific) with a SureSpin 630/36 rotor (Thermo Scientific, Cat. 
No., 79368). Following the first spin, CM was transferred to a new polypropylene tube and 
centrifuged at 120,000 g for 90 minutes at 4°C. The supernatant was discarded, and the 
pellet was resuspended in sterile DPBS. 
 
Dynamic light scattering (DLS) 
 DLS, zeta surface potential, and polydispersity index (PDI) were used to analyze the 
hydrodynamic size distribution, surface charge properties, membrane integrity, and 



overall EV stability, as previously described [3,4].  Measurements were made using the 
Zetasizer Nano ZS (Malvern Pananalytical., Malvern, United Kingdom). Instrument settings 
were ten runs of 10 seconds with three repetitions per sample. Six independent samples 
from each passage were analyzed. Measurements were made in technical triplicates and 
averaged for comparison. PDI and zeta surface potential were compared using two-way 
repeated measures ANOVA with isolation and passage as factors. After significant ANOVA 
main or interaction terms were found, pre-planned pairwise comparisons were performed 
using the Holm-Sidak method. DLS size was compared using the Mann-Whitney rank sum 
test.  
 
Transmission electron microscopy (TEM) 
 TEM was performed to visualize EV morphology and estimate EV size as previously 
described [3,4]. Lyophilized samples were rehydrated using sterile DPBS. Masked samples 
were prepared, and images were collected at the University of Kansas Medical Center. 
Approximately 62.1 µm2 was sampled, and at least 18 micrographs were collected per 
sample. EV size was estimated by measuring data from two independent lines chosen 
randomly at each isolation x passage group (i.e., early and late). Extreme ends of the 
passage groups were selected (P2 and P12) since we assumed those to show the most 
significant differences. From this data, sizes were averaged by the isolation method and 
passage group to generate size measurements to be compared using the Mann-Whitney 
rank sum test.  
 
Protein 
 The protein concentration of samples isolated by ultracentrifugation was 
determined using a Pierce BCA protein assay kit (Thermo Scientific, Cat. No. 23225) 
according to the manufacturer’s instructions. As previously described, the protein 
concentration of samples isolated by SEC was determined using a Pierce micro BCA 
protein assay kit (Thermo Scientific, Cat. No. 23235) [3,4].  Samples were plated in triplicate 
in a 96-well plate (Corning, Cat. No. 3370). Protein standard curves were generated using 
albumin standards provided with each respective kit and by averaging the technical 
triplicate wells. The absorbance was read at 562 nm using a SpectraMax i3x plate reader 
(Molecular Devices, San Jose, CA) according to the manufacturer’s instructions. DPBS 
was used as a blank for background subtraction. Individual sample protein measurements 
were made from the averaged triplicate readings. Post-lyophilization content for each 



sample was calculated as the average of triplicate readings measured the absorbance at 
280 nm on a NanoDrop 8000 spectrophotometer with distilled water as the blank for 
background subtraction. Protein concentration was averaged among isolation methods 
and compared using the Mann-Whitney rank sum test.  
 
 
Dot blot 

A polyvinylidene fluoride (PVDF) membrane (Merck Millipore Ltd., Cat. No. 
IPVH0010) was activated by submerging it in methanol for 30 minutes. Lyophilized EV 
samples were rehydrated using 100 µL sterile water. Post-lyophilization protein content 
was measured as described above, and 0.75 µg of protein was blotted onto the membrane 
and air-dried. Water and canine MSC whole cell lysate was used as negative and positive 
controls, respectively. With gentle rocking, the membrane was blocked with 5% non-fat 
dried milk solution for 30 minutes at room temperature. The membrane was probed with 
primary antibodies anti-CD9, anti-CD63, anti-CD81, anti-ALIX, anti-CD142, and anti-β-actin 
(Supplemental Table 2) overnight at four °C with gentle rocking. The following morning, 
membranes were washed three times using TBST buffer (tris-buffered saline with 0.1% 
Tween-20 detergent) and incubated with secondary antibodies (see Table 2) for one hour 
at room temperature with gentle rocking. Post-incubation, strips were washed three times 
with TBST buffer. Chemiluminescence detection reactions were performed using 
SuperSignal West Femto substrate (Thermo Scientific, Cat. No., 34095) according to the 
manufacturer’s directions. Images were captured using a Kodak Image Station 4000 after 
2 minutes of exposure. Each sample was blotted for five proteins: CD9, CD63, CD81, ALIX, 
and TF. 
 
