
MIT Open Access Articles

Microfluidic separation of canine adipose-
derived mesenchymal stromal cells

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Liu, Zhuoming, Screven, Rudell, Yu, Debbie, Boxer, Lynne, Myers, Michael J et al. 
2021. "Microfluidic separation of canine adipose-derived mesenchymal stromal cells." Tissue 
Engineering Part C Methods, 27 (8).

As Published: 10.1089/TEN.TEC.2021.0082

Publisher: Mary Ann Liebert Inc

Persistent URL: https://hdl.handle.net/1721.1/143613

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of Use: Article is made available in accordance with the publisher's policy and may be 
subject to US copyright law. Please refer to the publisher's site for terms of use.

https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/143613


METHODS ARTICLE

Microfluidic Separation of Canine Adipose-Derived
Mesenchymal Stromal Cells

Zhuoming Liu, PhD,1 Rudell Screven, MS,1 Debbie Yu, PhD,2 Lynne Boxer, DVM,3 Michael J. Myers, PhD,1

Jongyoon Han, PhD,2 and Laxminarayana R. Devireddy, DVM, PhD1

Mesenchymal stromal cells (MSCs) are potential treatments for a variety of veterinary medical conditions. However,
clinical trials have often fallen short of expectations, due in part to heterogeneity and lack of characterization of the
MSCs. Identification and characterization of subpopulations within MSC cultures may improve those outcomes.
Therefore, the functional heterogeneity of different-sized subpopulations of MSCs was evaluated. A high-throughput,
biophysical, label-free microfluidic sorting approach was used to separate subpopulations of canine adipose-derived
MSCs (Ad-MSCs) based on size for subsequent characterization, as well as to evaluate the impact of culture conditions
on their functional heterogeneity. We found that culture-expanded canine Ad-MSCs comprise distinct subpopulations:
larger MSCs (mean diameter of 18.6 – 0.2mm), smaller MSCs (mean diameterof 15.3 – 0.2mm), and intermediate MSCs
(mean diameter of 16.9 – 0.1mm). In addition, proliferation characteristics, senescence, and differentiation potential of
canine Ad-MSCs are also dependent on cell size. We observed that larger MSCs proliferate more slowly, senesce at
earlier passages, and are inclined to differentiate into adipocytes compared with smaller MSCs. Most importantly, these
size-dependent functions are also affected by the presence of serum in the culture medium, as well as time in culture. Cell
surface staining for MSC-specific CD44 and CD90 antigens showed that all subpopulations of MSCs are indistin-
guishable, suggesting that this criterion is not relevant to define subpopulations of MSCs. Finally, transcriptome analysis
showed differential gene expression between larger and smaller subpopulations of MSCs. Larger MSCs expressed genes
involved in cellular senescence such as cyclin-dependent kinase inhibitor 1A and smaller MSCs expressed genes that
promote cell growth [mechanistic target of rapamycin 1 (mTORC1) pathway] and cell proliferation [myelocytomatosis
(myc), e2f targets]. These results suggest that different subpopulations of MSCs have specific properties.

Keywords: microfluidics, cell size, multipotentiality

Impact Statement

Clinical trials of mesenchymal stromal cells (MSCs) from veterinary species have often fallen short of expectations, due in
part to heterogeneity and lack of characterization of the MSCs. A high-throughput, biophysical, label-free microfluidic
sorting approach was used to separate subpopulations of canine adipose-derived MSCs (Ad-MSCs) based on size for
subsequent characterization. Proliferation characteristics, senescence, and differentiation potential of canine Ad-MSCs are
also dependent on cell size. Cell surface staining for MSC-specific cell surface markers showed that all subpopulations of
MSCs are indistinguishable, suggesting that this criterion is not relevant to define subpopulations of MSCs.

Introduction

Mesenchymal stromal cells (MSCs) are culture-
expanded, plastic-adherent progeny derived from

tissue-resident mesenchymal progenitors.1–3 These cells are

typically culture expanded in a two-dimensional culture
system as a polyclonal population and may be cryobanked
for future clinical use.2 The most prevalent source of MSCs
for veterinary clinical use is adipose tissue, followed by
bone marrow and umbilical cord.4,5 The relative merits of
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availability and ease of isolation and expansion of MSCs
from adipose tissue have led to the development of adipose-
derived MSC (Ad-MSC)-based therapies for use in alloge-
neic unrelated recipients for an array of ailments.4,6,7

Clinically, the utility of MSCs lies in their ability to in-
fluence repair of damaged tissue, alter the inflammatory
response, and affect the functionality of bystander innate
and adaptive immune cells.8–11 Clinical trials to evaluate the
therapeutic potential of MSCs for tissue regeneration and
anti-inflammatory action have been initiated based on en-
couraging data from preclinical work in animal models and
in vitro studies.12–17 These clinical trials have revealed a
marked heterogeneity in outcomes, ranging from a complete
cure to no clinical benefit.14,16,17,18

The dissonance between preclinical and clinical outcomes
may be due to discrepancies in clinical trial design, dosage,
and route of MSC administration.13 In addition, diverse
therapeutic targets, severity of disease, variations in MSC
sources (both donor and tissue), and different manufacturing
conditions such as priming with cytokines and different
storage procedures, MSC dosage, and route of administra-
tion are challenges to translating the therapeutic promise of
MSCs into clinical effectiveness.12,13

