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Abstract
Mesenchymal Stromal Cells (MSCs) have become a promising candidate for autologous cell therapy for a number of human pathologies, most notably in the 
treatment of auto-immune diseases. However, to achieve effective clinical dosing, relatively large numbers of these cells are required, making extensive in vitro 
expansion paramount. This poses an increased risk of contamination, starvation or over-expansion of cells during the cultivation process, likely affecting their integrity 
and quality. To prevent this from happening more efficient monitoring systems are urgently needed. Here we have tested a simple and non-destructive approach 
based on the Particle Tracking Analysis (PTA) platform for in-line monitoring of MSC health during expansion. The proposed approach relies on the surrogate 
measurements of MSC health through size analysis of extracellular vesicles (EVs) released by these cells into their microenvironment.  We have found that a range 
of growth stressors, such as over-expansion, serum depletion (mimicking starvation) or trace amounts of Lipopolysaccharide (simulating bacterial contamination) all 
result in perturbations in the EV profiles as well as significant changes in their modal and/or mean diameter values.
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Introduction
Mesenchymal Stromal Cells (MSCs) continue to generate much 

interest as autologous cell therapy products owing to high efficiency in 
wound and tissue repair [1] and unique immune-modulation abilities 
[2]. MSCs can either heighten an immune response when pathogens 
are present or reduce it when a heightened immune response is 
deleterious, such as in case of sterile inflammation [2]. Such properties 
have led many to refer to these cells as “guardians of inflammation” [2]. 
In addition to this, MSC have been shown to reduce T-cell responses 
[3], which along with a lack of class II and low levels of class I self-
recognition markers, [4] allows them to temporarily evade immune 
recognition. Such properties enable their applications as cell therapy 
products, provided these relatively rare cells can be expanded to suitable 
numbers in vitro to meet dosing requirements, with 1-2 million cells 
per kilogram of the recipient being the most commonly used number 
at present [5]. 

The need for extensive in vitro expansion during bioprocessing can 
prolong exposure to non-optimal biochemical and biophysical cues 
in the culture microenvironment, resulting in a range of undesired 
effects. In fact, the failure of at least one phase III clinical trial has been 
attributed to the over-expansion of these cells and the associated loss 
of quality [5]. The main issue seems to be the lack of clear guidance 
as to what represents the maximal expansion MSCs can undergo 
before losing their beneficial abilities. So far only one clinical trial 
has compared early and late passage cells with the conclusion that 
early cells were more efficacious than the older, late passage cells [6]. 
There is therefore a clear need for the development of effective quality 
monitoring systems for these cells in culture, which could circumvent 
the uncertainty associated with traditional labelling technologies, and 
more importantly abrogate the need for direct cell sampling strategies, 
which can introduce contamination of these high value products [7,8]. 

Here, we propose an attractive alternative approach for the 
assessment of health of MSCs in culture based on the analysis of size 
profiles of extracellular vesicles (EVs) secreted by the MSCs. EVs 
typically comprise 50 - 150 nm exosomes, 100 - 400 nm ectosomes 
and up to 1000 nm apoptotic bodies and have been shown to possess 
important characteristics of the parent cells [9]. In fact, it has been 
demonstrated that depending on the amount of nutrients in the media 
or the level of exhaustion of the cells, biochemical composition of 
the secreted EVs might vary [10]. We demonstrate here for the first 
time, that the size characteristics of the secreted EVs also reflect the 
health of the parent cells exposed to extreme conditions in culture. 
Particle Tracking Analysis (PTA) platform, which is well suited for size 
measurements of polydispersed and multimodal samples in suspension 
such as EVs [11], being a number-based [12], rather than an ensemble 
technique like e.g. Dynamic Light Scattering [13], was used in this study 
to monitor the MSC derived EVs. EVs showed significant changes in 
their size distribution profiles as well as modal and/or mean diameter 
values upon the adverse culture conditions tested here, such as the 
lack of nutrients (reduced supplementation with serum), bacterial 
contamination (added Lipopolysaccharide, ‘LPS’) and over-expansion. 
Thus PTA profiling of the EVs demonstrated here has potential to 
provide a basis for the future development of in-/at-line monitoring 
strategies in the field of cell therapies.
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Materials and Methods 
Cell culture  