Nanoparticle tracking analysis (NTA) 
 As previously described, NTA was used to estimate the EV population size 
distribution and concentration using a NanoSight LM-10 (Malvern Pananalytical Ltd., 
Malvern, UK) [3,5]. Briefly, the machine was calibrated using 50 nm and 100 nm size 
calibrated standards (Malvern Pananalytical Ltd., Cat. Nos., NTA4087, and NTA4088, 
respectively). Measurements were made at a constant temperature of 25°C ± 1°C to ensure 
constant viscosity of samples. Sterile DPBS was used as a negative control. Samples were 
unfiltered. Sample dilutions ranged from 1:5 to 1:100 in NanoPure water 
(Barnstead/Thermolyne Nanopure lab water system) so that samples were in the desired 



range of 30-50 particles/frame. Acquisition settings were constant: blue 405 nm laser, 
camera type scientific CMOS, camera level 13, and detection threshold 3. Nanosight 
software (NTA 3.3) analyzed 60-second videos with five repetitions per sample. The 
concentration measurement reported was made from the five technical replicates and 
averaged for comparison via two-way repeated measures analysis of variance (ANOVA), 
with factors being passage (P2-P5; P9-P12) and isolation (UC and SEC). 
 
Procoagulant assay 
 The procoagulant activity of EVs isolated from canine UC-MSCs CM was assessed 
using a protocol proposed by Che et al. with modifications [6].  5x107 EVs per well were 
diluted in HEPES buffer (10 mM HEPES, 137 mM sodium chloride, five mM calcium 
chloride, four mM potassium chloride, ten mM glucose, 0.5% bovine serum albumin, pH 
7.4) to a final volume of 50 µL. Diluted EVs were incubated with 1 nM FVIIa (Haematologic 
Technologies, Cat. No., HCVIIA-0031) and ten µg/mL FX (Haematologic Technologies, Cat. 
No., HCX-0050) for 15 minutes at 37°C. Following incubation, a chromogenic substrate for 
FXa activity (40 µM, Chromogenix S-2765, Diapharma, Cat. No., S821413) was added, and 
the color change was measured at 405 nm every minute for 20 minutes using a SpectraMax 
i3x plate reader. The amount of FXa generated was calculated based on a standard curve 
of purified FXa (Haematologic Technologies, Cat. No., HCXA-0060). All samples were 
loaded into a 96-well plate in technical triplicates, and the absorbance readings were 
averaged. HEPES buffer served as a blank for background subtraction. To account for TF-
independent FXa generation, control wells (EVs and FX only) were subtracted. MSC whole 
cell lysate and FX with FVIIa were positive and negative controls, respectively. To test TF-
mediated FXa generation, EVs were incubated with anti-CD142 (Invitrogen clone HTF-1, 
functional grade, Cat. No., 16-1429-82 or Bioss polyclonal, Cat. No., BS-4690R) for 1 hour 
at four °C before incubation with FVIIa and FX. Six independent cell lines were analyzed at 
early (P2) and late (P12) passages.  
 