A limiting factor in the development of efficacious MSC-
based therapies is that these cells are heterogeneous and
subject to functional alterations based on processing and
culture conditions.19 Although MSC functional heteroge-
neity has been recognized, its effect on preclinical and
clinical outcomes has not been fully investigated. A multi-
tude of factors contribute to functional heterogeneity of
MSCs, including differences in donor and tissue sources, as
well as differences in manufacturing processes such as
culture conditions, including density of plating, culture
medium, media supplements like fetal bovine serum (FBS),
presence of oxygen, inclusion of growth factors like cyto-
kines, culture duration and degree of expansion, and the
method of cryopreservation.13 In addition, methods rou-
tinely used to isolate MSCs yield populations that exhibit
heterogeneity in terms of morphology, growth rate, prolif-
eration, differentiation, and potency in function-based as-
says.20 Additionally, cell surface markers used to define
MSCs do not relate phenotype to function.3,20 Further
characterization is necessary to determine whether MSC
preparations used in clinical trials are similar in composition
and biological function. Traditional approaches have veri-
fied the multipotency of MSCs through in vitro experiments
that quantify MSC capacity to form clones and differentiate
along multiple lineages.13,14,21 These assessments are ret-
rospective and assume different subpopulations of MSCs are
functionally equivalent. Thus, there is a need for develop-
ment of methods to identify MSC subpopulations of pre-
dictable potency without labeling or differentiating these
cells. This study was undertaken to identify and characterize
distinct subpopulations of canine MSCs.

Variation in size is observed in heterogeneous MSC
populations.20 Size can potentially serve as an indicator of
cell function. Researchers have used methods that size
separate cells to evaluate the effects of different cell diam-
eters and how size relates to a given function.20,22,23 Our
hypothesis is that cell size is a predictor of function.

To test this, herein, we used a high-throughput, bio-
physical, label-free microfluidic sorting approach to separate

subpopulations of canine Ad-MSCs based solely on their
size for subsequent characterization, and to evaluate the
impact of culture conditions on the functionality of these
subpopulations. We found that a subpopulation of larger
canine Ad-MSCs with a mean diameter of 18.6 – 0.3 mm
proliferate more slowly, senesce at earlier passages, and are
inclined to form adipocytes compared with a subpopulation
of smaller MSCs with a mean diameter of 15.3 – 0.4 mm. We
also found that proliferation and differentiation character-
istics of MSCs are largely influenced by culture conditions
and time in culture. Even though larger and smaller MSC
subpopulations are functionally distinct, immunophenotyp-
ing that is routinely used to characterize MSCs failed to
discern these subpopulations. We demonstrate that labeling
for MSC cell surface markers does not distinguish between
these distinct subpopulations, suggesting that this criterion
is not relevant to define different MSC subpopulations.
Finally, there are significant differences in gene expression
among these subpopulations, indicating heterogeneity based
on MSC size. Altogether, this work provides a strategy for
identifying functional subpopulations of MSCs that could
facilitate manufacturing of quality cellular therapies through
better understanding of functional heterogeneity.

Method

Serum-containing medium

Serum-based medium consisted of Dulbecco’s modified
Eagle’s medium (DMEM) with low glucose (Catalog No.
D5523; Sigma, St. Louis, MO) dissolved into tissue culture
grade water (Catalog No. 17-724Q; Lonza, Walkersville, MD),
filter sterilized, and supplemented with 4 mM GlutaMAX
(Catalog No. 35050-061; Thermo Fisher Scientific, Pittsburgh,
PA), 1 · Antibiotic–Antimycotic (Catalog No. 15240-62;
Thermo Fisher Scientific), and 10% heat-inactivated FBS
(Catalog No. SH30070.03HI; HyClone, Logan, UT).

Serum-free medium

Serum-free medium composition and its preparation was
described in detail in our previous study.24

Donor animals

Canine Ad-MSC donor specifications are listed in Table 1.
The Center for Veterinary Medicine, Office of Research
Institutional Animal Care and Use Committee (IACUC) ap-
proved the purchase of adipose tissue from Biorecla-
mationIVT (Westbury, NY). In addition, the IACUC also
approved the site of fat tissue collection and the amount of fat
tissue. Donors were considered healthy based on physical
examination reports, current vaccination records for rabies,
distemper, parvo, parainfluenza, and canine adenovirus, and
negative test results for heartworm disease and blood-borne
pathogens, such as Anaplasma, Babesia, Ehrlichia spp., and
Borrelia.