Three bone marrow MSC lines were obtained from commercial 
suppliers (Rooster Bio cat. MSC-001 ‘MSC1’, ScienCell cat. 7500 
‘MSC2’ and PromoCell cat.C-12974 ‘MSC3’). Master stocks were 
generated in the suppliers recommended media following the supplied 
protocol for each line. For all experiments the cells were incubated in a 
humidified incubator at 5% CO2, 37 °C. The cells were passaged in vitro 
in a common media, D10 (DMEM, Gibco, cat. 41965-039 containing 
10% FBS, Gibco, cat. 16000-044) following an identical passaging and 
banking protocol. The cells were expanded for at least one passage (7 
days) in D10 prior to commencement of experiments. The cells were 
seeded into T175 flasks at 4’000 cells per cm2 and grown for 7 days per 
passage with media replenished 2-3 times per week. Aliquots of cells 
were banked at each passage for later analysis. Expansion was stopped 
when the doubling time of the cells approached 5 days. The exception 
to this was the MSC2 line which showed a high doubling time even at 
the first analysis passage (Table S1).

For each MSC line (MSC1, MSC2 and MSC3) 3 separate passages 
were removed from liquid nitrogen storage one passage prior to the 
desired target passage. The cells were revived for 5 days as described 
above before transferring into 6-well plates (in triplicate) at 20’000 
cells per cm2 with 0.3 mL/cm2 D10 per well. Excess cells from each 
line and passage were also used to seed 24-well plates for senescent 
cell detection. After resting for 24 hours the media was removed and 
the cells washed 3x with 4 mL PBS (Gibco cat. D8537) per well prior 
to addition of exosome depleted D10 (exo-D10, DMEM, Gibco, cat. 
41965-039 containing 10% exosome depleted FBS, Gibco, cat. A27208-
03) at a volume of 0.2 mL/cm2. The exception to this was for serum 
depletion experiments. Identical media volumes were also added to 
empty wells (without any cells). The cells and media were placed in the 
incubator, prior to collecting after 24 hours and processing according 
to the EVs harvest and purification protocol.

Experiments with varied LPS and FBS content added to the cells 
were performed in triplicate on MSC1 line at the early passage ‘E’ 
level. The experiments were performed on three different days using 
different expansions of cell from banked stocks one passage before 
desired, as described above. After seeding at 20’000 cells per cm2 in 
to 0.3 mL/cm2 D10 in 6-well plates and resting for 24 hours the media 
was removed and the cells were washed 3x with PBS. LPS (Sigma-
Aldrich cat. L4391) at a concentration varied from 0 pg/mL to 5 μg/
mL was prepared in exosome depleted D10 media and then added to 
the cells at a final volume of 0.2 mL/cm2. After 24 hours the media was 
collected and processed according to the EVs harvest and purification 
protocol. For FBS titrations an identical procedure was followed with 
the exception that the starting 10% exosome depleted media was used 
and serial dilutions set up in DMEM media (no exogenous FBS).

Determination of cell senescence levels 

Senescent cells were detected using a commercial kit (Senescence 
Cells Histochemical Staining Kit, Sigma-Aldrich, cat. CS0030) 
following the supplied protocol for that kit. Briefly, excess cells from 
each line and passage were transferred in triplicate to 24-well plates at a 
density of 1’000 cells per cm2 in 0.3 mL of D10 per well. After 24 hours 
the media was replaced by a further 0.3 mL of D10 per well and the cells 
returned to the incubator for a further day. After this time the media was 
removed, the cells washed 1x PBS before fixing the cells in 1x fixative 
(supplied with the kit) for 7 min at room temperature. The fixative 

was then removed, the cells washed 3x with PBS before the addition 
of β-galactosidase staining solution. The cells were incubated at 37 °C 
overnight in ambient CO2 levels. The next day the stain was removed 
and the wells rinsed with PBS before adding 70% glycerol to the wells 
(v/v glycerol, Sigma-Aldrich, cat. G5516) and storing the plates at 4 °C 
until imaging. Images were taken from each of the triplicate wells at 
10x magnification using a Palm LCM Zeiss (27 images per condition) 
and the number of total and stained blue (senescent) cells manually 
counted. 