  



Supplemental Discussion 
Multiple size measurement methods create differences in measured size (as might be 
expected) 

NTA, DLS, and TEM estimated EV size. NTA and DLS agreed that EV size was 

affected by the isolation method but not the passage. Both approaches provided size 

estimates within the desired exosome range (30-150 nm) [7-11]. The DLS size estimate of 

SEC-isolated EVs extended beyond the exosome range at 170.9 nm. However, this value 

is similar to other reports for MSC-EVs [4,12]. EVs isolated via SEC were significantly larger 

than those isolated via UC. We previously reported [3,4] DLS size estimates for human 

MSC-derived EVs (-80ºC storage group) separated via SEC were 165 nm. Our results 

support the notion that the UC isolation co-isolates smaller particles and is supported by 

the aggregates observed in TEM (as previously reported [13]).  

No size differences were detected between Early and Late passage EVs by either 

DLS or NTA, indicating that the population of EVs isolated does not accumulate a 

subpopulation of larger vesicles (e.g., apoptotic bodies) with increasing time in culture, 

similar to previous reports [14,15]. Taken together with the particle concentration data, this 

data shows that although fewer EVs were isolated from late passage CM, the EV population 

isolated is similar in size. In contrast, TEM data alluded to larger-size EVs isolated from 

late passage CM with no difference between isolation methods. NTA and DLS data were 

obtained and averaged from every sample, but TEM data was performed on only two 

randomly-chosen MSC lines at each passage group and isolation method. Furthermore, 

the TEM data were collected using samples that had been lyophilized and reconstituted. It 

is possible that the lyophilization process shifted EV size due to osmotic or surface 

charge-related effects or due to changes in protein content in Later passage EVs. The 

sample size for TEM data is small, with less than 50 vesicles sampled per experimental 

condition. Therefore, care must be exercised when comparing the size estimates obtained 



by TEM with those from DLS or NTA. This is a limitation of this work. That said, the TEM 

size estimates agree with the size estimates provided by NTA. In future work, a more 

extensive sampling (e.g., > 100 vesicles/ experimental condition) would generate better 

TEM size estimates and may resolve questions raised by other observations (i.e., CD63 

staining and changes in protein concentration).  

Effect of extensive expansion and isolation method on EV yields  

MSC-EV yield was affected by time in culture such that later passage cells produced 

lower EV yields, and a negative trend was observed between EV yield with cumulative 

population doublings. When EV release from MSCs per cell was estimated, a similar 

negative trend was observed.  Five of the six MSC lines grew consistently through P12, 

and one line (CUC30) showed signs of slowing. The results support the notion of culture 

expansion affecting MSC and MSC-EV physiology. The only apparent difference was the 

loss of CD63 expression in EVs at late passages. The field generally considers minimal 

expansion of MSCs, such as those in the early passages group here, for clinical trial 

applications. 

EV yield was affected by the isolation method employed.  Here, UC was more 

efficient (i.e., yielded higher nanoparticle counts per mL) than SEC. Still, protein 

concentration in UC samples was 10x higher than SEC, and protein aggregates were 

observed in UC-isolated EV samples in TEM. In contrast to our results, previous work 

reported that SEC yields more EVs than UC [16,17]. Still, others said no differences between 

the EV yield of UC and SEC [18]. Thus, the literature needs to be more consistent.  These 

could be attributed to variations in isolation protocols or EV sources. We speculate that 

protein aggregates in the UC sample affect NTA particle per mL, contributing to a 

significantly smaller population.  EV size estimates support this supposition: SEC yielded 

a larger size in NTA and DLS than UC.  Our results suggest that UC-only-based EV isolation 

contains protein aggregates, not more EVs.  



Protein content was affected by the isolation method: SEC had an order of 

magnitude lower protein concentration in the EV samples than UC.  SEC had significantly 

more EVs per ug protein than UC when EV per ug protein was calculated. Culture factors 

may impact EV protein concentration, too.  Late passages or higher CPD cells yield fewer 

EVs per ug protein than early passages, and a trend was observed.  Similarly, the dot blot 

showed a loss of EV’s CD63 staining associated with the late passages. The observations 

here agree with previous work indicating that SEC isolation reduces protein concentration 

in EV samples compared to UC alone [19,20]. We suggest that SEC isolation produces a 

more highly enriched or “pure” EV product, based upon the higher number of EVs per µg 

protein than the UC isolation method employed.  Previous work indicated that the addition 

of density gradient UC could prevent the co-isolation of EVs with other proteins [21]. 