Experiment

Culture of canine Ad-MSC

About 50 g of canine subcutaneous adipose tissue from
the abdominal area of six donors was purchased from
BioreclamationIVT. The tissue samples were thoroughly
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rinsed with warm phosphate-buffered saline (PBS; Catalog
No. 10010031; Thermo Fisher Scientific, Carlsbad, CA)
containing 5% Antibiotic–Antimycotic solution (Catalog
No. 15240062; Life Technologies, Carlsbad, CA). The tis-
sue was placed in a sterile culture dish and minced with a
scalpel into an enzymatic solution containing 500 CDU/mL
of Type 4 collagenase (Catalog No. LS004188; Worthing-
ton, Lakewood, NJ). The enzymatic digestion was continued
at 37�C. The reaction was stopped by adding DMEM con-
taining 10% FBS when <5% of the initial tissue remained by
visual examination. The mixture was allowed to separate
at room temperature (RT) and the nonbuoyant fraction was
collected into a fresh tube. Cells were collected by cen-
trifugation at 400· g for 5 min at RT. Collected cells were
washed with PBS containing 2% Antibiotic–Antimycotic
solution for a total of three washes. Cells were suspended
in red cell lysis buffer (Catalog No. A1049201; Thermo
Fisher Scientific, Pittsburgh, PA) and incubated on ice for
10 min to remove contaminating erythrocytes. Cells were
separated from lysed erythrocytes by centrifugation at
400· g for 5 min at RT. Cells were washed twice with PBS
containing 2% Antibiotic–Antimycotic solution to remove
traces of red cell lysis buffer. Cells were finally suspended
into serum-containing or serum-free medium. Cell counts
were determined using an automated cell counter. Cells
were plated at a density of 30,000 cells/cm2 and cultured in
serum-containing or serum-free medium at 0.32 mL/cm2.
Two days later medium was replaced to remove unat-
tached cells.

When well-developed colonies appeared, cells were har-
vested by trypsinization and suspended in 90% medium, in
which they were cultured, supplemented with 10% DMSO
(Catalog No. D8418; Sigma), and cryopreserved in liquid
nitrogen. To assess cell viability, a vial was thawed rapidly
in a 37�C water bath and recovered cells were diluted with
9 mL of serum-containing or serum-free medium, and
centrifuged at 200 · g for 10 min at RT. Cell pellets were
gently suspended in serum-containing or serum-free me-
dium and cell viability and cell numbers were assessed after
staining with Trypan Blue in an automated cell counter
(Countess, Invitrogen, Carlsbad, CA). Cells were plated at a
density of 30,000 cells/cm2 in serum-containing or serum-
free medium and these cells were designated as first passage
(P1). Confluent (* 80%) monolayers of MSCs were serially
passaged to a maximum of three passages in serum-
containing or serum-free medium.25 The total number of
times the MSCs in a given population doubled during cul-
ture were dependent on passage number. At P1, in serum-
containing medium there were 1.6–2.2 population doublings
(PDs), whereas in serum-free medium there were 2.2–2.6

PDs. The cumulative PDs up to passage 3 (P3) for MSCs in
serum-containing medium were 4.1–6.3, whereas for MSCs
in serum-free medium were 6.2–7.6.

Size-based sorting of canine Ad-MSCs

Canine Ad-MSCs were sorted as a function of suspended
cell diameter using a trapezoidal and spiral microfluidic
channel (Fig. 1A). This inertial spiral microfluidic device
was fabricated in polydimethylsiloxane (PDMS) using
standard microfabrication soft lithographic techniques de-
scribed previously.26,27 The master mold with specific
channel dimensions was designed using SolidWorks Soft-
ware and then fabricated by micro milling machine (Whits
Technologies, Singapore) on aluminum for PDMS casting.
The PDMS replica was fabricated by molding degassed
PDMS (mixed in a 10:1 ratio of base and curing agent,
Sylgard 184; Dow Corning, Hayward, CA) on the mold and
baking in the oven for 1 h at 90�C. The fluidic access holes
were punched inside the device using Harris Uni-Core
puncher (Catalog No. WHAWB100073; Sigma) and the de-
vice was irreversibly bonded to a thick layer of plain PDMS
using a plasma machine (Harrick Plasma, Ithaca, NY). The
assembled device was finally placed inside an oven at 70�C
for 30 min to further enhance the bonding strength. The spiral
microfluidic device was crafted such that it has a single inlet
and two outlets and exhibited a trapezoidal cross-section of
80mm inner depth, 130mm outer depth, with an overall width
of 600mm (Fig. 1A). This device was designed for a high-
throughput separation with separation speeds achieving as
high as 0.35 million cells per minute.

Subconfluent canine Ad-MSCs from all six donors were
harvested by trypsinization. Cells were suspended at
100,000 cells/mL in either serum-containing or serum-free
medium. Suspended Ad-MSCs were then introduced into
the microfluidic sorter with a PHD ultra infusion/with-
drawal pump (Catalog No. 703006; Harvard Apparatus,
Holliston, MA) at differing flow rates, initially at 3.5 mL/
min (high flow rate) followed by 1.5 mL/min (low flow
rate; Fig. 1B). These flow rates separate MSCs into dif-
ferent trajectories at different lateral positions along the
sorter under the influence of inertial lift. Canine Ad-MSCs
with broad size distribution were initially sorted at a
higher flow rate to separate MSCs of larger diameter from
the rest of the population and were collected at the inner
outlet. Canine Ad-MSCs exiting the outer outlet were re-
introduced into the sorter again at a lower flow rate to
separate Ad-MSCs of smaller diameter and were collected
at the outer outlet. Sorted cells were examined under a
Nikon Eclipse Ti2 microscope both in suspension and

Table 1. Canine Adipose-Derived Mesenchymal Stromal Cell Donors

Animal number Breed Age (years) Gender Cell yielda Experiment number

Donor 1 Beagle 3.8 Female 4.47 · 105 Figures 6 and 7 and Supplementary
Figures S1, S4–S6Donor 2 Beagle 3.2 Female 0.93 · 106

Donor 3 Beagle 3.0 Female 0.68 · 106

Donor 4 Beagle 4.0 Female 1.12 · 105 Figures 1–5 and Supplementary Figure S2
Donor 5 Beagle 3.5 Female 1.10 · 105

Donor 6 Beagle 2.3 Female 0.68 · 105

aCell yield is per gram of adipose tissue.
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adherence to examine the success of separation. Cell-
spread areas of unsorted and sorted Ad-MSCs were cal-
culated using IncuCyte live-cell analysis imaging system
(Essen Bioscience, Ann Arbor, MI).