EV harvest and purification 

Collected cell culture media was transferred to plastic tubes 
(Eppendorf Protein LoBind, Fisher Scientific cat. E925000092) and 
centrifuged at 2’000 g for 30 min in a Pico17 centrifuge to remove cell 
debris. Around 900 µL of sample was then transferred to a fresh tube 
and 450 µL of Exosome Isolation Reagent (Invitrogen 4478359 lot. 
0054664) was added. The tubes were inverted before vortexing for 3-5 
seconds and placing overnight at 4 °C. The following day the samples 
were transferred to a Jouan BRi4 centrifuge and centrifuged at 10’000 g 
for 1 hour at 4 °C. The supernatant was then removed and 700 µL of 0.2 
μm filtered PBS (D8537 lot. RNBG4118) was added per tube and the 
tubes stored at -80 °C until PTA analysis.

PTA analysis of the EVs 

PTA measurements and analysis of the recorded movies were 
performed with the NanoSight NS500 model, manufactured by 
Malvern Panalytical and equipped with a violet diode laser light source 
(405 nm CW, max power<60 mW), an EMCCD camera and NTA3.2 
software. The instrument was thoroughly cleaned at the beginning of 
each day and the number of particles seen in the blank sample (0.2 
μm filtered PBS used as dispersant for MSCs EVs) was determined 
prior to analysis of the MSCs EVs samples. Temperature was set and 
maintained at 25 °C throughout the analysis. Camera levels were set by 
the user and kept the same for all samples, focus levels were adjusted 
accordingly on each day of the analysis. Each aliquot was measured 
at least five times under repeatability conditions with a fresh portion 
of the sample loaded before each 60s long measurement. Detection 
threshold was set by the user to 5 and kept constant throughout the 
analysis. Alongside EVs samples, polystyrene particles from Thermo 
Scientific (3100A, nominal diameter of 100 nm) were measured for 
quality control purposes. Around 50-100 particles per field of view 
were seen depending on the sample, resulting in a minimum of ~2’000 
completed tracks per video. Data shown represent mean +/- standard 
deviation from all replicate measurements.

Results 
Three commercially available MSCs lines were chosen for this 

study. In the first instance we assessed the consistency in the mean 
and modal diameter values as well as the size distribution profiles of 
EVs produced by the MSC1 line grown under normal conditions (early 
passage ‘E’, endotoxin and antibiotic free exosome depleted DMEM 
media supplemented with 10% exosome depleted FBS, grown for 24 
hours at 37 °C in a humidified air balanced with 5% CO2 incubator). A 
total of 9 independent experiments were performed on MSC1E over the 
duration of 24 months and using different expansions of the cells from 
masterbank stocks. Purified MSC1E EVs were examined alongside EVs 
derived from cell culture media only (no cells in the well) analysed 
on 11 separate occasions. PTA measurements of mean and mode 
EVs diameters derived from MSC1E and FBS (Figure 1) were highly 
reproducible, with the relative standard deviation (RSD) of better than 
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10% for the mode and 15% for the mean achieved. Statistical analysis 
with the student t-test showed that EVs derived from MSC1E were 
significantly different in their mode and mean sizes from the EVs of 
bovine origin (Table 1), with an average modal diameter 110.9 nm and 
mean of 180.9 nm.

Effect of MSC age 

Size characteristics of the EVs secreted by the cells of different 
passage number, were then compared against the level of senescence 
(Table 2). Small changes were observed in the size distribution profiles 
of the three tested MSC EV samples that tended towards an observed 
increase in EV size with increasing passage. This was reflected by 
observed changes in the mean and modal diameters (Figure 2B), with 
EVs secreted by the early passage cells being smaller overall than EVs 
from late passage cells. Although this trend can be seen in all tested 
scenarios, a statistically significant change was seen for modal diameter 
in case of MSC1 line and mean diameter for MSC2 and MSC3 lines. 
This seems to be correlated with the level of cell senescence (Figure 2C) 
showing only up to 19.9% for the MSC1 line at the late passage, whilst 
over 40% for MSC2 and MSC3 lines. For relatively young cells modal 
EVs diameter, representing the most abundant size fraction seems a 
better measure of age-triggered changes than mean size representing 
average size of all the sub-fractions of EVs present.