Efficiency by Design of Experiments (DoE) approach 

Our DoE approach permitted estimates of the effects of culture (passage or CPD) 

and isolation method.  Several general observations were made.  First, CM collected in 

early passages produced higher EV yield (either nanoparticle per cell or nanoparticles per 

mL) than in late passages. Second, as seen by a negative linear relationship of EVs with 

CPD. When considering the variability of EV yield, we first evaluated the performance of 

MSCs to expand.  There was good consistency in five of the six MSCs to grow over the 12 

passages. We cannot explain why and have no reason to consider them statistical outliers. 

Thus, the small sample size is a limitation of our study. Third, the isolation method affected 

yield, and while UC was “more efficient” in that it produced more nanoparticles per cell, it 

appears to have greater variability than SEC.  Both isolation methods had lower yields with 

increasing CPD.  Fourth, there was a trend for nanoparticle yield per MSC to increase with 

an increased population doubling time.  Again, the trend line is a preliminary observation 

and needs further confirmation since our dataset had a few slowly growing MSCs (e.g., > 

100 hr PDT).  



Regarding zeta potential, both cell passage and the EV isolation method affected 

zeta potential. SEC isolation method produced EVs with lower (more negative) zeta 

potential than UC, indicating an increased surface charge and perhaps greater membrane 

stability in SEC-isolated EVs than UC-isolated ones. Since UC may damage EV membranes 

and result in the formation of the small aggregates observed in TEM, the change in surface 

charge reflects membrane damage. Still, no direct evidence of EV membrane damage has 

been provided here. We cannot explain why the surface charge would change in the UC 

isolation method at later passages.  We also noted that extended culture affects CD63 

staining in dot blot but did not affect other dot blot or TF staining.  

 Our previous report [60] showed that pre-processing CM storage at -80ºC was used 

before EV isolation. CM was collected from six different canine umbilical cord-derived MSC 

lines selected randomly from a bank of over 30 canine MSC lines.  MSCs were used from 

passages P2 to P12 and isolated using either SEC or UC per the DoE protocol. Because of 

the DoE protocol, multiple CM samples were collected daily.  Due to COVID interruptions, 

there was insufficient time for CM samples to have EVs isolated within 24 hours, so pre-

processing CM storage was critical to this work. In addition, pre-processing storage 

efficiently used shared equipment, and the maximum number of samples for the rotor (six 

samples) were processed at once. DoE increased experimental efficiency, minimized UC 

runs, and reduced the impact of batch-to-batch variability.   

EVs Produced per MSC 

  EVs released per MSC were estimated using the same assumptions used 

previously [3]. Canine MSCs released an average of 2.02x104 ± 1.55x104 EVs per cell in the 

24 h conditioning period. This is like the average of 2.19x104 ± 8.5x103 EVs per cell reported 

for human MSCs [3,22]. In contrast, Crain et al. reported an average of 5.78x103 ± 3.3x103 

EVs per cell from canine WJ-MSCs. The disparity in EV yield is likely due to differences in 

medium conditioning period, canine MSC isolation/culture conditions, and EV isolation 



protocol since Crain’s team used a density gradient UC step that might decrease the 

efficiency of yield while increasing EV isolation “purity” [12]. In summary, our protocols 

produce canine EVs from early and late passage MSCs, which were comparable in number 

to human MSCs [3], suggesting that EV yield is similar between human and canine MSCs.  

 Linear regression revealed that nanoparticles released per cell were negatively 

correlated with extended time in culture. This relationship was seen by plotting EV yield 

versus cumulative population doublings since the consensus is that cumulative 

population doublings are more comparable across laboratories than passage [23]. As a 

cell accumulates population doublings, the number of EVs released per cell decreases. 