Canine Ad-MSC proliferation assays

Proliferation rates of canine Ad-MSCs were measured as
previously described.25 Proliferation of unsorted and sorted
canine Ad-MSCs from Donors 4 to 6 was examined by
analyzing the area occupied by cells (i.e., cell confluence)
over time by IncuCyte Zoom based on area (confluence)
metrics. Population doubling time (PDT) was calculated as
previously described.25 The extent of cell proliferation at
different passages, expressed as PD, was calculated using
the formula:

PD¼ [ log 10(NH)� log 10(N1)]

log 10(2)

where NH is the harvested cell number and N1 is the plated
cell number. At each passage, the PDT, was calculated using
the formula:

PDT ¼ [ log 10(2) · t]

[ log 10(NH)� log 10(N1)]

where NH is the harvested cell number and N1 is the plated
cell number. Cells were also observed under a Nikon
Eclipse Ti2 microscope and photographed at defined inter-
vals to document morphology.

Canine Ad-MSC colony-forming unit–fibroblast assay

To determine the clonogenicity of canine Ad-MSCs, we
size sorted MSCs at P1 and P3 from Donors 4 to 6 (see
Table 1). Approximately 50 unsorted or sorted MSCs per
well were plated in triplicate onto six-well plates (Corning,
Rochester, NY) and cultured in either serum-containing or
serum-free medium. Growth medium was replaced every
3 days. Colony-forming unit–fibroblast (CFU-F) colonies
with at least 25 cells or >2 mm in diameter were visualized
and enumerated following staining with Crystal Violet
(0.5% solution; Catalog No. C0775; Sigma). CFU-F colo-
nies were photographed using IncuCyte Zoom (Essen
Bioscience).

FIG. 1. Microfluidic-based size sorting of cultured canine Ad-MSCs. (A) Top, spiral microfluidic sorter. Suspended
canine Ad-MSCs were pumped into the sorter at the inlet using a syringe pump and subpopulations of MSCs of differing
diameter were obtained at the two outlets. Bottom, cross-sectional view of the sorter. Pumped MSCs travel spirally and
during their path, cells are separated based on inertia, with MSCs of larger diameter traveling slowly and accumulating near
the inner wall and MSCs of smaller diameter traveling faster on the outer wall. (B) Schematic for separation of MSCs based
on size. (C) Suspended and adherent morphology of the resultant sorted canine Ad-MSCs from Donor 1 at P1 with varying
diameter collected at the inner and outer outlets. (D) Suspended diameter of unsorted and sorted canine Ad-MSCs at P1.
More than 20 cells each from Donors 4 to 6 were used to determine the mean diameter. (E) Cell spread area of unsorted and
sorted canine Ad-MSCs Donor 2 at P1. Spread area was determined using the IncuCyte ZOOM live-cell imaging system.
Data are expressed as mean – SD, with p < 0.05 indicated. Ad-MSCs, adipose-derived mesenchymal stromal cells; P1, first
passage; SD, standard deviation.
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Canine Ad-MSC senescence assay

To assess the senescence of canine Ad-MSCs, we size
sorted MSCs at P3 from Donors 4 to 6 (Table 1). Both
unsorted and sorted MSCS were subjected to b-
galactosidase staining using a kit from Cell Signaling
Technologies (Danvers, MA) as per the manufacturer’s in-
structions (Catalog No. 9860S). Stained cells were photo-
graphed using a Nikon Eclipse Ti2 microscope.

Canine Ad-MSC flow cytometry

Unsorted and size-sorted canine Ad-MSCs at P3 from
Donor 1 were incubated in a blocking solution containing in
1· PBS supplemented with 5% FBS. Cells were recovered
by centrifugation and stained with anti-CD14 coupled to
fluorescein isothiocyanate (FITC) (Catalog No. 557153,
IgG2a, k; BD Biosciences, La Jolla, CA), anti-CD34 cou-
pled to phycoerythrin (PE) (Catalog No. 12-0340-42, IgG1;
eBioscience, San Diego, CA), anti-CD44 coupled to FITC
(Catalog No. 11-5440-42, IgG2a, k; eBioscience), and anti-
CD90 coupled to PE (Catalog No. 12-5900-42, IgG2b;
eBioscience) antibodies or matching isotype controls as
described previously.25 After incubation in the dark, cells
were washed twice with a wash buffer (1· PBS supple-
mented with 1% FBS and 0.1% sodium azide), resuspended
in blocking solution and subjected to flow cytometry using
FACS Jazz flow cytometer (BD biosciences) as described
previously.25 Data were analyzed with FlowJo Software
(Ashland, OR).