Effect of MSC exposure to varied LPS levels

MSCs are known for their ability to modulate the response of 
the immune system through various triggers. For example, they can 
respond to bacterial endotoxin such as LPS via the Toll-like-receptor 
4 (TLR4) and this epitope engagement can switch these cells from 
an anti-inflammatory to an inflammatory state [14]. We therefore 
examined the MSCs response to this endotoxin, by measuring the EVs 

sizes and size profiles with PTA. LPS was added to cell culture at varied 
levels, starting from the amounts at which no contamination would be 
visible by the naked eye (i.e. turbid appearance of the media) and even 
below levels allowed to be present in endotoxin-tested sterile water, up 
to levels representing media contaminated with relatively high levels of 
bacterial contamination, exceeding those already visible by the naked 
eye. MSC1E cells treated with modest levels of LPS (10 pg/mL - 100 
ng/mL) for 24 hours already showed a distinct shift in the PTA size 
profiles (Fig. 3 top), corresponding to a significant increase in the 
modal diameter values from 116.8 ± 0.4 nm (average ± SD, n=3) for 
0 pg/mL LPS to 141.6 ± 4.0 nm (average ± SD, n=3) for 100 pg/mL 
LPS and 141.9 ± 4.4 nm (average ± SD, n=3) for 100 ng/mL LPS (Fig. 
3 bottom). Although, not statistically significant, even at the lowest 
tested dose of LPS (10 pg/mL), an upwards trend in the EVs modal 
diameter can already be seen (to 123.8 ± 3.0, average ± SD, n=3). At the 
highest tested dose (250 ng/mL and 1 μg/mL) the modal sizes and size 
distribution profiles reverted to the baseline levels. Although there was 
no significant change in the EVs at any dose, a similar trend to that of 
the mode was observed (Figures S2 and S3). 

Effect of serum depletion

We next mimicked a sub-optimal feeding regime by exposing 
MSC1E cells to declining levels of FBS in culture media, from between 
10% (typical) to 0% final concentration for 24 hour duration (Figure 4). 
There was a change in the EVs size profiles (Figure 4 top) and a gradual 
increase in the EVs modal diameter values as the serum levels declined 
(Figure 4 bottom). Statistically significant changes from 111.6 ± 3.6 nm 
(average ± SD, n=3) measured for 10% FBS supplementation were seen 
at all tested serum depletion levels, with EVs diameter increasing to 
123.7 ± 0.7 nm for 5% FBS, 129.3 ± 5.3 nm (average ± SD, n=3) for 2%, 
137.4 ± 7.8 nm (average ± SD, n=3) for 1% and finally 132.5 ± 7.2 nm 
(average ± SD, n=3) for 0% FBS present. In a similar fashion to the LPS 
titration, there was no significant changes to the EVs mean diameter 
values in response to FBS depletion.

Discussion
We have demonstrated that size distribution profiles of EVs 

measured with PTA are fairly consistent and representative of the 
health of cultured cells, such as MSCs, providing the cell seeding 
numbers and the volume of added cell culture media were constant. 
With RSD (n=9 for MSC EV and n=11 for FBS EV) better than 10% 
for the modal and 15% for mean diameters, significant differences 
between the MSCs and FBS derived EVs were seen (Fig. 1) with both, 
mean and modal diameter of the bovine EVs being much smaller than 
those of MSCs derived EVs and clearly distinguishable with PTA. This 
is of critical importance when interpreting the experimental data. Even 
when exosome-depleted media is used throughout, such media still 
contains some level of FBS derived EVs, with only about 90% depletion 
guaranteed by the manufacturer of the media used in the research 
presented here. 
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Figure 1. PTA analysis of MSC and FBS derived EVs show significant difference.  Mean 
and modal diameters of EV derived from MSC1E and FBS are shown. Data represent 
average ± SD from 9 (for MSC) or 11 (for FBS) independent experiments. Significance 
levels were assessed with student t-test, p<0.001 is marked with ‘**’ indicating statistically 
very significant data sets

Parameter EV origin Average 
(nm)

SD RSD
p*

(nm) (%)
Mode 
diameter

MSC 110.9 5.7 5.1
<0.001

FBS 87.5 8.7 10
Mean 
diameter

MSC 180.9 21.3 11.8
<0.001

FBS 135.5 18.4 13.6

Table 1. PTA analysis of MSC and FBS derived EVs (n=9 for MSC and n=11 for FBS).