This data indicates that early passage cells are more efficient for EV production. 

Additionally, the protein content of EVs appears to increase in a later passage, and TF 

staining and CD63 staining in dot blot seem to change, too. These findings may have 

implications, specifically when considering translation to clinical applications requiring 

large numbers of EVs. While a functional assay for EVs was recently suggested [24], the 

practical impact of MSC culture on EV and MSC function was not assessed here.  This is 

a limitation of the present study. 

It is accepted that late passage or “aging” MSCs display increased senescence 

markers, decreased differentiation potential, decreased clonogenicity, potentially 

accumulated genetic mutations, morphological-feature changes, and different phenotypes 

in culture [25-29]. Aged MSCs might refer to culture-related aging, such as higher 

cumulative population doublings or MSCs collected from older-age donors. Regarding the 

present work, considering that UC-MSCs derive from consistently aged and young donors, 

aging refers to aging resulting from time in culture. In this regard, Zhuang et al. reported 

that late-passage MSCs (P15) display more robust immunosuppressive properties than 

early-passage MSCs (P3) [28]. The Phinney laboratory has correlated the loss of TWIST1 

with the immunosuppressive properties of MSCs [30].  Here, we noted that EV protein 



content increased with time in culture regardless of the EV isolation method employed, 

and TF dot blot staining intensity tended to increase. In future work, the TF and 

immunosuppressive properties of MSCs and MSC-derived EVs should be evaluated in the 

context of developing an optimized expansion phase for clinical scale-up for MSCs or 

MSC-derived EVs. 

 PDI describes the heterogeneity of the size distribution of a given particle 

population [31]. Samples with a PDI value greater than 0.7 indicate a wide size range and, 

thus, are not ideal for analysis by DLS [31]. All samples here were below the 0.7 threshold 

and were similar to those reported previously [3]. PDI did not differ between early and late 

passage EVs (0.456 vs. 0.479, respectively). This data, taken together with the NTA and 

DLS size estimates, confirms that EVs derived from late passage EVs are not co-isolated 

with other larger-sized vesicles. PDI did differ between UC and SEC isolation. UC samples 

displayed more homogeneity, indicated by a PDI value of 0.381 compared to 0.554 for SEC-

isolated EVs. This was unexpected because sample purity is a concern when isolating EVs 

using UC methods, as indicated by our TEM results. We hypothesize that since PDI is 

directly related to size, the smaller PDI value in UC was related to the smaller 

hydrodynamic size in UC samples. 

 Zeta potential was used to measure EV surface charge, colloidal stability, and 

membrane integrity [32]. Like human MSC-EVs and previous reports, canine MSC-EVs 

displayed a negative zeta potential [4,22]. ANOVA’s main effects (passage and isolation) 

and a significant interaction term were observed here. We will discuss the interaction term 

and not the main effects. For passage within the isolation method, there were opposite 

trends. For SEC-isolated EVs, as passage increased, the zeta potential of EVs remained 

constant. For UC-isolated EVs, as passage increased, the zeta potential of EVs changed. 

This suggests that the combination of later passage and UC impacts the stability and 

integrity of EVs. Alternatively, UC may disrupt EV membranes, and later passage EVs are 



more susceptible to damage.  For isolation within a passage, the zeta potential of EVs 

differed, and SEC-isolated EVs had a more negative zeta potential alluding to higher 

membrane stability and integrity of EVs. Again, this data suggests that UC may reduce EV 

membrane stability. This finding is important because the effects on the EVs from being 

sedimented against a solid surface are unknown, but it is thought to damage or 

compromise their contents [33,34].  