In vitro canine Ad-MSC differentiation assays

Trilineage (osteogenic, chondrogenic, and adipogenic)
differentiation potential was evaluated for unsorted and size-
sorted canine Ad-MSCs at P1. MSCs were cultured in
serum-containing or in serum-free medium.

Osteogenic differentiation. Unsorted and size-sorted
MSCs at P1 were seeded at 50,000 cells/well in duplicate in a
24-well plate. A day later, the growth medium in both cultures
in half the wells was exchanged to DMEM containing FBS
and in the remaining wells the growth medium was ex-
changed to osteogenic induction medium (low-glucose
DMEM supplemented with 10% FBS; 100 units/mL of pen-
icillin and 100mg/mL streptomycin, Catalog No. P4333;
2 mM L-Glutamine, Catalog No. G7513; 100 nM Dex-
amethasone, Catalog No. D4902; 10 mM b-glycerophosphate,
Catalog No. G9422; 50mM L-ascorbic acid 2-phosphate,
Catalog No. A8960—all from Sigma). Media in both groups
of wells were completely replaced every 3 days. Cells were
cultured for a total of 21 days before assessment of mineral-
ization. Cells were washed once with PBS and fixed with 10%
neutral buffered formalin (Catalog No. HT 500128; Sigma)
for 5 min at RT. Residual formalin was removed by washing
cells with water twice. Cells were stained with 2% Alizarin
Red S (pH 4.2, Catalog No. A5533; Sigma) for 5 min at RT.
Stained cells were then washed five times with water and
staining was evaluated by light microscopy.

Chondrogenic differentiation. Unsorted and size-sorted
MSCs at P1 were seeded at 250,000 cells per 15-mL test
tube in duplicate. Cells were centrifuged at 1000 rpm for

5 min. Supernatant was removed. Cell pellets were either
resuspended in DMEM containing FBS or chondrogenic
induction medium (low-glucose DMEM supplemented with
100 units/mL of penicillin and 100 mg/mL streptomycin
[Catalog No. P4333; Sigma]; 2 mM L-glutamine [Catalog
No. G7513; Sigma]; 100 nM dexamethasone [Catalog No.
D4902; Sigma]; 50mM L-ascorbic acid 2-phosphate [Cata-
log No. A8960; Sigma]; 1% ITS-Premix [Catalog No.
I3146; Sigma]; 1 mM sodium pyruvate [Catalog No.
11360070; Thermo Fisher Scientific, Pittsburgh, PA]; and
10 ng/mL human TGF-b1 [Catalog No. 240-B; R&D Sys-
tems, Minneapolis, MN]). Cells were centrifuged at
1000 rpm for 5 min for a second time then cultured without
disturbing the cell pellet. Medium was replaced every 3 days
for 21 days. Cells were washed with PBS, fixed with 10%
neutral buffered formalin (Catalog No. HT 500128; Sigma),
and stained with Toluidine Blue (Catalog No. T3260; Sig-
ma). Staining was evaluated by light microscopy.

Adipogenic differentiation. Unsorted and size-sorted
MSCs at P1 were seeded at 50,000 cells/well in duplicate in
a 24-well plate. A day later, the growth medium in both
cultures in half the wells was exchanged to DMEM-
containing FBS and in the remaining wells the growth
medium was exchanged to adipogenic induction medium
(high-glucose DMEM supplemented with 100 units/mL of
penicillin and 100 mg/mL streptomycin, Catalog No. P4333;
1 mM dexamethasone, Catalog No. D4902; 5% rabbit serum,
Catalog No. R4505; 5 mM rosiglitazone, Catalog No. R2408,
and 5mM insulin, Catalog No. I9278—all from Sigma).
Medium was replaced every 3 days for a total of 21 days.
Cells were carefully washed with PBS, fixed with 10%
neutral buffered formalin (Catalog No. HT 500128; Sigma)
for 30 min at RT. Cells were washed once with 60% iso-
propanol before staining. The cells were incubated with
0.18% Oil Red O (Catalog No. O0265; Sigma) reagent for
10 min at RT. Excess stain was removed by washing with
water. The cells were visualized under a Nikon Eclipse Ti2
microscope.

RNA sequencing

Supplementary Figure S1 outlines the experimental
strategy and the number of samples analyzed. Canine Ad-
MSCs at P1 and P3 from Donors 1 to 3 were size sorted
using microfluidics and the total RNA was extracted using
the RNeasy Kit (Catalog No. 74104; Qiagen, Germantown,
MD) as per the manufacturer’s instructions. Genomic DNA
was removed by treating total RNA with 25 units of DNAse
I (Catalog No. 552598; BD Biosciences) at 37�C for 10 min.
Total RNA was then recovered using the RNeasy Kit
(Qiagen) as per the manufacturer’s recommended proce-
dure. The quantity and quality of the extracted RNA was
determined using the NanoDrop Spectrophotometer (all
samples had 260/280 values between 1.93 and 2.1) and
Agilent 2100 Bioanalyzer (RNA integrity number ‡8; Agi-
lent Technologies, Santa Clara, CA). The cDNA libraries
were constructed using 4 mg of total RNA with the TruSeq
Kit (Illumina, San Diego, CA), as per the manufacturer’s
instructions. The amplified cDNA fragments were then
validated for 160 bp (15 SD) insert sizes using an Agilent
2100 Bioanalyzer. The final pooled library was diluted to
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1.8 pmol before hybridization. Sequencing of the cDNA li-
brary was undertaken with the Illumina NextSeq 500 (Illu-
mina) at 2 · 75 bp paired-end sequencing.