*Calculated with student t-test

Cell line Relative cell 
passage

Modal EV 
diameter (nm)

Mean EV 
diameter (nm)

Senesce level
(%)

MSC1
early 104.3 ± 0.7 159.8 ± 10.2 7.1 ± 3.0
late 116.2 ± 9.4 165.9 ± 12.5 19.9 ± 4.4

MSC2
early 110.9 ± 4.4 167.3 ± 10.2 19.9 ± 2.7
late 115.8 ± 5.9 204.6 ± 17.1 46.7 ± 12.1

MSC3
early 111.7 ± 7.3 163.7 ± 12.5 3.9 ± 2.0
late 119.9 ± 3.8 208.4 ± 33.5 40.7 ± 10.2

Table 2. PTA analysis of MSC derived EVs (average ± SD, n=3) and the associated 
senescence levels at early and late cell passage
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Figure 2. MSCs age effect on EVs profiles.  EVs profile changes between early (black line) and later passage (red line) cells measured with PTA (A).  PTA mean and the modal 
diameter of the EVs secreted by cells in the late and earlier passages shown as average ± SD, n=3 and significance (student t-test) marked with ‘*’ for p<0.05 and ‘ns’ for p ≥ 
0.05 (B). Representative images or early and late passage cells, where the senescent cells (arrows) are stained blue with β-galactosidase, scale bars are 150 μm and correlation 
between the senescence levels of the cells and the EVs mean diameter shown as average ± SD, n=3 (C)
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Figure 3. LPS dose effect on EVs profiles.  Changes in the EVs profiles measured with PTA in response to LPS between 0 pg and 1 μg added into the MSCs culture (top).  PTA modal 
diameter of the EVs secreted by the cells shown as average ± SD, n=3 and significance (student t-test) marked with ‘*’ for p<0.05 and ‘ns’ for p ≥ 0.05 measured against 0 pg LPS control 
(bottom)
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The health of cultured cells can be affected by many factors, the 
most common being bacterial contamination, insufficient amount 
of nutrients and over-expansion. We have tested the impact of all 
these extreme conditions on the profiles of EVs secreted by the MSCs 
and have found significant changes in their size distribution profiles 
from the EVs derived from cells grown in the optimal environment. 
Broadening of the EVs size distribution profiles in conjunction with 
multimodal appearance occurred as the cells progressed in culture 
from early to late passage, concurrent with increased levels of cellular 
senescence (Figure 2). This corresponded with a significant increase 
in the EVs modal diameters and could be a good measure of over-
expansion, which has been linked with the failure of at least one clinical 
trial featuring MSCs [5]. An increase in the modal EVs diameter was 
also seen as a result of MSCs response to LPS. Although, correlation 
between the bacterial endotoxin levels, such as LPS, and the number 
of bacteria present is quite variable, depending on the type of bacteria 
as well as the phase of bacterial growth, it can be approximated that 
100 pg/mL LPS added to cell media is roughly 1’000-fold less than the 
level of contamination detectable by a naked eye (around 1.5 x 108 
colony forming units per mL or 0.5 on the McFarlane scale)[15]. Even 
at these trace amounts of LPS (100 pg/ml), the effect on the profiles of 
MSCs derived EVs was significant, with an increase of around 25 nm 
of the mode size above that of the MSC1E grown in optimal, LPS-free 
conditions (Figure 3). At the highest amounts used (250 ng/mL and 1 
μg LPS/mL) the mode sizes were no different from the control and this 
may be due to a “rebound effect” where the highest response of the cells 
to these levels occurred before the 24-hour analysis end-point. However, it 
is the response of the cells to the low doses of endotoxin that is of particular 
interest as this data alone highlights the danger of using antibiotics (which 
may mask a low-level bacterial contamination) during clinical expansion 
of these cells. If the cells are reacting to LPS, present even at such low 
levels, then they are reacting to it in a way that may convert them from a 
beneficial anti-inflammatory phenotype to an inflammatory one, which is 
likely to hinder the outcomes of their use in the clinic.

Finally, we examined the effects of culturing the MSC1 line in 
reduced or sub-optimal levels of serum over a 24 hour period (Figure 4). 
In a similar manner seen with LPS titration there was a steady increase 
in the modal diameters of the EVs as the serum level decreased. This 
suggests that PTA can also serve as an indirect tool for detecting the 
effect of changes in the levels of nutrients present in the cell media. This 
observation also highlights that care must be taken when interpreting 
and comparing the EVs literature data from cells grown in low or no 

serum, since the PTA profiles of EVs derived from cells grown in such 
conditions are not the same. 

Conclusion
We have demonstrated that PTA could offer a universal and non-

destructive surrogate tool to monitor the health of MSCs in culture, 
simply by detecting changes in the EVs size profiles secreted by 
these cells upon exposure to extreme cases of non-ideal conditions 
and environmental factors, such as bacterial contamination, loss of 
nutrients or over-expansion. 
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