 Here, EVs isolated via UC had a 10-12x higher protein concentration than samples 

isolated using SEC, similar to previous reports [16,35]. This suggests significant co-

isolation of proteins and lipoproteins with the UC protocol and points out how adding 

density gradient UC could potentially improve the purity of EVs [36,37]. As reported by 

Brennen et al., the purification of EVs from soluble proteins was calculated as the particle 

number divided by the amount of protein in the sample [19]. SEC samples produced a 

median of 2.9x109 particles per µg of protein compared to 3.3x108 particles per µg for UC 

samples (approximately 10x more EVs with SEC per ug protein). This is similar to previous 

reports for EVs isolated from human serum and CM of iPSC cells [16,19]. This makes a case 

that SEC EV yields are of higher purity than UC samples. Density gradient UC improves 

EV isolation, and adding this step might increase EV purity [36-38].  That question was not 

evaluated here. 

 Dot blots for exosome proteins, including tetraspanins (CD9, CD63, and CD81) and 

ALIX, were used to characterize EVs. Since EV samples isolated via SEC had low protein 

concentration, EV samples were lyophilized and reconstituted to increase protein 

concentration 10x. This allowed us to load less volume onto the PVDF membrane, 

producing more appealing dot blots. All EV samples were stained for CD9, CD63, CD81, 

and Alix, similar to previous reports [3,4,39]. This data demonstrates the enrichment of 

exosome proteins using both isolation methods. Expression of exosome marker CD63 was 

not detected in EVs derived from late passage MSCs, regardless of the isolation method. 



Canine MSC-EVs started to lose expression of CD63 by P5 (data not shown), and it was 

undetectable by P12. 

Moravcikova et al. said that MSC CD63 surface expression initially increased with 

passage and then decreased at passage 5 [100]. Similarly, Patel et al. reported reduced 

levels of CD63 after five serial passages of MSCs [36,83]. We need information that might 

reconcile these differences. 
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Supplemental Figure captions. 

Supplemental Figure 1: Expansion characteristics of the canine umbilical cord (CUC) 

derived mesenchymal stromal cell (MSC) lines.  A. Expansion characterized by cumulative 

population doublings (CPD) versus passage.  B. Growth rate characterized by population 

doubling time (PDT) versus passage. C.  PDT versus CPD.  A regression line with 95% 

confidence intervals is shown.  Note that this indicates, as suggested in B, that the PDT 

decreases until passage 7 and then starts to increase.  D.  CPD versus passage broken 

down into each of the six MSC lines.  Note that one line, CUC 30, had a slower growth rate 

compared to the other CUC lines. 

 

Supplemental Figure 2: Nanoparticle concentration from nanoparticle tracking analysis 

(NTA). (A) Particle concentration of extracellular vesicles (EVs) isolates from canine 

umbilical cord-derived mesenchymal stromal cells (MSCs) from passage 2 to passage 12 

(P2 – P12). N  differences were detected in the particle counts per mL versus passage for 

passages 2 through 12. (B) A negative trend was observed when the particle concentration 

was plotted versus cumulative population doublings (CPD). (C) When the passage data is 

divided into the early and late passages, Early passages (P2-P5) were significantly 

different from Late passages (defined as P9-P12) cells.  (D) A weak linear association was 

noted between particle concentration and population doubling time (PDT).  (E) EV isolation 

using ultracentrifugation (UC) was significantly more efficient than size-exclusion 

chromatography (SEC) isolation.  (F)  Nanoparticle concentration was equally affected by 

passage for both SEC and UC.  (G-K)  Similar differences and trends were observed when 

the data were plotted by nanoparticles released per MSC.  (L)  The differences in 

nanoparticle concentration for each MSC line versus CPD are depicted.  The asterisks 

indicate p-value < 0.05.   

 



Supplemental Figure 3:  Size of Extracellular Vesicles measured in three ways.  (A) 

Nanoparticle analysis (NTA) of the size of extracellular vesicles (EVs). (A) NTA-based size 

measurements comparing EVs from canine umbilical cord-derived mesenchymal stromal 

cells (MSCs) from the early passage (P2-P5) versus late passage (P9-P12) showed no size 

differences. (B) A size difference was observed depending upon the EV isolation method: 

EVs isolated by size-exclusion chromatography (SEC) were significantly larger than EVs 

isolated by ultracentrifugation (UC). (C & D).  Nanoparticle size estimates generated by 

dynamic light scattering (DLS) showed similar trends compared to NTA, e.g., no effect of 

passage but significant differences between isolation methods. Note that the size 

estimates from DLS are much larger than those generated by NTA (A & B) or TEM (E & F). 