Reference-based mapping, assembly, and
identification of differentially expressed genes

The raw reads were mapped to the canine reference ge-
nome (CanFam 3.1.93; Ensembl) with default mapping
options using CLC Genomics Workbench 10.1.1 (Qiagen,
Redwood City, CA). The mapped reads were assigned to
transcripts using the expectation-maximization estimation
algorithm and Ensembl gene annotation (CanFam 3.1.93).
The gene-level expression was calculated as the sum of
transcript-level expression. The library sizes were subjected
to the trimmed mean of M value normalization. The counts
were then subjected to differential gene expression analysis
using a generalized linear model. The genes with absolute
log2-fold change >0.58, Benjamini–Hochberg (BH) false
discovery rate (FDR) <0.05 and counts per million reads
mapped (CPM) >0.50 in at least three samples were con-
sidered differentially expressed. The raw sequencing data
will be available in NCBI Gene Expression Omnibus upon
acceptance of the article.

Principal component analysis

The principal component analysis (PCA) was performed
using CLC Genomics Workbench (Qiagen). The log CPM
values were mean centered and scaled to unit variance
across samples for each gene. The genes with no expression
across all samples were excluded from analysis.

Gene ontology analysis

Gene ontology (GO) annotations comprising 16,763
genes and 116,050 gene sets were downloaded from Gene
Ontology Consortium. GO enrichment analysis of the dif-
ferentially expressed genes (DEGs) was performed using
CLC Genomics Workbench (Qiagen). The GO terms were
considered significantly enriched when BH-FDR < 0.05.

Gene set enrichment analysis

The enrichment of the 50 Hallmark Gene Sets in the
entire dataset was examined using gene set enrichment
analysis (GSEA) as previously described.28 We used
p < 0.01 in combination with BH-FDR < 0.05 as criteria to
identify the significantly enriched gene sets.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism
Software (La Jolla, CA). For multiple comparisons, signif-
icance was determined using one-way analysis of variance
followed by the Tukey’s honest significant difference. Two-
way comparison was performed using the Student’s t-test. A
p-value < 0.05 was considered significant.

Experimental Results

Size-based sorting of canine Ad-MSCs

Earlier reports indicated that proliferation and multi-
potency of MSCs may be dependent on size.22,23 However,

it is not clear whether media conditions also influence these
size-based functional properties. To investigate this, we size
separated canine Ad-MSCs cultured in serum-containing or
serum-free medium using a fabricated inertial microfluidic
device (Fig. 1A).29 The spiral microfluidic channel has a
straight inlet, and highly curved channels and two outlets
(Fig. 1A). Canine Ad-MSCs entering into the channel ini-
tially experience a net lift because of wall-induced lift for-
ces; however, as they travel through the spirals, they
additionally experience drag forces called Dean vortices
because of counter-rotating flows generated by curved
channels. Both lift and drag forces are dependent on cell size
and a combination of these forces shifts cells toward dif-
ferent equilibrium positions along the walls of the channels.
In this way, smaller size cells are retained through the outer
outlet, whereas larger size cells are retained through the
inner outlet of the channel (Fig. 1A). Canine Ad-MSCs
separated by this device retained a high viability (>90%).
Thus, speed, quantity, and quality of separation provided by
microfluidic device enabled us to perform further morpho-
logical, molecular, and biochemical characterization of size-
sorted canine Ad-MSCs.

We performed size separation at both a high and a low
flow rate to separate larger MSCs from the rest of the
population (Fig. 1B). This approach propelled larger MSCs
toward the inner wall region and directed smaller MSCs into
the Dean’s vortices at the outer wall region (Fig. 1A). This
differential flow rate approach resulted in three distinct
MSC subpopulations: In the first step at the high flow rate,
the separation resulted in a population enriched in cells of
larger mean diameter (18.6 – 0.3 mm for MSCs cultured in
serum-containing medium and 18.3 – 0.5 mm for MSCs
cultured in serum-free medium) and a population depleted
of these larger cells. In the second step at the low flow rate,
the population depleted of larger cells is further separated
into cells of smaller (15.3 – 0.4 mm for MSCs cultured in
serum-containing medium and 14.8 – 1.4 mm for MSCs
cultured in serum-free medium) and an intermediate mean
diameter (16.9 – 0.2 mm for MSCs cultured in serum-
containing medium and 16.6 – 0.6 for MSCs cultured in
serum-free medium). Microscopy images of cells exiting
from the microfluidic device further confirmed the exis-
tence of three subpopulations (Fig. 1C). Neither culture
medium nor the donor source affected the heterogeneity in
cell size because we detected similar size cells in all ca-
nine Ad-MSC samples (Fig. 1C, D and Supplementary
Fig. S2). Optical imaging of adherent cells revealed a
significantly greater number of large, flat, and irregularly
shaped cells in the larger canine Ad-MSC subpopulation
but not in the small or intermediate canine Ad-MSC
subpopulations (Fig. 1C and Supplementary Fig. S2). To
additionally confirm the size disparity, we evaluated the
cell spread area of unsorted and sorted canine Ad-MSCs
cultured in serum-containing or serum-free medium. In
accordance with the data presented in Figure 1C and
Supplementary Figure S2, we found that the spread area of
canine Ad-MSCs is dependent on their size (Fig. 1E).
Finally, we determined the percentages of each subpopu-
lation of MSCs in total MSC population and found that
large or small MSC subfractions constitute < 20% of the
total cell population, whereas a vast majority of the MSCs
falling under the intermediate subfraction (Supplementary
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Fig. S3). In summary, the collected canine Ad-MSC sub-
populations from the microfluidic device were distinctly
different in size: larger MSCs and smaller MSCs.

Proliferation kinetics and stemness of sorted
canine Ad-MSCs

Studies with human MSCs have found that smaller MSCs
proliferate more rapidly compared with larger MSCs.30–33

To test whether size disparities also reflect the phenotype of
canine Ad-MSCs, we examined the growth kinetics of un-
sorted and size-sorted cells. We found that larger canine Ad-
MSC subpopulations proliferated more slowly compared
with smaller Ad-MSC subpopulations in serum-containing
medium (Fig. 2A). We previously demonstrated that canine
Ad-MSCs cultured in serum-free medium proliferated more
rapidly than those cultured in serum-containing medi-
um.24,25 In this study, we found that canine Ad-MSCs of all
sizes cultured in serum-free medium proliferated at a similar
rate as seen in our previous study, and there were no sig-
nificant differences in proliferation rates based on size of the
MSC population (Fig. 2A). Interestingly, smaller MSCs in
serum-containing medium proliferate at a similar rate to
MSCs of all sizes in serum-free medium (Fig. 2A).

Computation of PDT of different subpopulations of ca-
nine Ad-MSCs further confirmed that smaller MSCs pro-
liferate faster than other subpopulations, as demonstrated by
shorter PDT in both serum-containing and serum-free me-
dium (Fig. 2B). However, in serum-free medium, we ob-
served that PDT of large and intermediate-sized cells is

shorter, when compared with serum-containing medium,
whereas the PDT of smaller cells is similar in both media
(Fig. 2B). Combined, the results of Figure 2 suggest that the
canine Ad-MSC growth phenotype is both dependent on
size and culture medium.

To further define the functional properties of canine Ad-
MSC subpopulations, we initially analyzed their CFU-F
ability. In general, time in culture affects CFU-F ability,
with canine Ad-MSCs from earlier passages forming more
colonies compared with later passages regardless of size and
culture medium (Fig. 3). However, in accordance with our
previous findings, we found that CFU-F ability of unsorted
Ad-MSCs is higher in serum-free medium compared with
serum-containing medium (Fig. 3A, B).25 Additionally,
CFU-F ability of smaller Ad-MSCs is higher compared with
larger Ad-MSCs only in serum-containing medium but not
in serum-free medium (Fig. 3A, B). Canine Ad-MSCs of all
sizes yielded similar number of colonies in serum-free
medium (Fig. 3B). These results taken together with the
results of Figure 2 suggest that canine Ad-MSC phenotype
is dependent on size and culture medium.

Senescence of sorted canine Ad-MSCs

Senescence of canine Ad-MSCs in culture is inevitable
and culture medium has a significant influence on the onset
of this process.25 Senescent cells undergo irreversible
growth arrest but continue to be metabolically active, de-
velop a large, flat morphology, and exhibit senescence-
associated b-galactosidase activity.34,35 We investigated

FIG. 2. Proliferation kinetics and PDT of size-sorted canine Ad-MSCs at P1 in serum-containing or serum-free medium
from a representative donor (Donor 4). (A) Left, proliferation of unsorted and sorted MSCs in serum-containing medium.
Right, proliferation of unsorted and sorted MSCs in serum-free medium. (B) Average for canine Ad-MSCs in serum-
containing or serum-free medium. Data are expressed as mean – SD (three replicates). PDT, population doubling time.
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each subpopulation of canine Ad-MSCs to evaluate senes-
cence at P3 in both culture media. We found that larger canine
Ad-MSC subpopulations undergo senescence compared with
smaller canine Ad-MSC subpopulations (Fig. 4A). In addition,
culture of canine Ad-MSCs in serum-containing medium ac-
celerates the onset of senescence as demonstrated by a higher
number of b-galactosidase-positive cells (Fig. 4B). Thus, an
early onset of senescence in larger canine Ad-MSCs may, in
part, explain their slower proliferation rate when cultured in
serum-containing medium.

Multipotency of sorted canine Ad-MSCs

To further define the importance of cell size in assessing the
multipotentiality of each category of canine Ad-MSC sub-
populations, cells were analyzed for multilineage differentia-
tion potential. Differentiation positivity was determined by
optical imaging following chemical induction of differentia-
tion along adipogenic, chondrogenic, and osteogenic lineages.
We found that all subpopulations of canine Ad-MSCs re-
mained multipotent. However, we found that serum cultures
of larger subpopulations of canine Ad-MSCs are more in-
clined to form adipocytes compared with smaller subpopula-
tions (Fig. 5). In contrast, all categories of subpopulations of
canine Ad-MSCs in serum-free medium showed no differ-
ences in staining pattern along multilineages. Thus, it appears
that larger canine Ad-MSCs are more adipogenic in serum-
containing medium compared with other subsets of canine

Ad-MSCs. These results suggest that both cell size and culture
medium may influence the differentiation potential, as well as
functional aspects of canine Ad-MSCs.