(E & F)  Size estimates from transmission electron microscopy.  Photomicrographs of EVs 

are shown in E.  Note that TEM micrographs generated from SEC samples were cleaner 

images than UC.  UC samples had many more small particulates that did not have the 

doughnut appearance of EVs.  The calibration bar represents 100 nm. As shown in (F- Top 

panel), Early passage EVs (median 74.0 nm) were significantly smaller than late passage 

EVs (98.8 nm). As shown in (F- Bottom panel), no size differences were found between EVs 

isolation via SEC (median 85.4 nm) and UC (84.0 nm). In contrast, data generated by NTA 

and DLS, TEM found no size differences between SEC and UC. The asterisks depict p-value 

< 0.05. 

 

Supplemental Figure 4: Polydispersity index (PDI, A-D) and surface charge (Zeta Potential, 

E-H) estimated by DLS. PDI: (A) There was no effect of passage on PDI, but an increasing 

trend in the median was noted. (B) Early passage EVs (P2-P5) displayed an average PDI of 

0.46, which is not different from late passage EVs (P9-P12) at 0.48 (Note that the graph 

depicts median, not average, in the boxplot). (C) EV samples isolated by size-exclusion 

chromatography (SEC) had a more heterogeneous-sized population distribution than EVs 



isolated by ultracentrifugation (UC). EVs separated by SEC had a PDI of 0.55 compared to 

0.38 demonstrated by UC-isolated EVs. (D) While PD measured in SEC samples tended not 

to change with increasing CPD, a more robust trend for PDI to increase with CPD was 

noted in UC samples.   Zeta Potential:  No effect of passage was observed overall (E), but 

significant differences were observed when Early passage was compared to Late passage 

(F).  (G) The surface charge of SEC EV samples was more negative than UC samples.  (H)  

The difference in surface charge between the isolation methods was affected more 

strongly by the length of culture expansion for UC-isolated EV samples but not by SEC-

isolated EV samples.  

 

  



Table S1. EVs generated per cell  
Passage Mean Previous 

Passage PDT 

(hours) 

Mean Time in 

Culture (hours) 

Cells Seeded Mean 

Population 

Doublings 

Mean 

Estimated Cell 

Count 

2 94.91 115.67 300,000 2.06 4.59x106 

3 74.67 124.33 300,000 2.19 4.79x106 

4 70.45 120.67 300,000 1.98 4.47x106 

5 50.72 110.17 300,000 2.09 4.64x106 

9 46.41 102.67 300,000 2.26 4.89x106 

10 39.70 77.0 300,000 2.07 4.61x106 

11 46.85 82.17 300,000 1.94 4.41x106 

12 71.72 79.33 300,000 1.66 3.99x106 

 
 
 
  



Table S2: Antibodies used for dot blot 
Antibody Clone Manufacturer Catalog Number Dilution 

CD9 HI9a BioLegend 312102 1:400 

CD63 H5C6 Novus Biologicals NBP2-42225 1:500 

CD81 1D6 Novus Biologicals NB100-65805 1:500 

ALIX 3A9 Santa Cruz Biotechnology Sc-53538 1:200 

CD142 Polyclonal Bioss Antibodies BS-4690R 1:300 

β-actin 2F1-1 BioLegend 643801 1:500 

HRP donkey anti-rabbit 

IgG 

Polyclonal BioLegend 406401 1:1000 

HRP goat anti-mouse IgG Polyclonal BioLegend 405306 1:2000 
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Zeta Potential vs. Isolation Method
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