Immunophenotyping of size-sorted canine Ad-MSCs

The International Society for Cellular Therapy (ISCT) has
established a common set of markers to qualify cells as
human MSCs.3 To examine the possibility that these con-
sensus markers may identify different subpopulations of
canine Ad-MSCs, we performed flow cytometry analysis
with antibodies specific for these cell surface antigens. In
accordance with our previous findings, we found that un-
sorted canine Ad-MSCs stained positive for CD44 and
CD90 (THY1; Fig. 6).36 Interestingly, staining patterns and
staining intensity of all subpopulations of canine Ad-MSCs
were similar to unsorted cells (Fig. 6). Thus, these results
suggest that consensus MSC surface markers do not identify
distinct subpopulations of canine Ad-MSCs.

RNA sequencing of different subpopulations of MSCs

Cell size as a marker for MSC function does not obviate the
potential for additional biomolecular markers that may correlate
size with phenotype. Therefore, to identify such molecular
markers that are associated with cell size, we performed RNA
sequencing. In addition, we also evaluated the effect of the
culture medium, passage number, and donor variation on the
transcriptome of distinct subpopulations of canine Ad-MSCs.

FIG. 3. Enumeration of colony formation by unsorted and size-sorted canine Ad-MSCs. CFU-F of unsorted and sorted
canine Ad-MSCs serially passaged in serum-containing medium (A) or serum-free medium (B). Canine Ad-MSCs from
Donors 4 to 6 were isolated and expanded up to P3 in serum-containing or serum-free medium and were tested for CFU-F
formation. Top, whole plate images of stained colonies for cells from all three donors at P1 and P3. 4· magnification.
Bottom, colony-forming efficiency of canine Ad-MSCs cultured in serum-containing or serum-free medium expressed as the
ratio of number of colonies to the number of initial inoculum. Data are expressed as mean – SD (three replicates). CFU-F,
colony-forming unit-fibroblast; P3, passage 3.
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An average of 13.6 million read pairs per sample were
generated that aligned to the canine reference genome. To
determine whether the gene expression profiles were dif-
ferent among the three subpopulations of canine Ad-MSCs,
we performed the PCA. Data in Figure 7A show how gene
expression profiles cluster based on culture media condi-
tions over the two principal components, which together
represent a 29.8% variation. PCA indicated tighter cluster-
ing between subpopulations of canine Ad-MSCs cultured in
either media type regardless of culture time (Fig. 7A).
However, the presence or absence of serum seems to affect
the PCA pattern in these samples (Fig. 7A). Thus, the cell
culture media appear to influence gene expression more than
cell size (Fig. 7A). We additionally performed PCA analysis
for various subgroups, which again showed clustering of
genes based on the passage of MSCs culture medium used to
grow MSCs and MSC cell size (Supplementary Fig. S4).
Volcano plots displaying log fold change against the noise-
adjusted/standardized signal (-log10 p-value) further con-
firmed that DEGs are different based on the passage of
MSCs, culture medium used to grow MSCs or MSC cell size
(Supplementary Fig. S5).

To identify the genes contributing to the expression
profiles associated with media, passage, and cell size, we
performed differential gene expression analysis using an
additive model (Supplementary Fig. S1). Results are
provided in Supplementary Excel File. We found that the
fold change of differential gene expression correlates
with cell size (Supplementary Fig. S6). For example, the

fold change of a downregulated gene was greater in larger
MSCs compared with smaller MSCs (Supplementary
Fig. S6).

We next set out to identify DEGs between small and large
canine Ad-MSCs cultured in serum-containing medium or
serum-free medium at two passages. We identified 2 upre-
gulated and 64 downregulated genes across all comparisons
(Fig. 7B). We found that cyclin-dependent kinase inhibitor
1A (CDKN1A), a 21 kDa Cyclin/Cyclin-Dependent Kinase
(Cdk) inhibitor that blocks cell cycle progression from G1 to
S phase and modulates cellular senescence,37 is upregulated
in large MSCs compared with small MSCs. Processing of
genes for their associated molecular function and biological
processes by GO enrichment analysis showed that the top-
ranked biological processes in serum-based cultures of small
MSCs at P3 were associated with DNA binding or DNA
metabolism (Supplementary Fig. S7A). Conversely, the top-
ranked biological processes were negative regulation of
cellular and biological processes in serum-free cultures of
unsorted MSCs at P3 (Supplementary Fig. S7C). Combined,
these results may in part explain the senescent phenotype
and proliferation attenuation of canine Ad-MSCs at higher
passages (Fig. 4).34

GSEA, using the Hallmark gene set collection,28 identi-
fied significantly enriched functional groups ( p < 0.05) al-
tered by cell size, culture medium, or time in culture
(Fig. 7C). We found that a set of genes whose collective
function is to promote cell growth [mechanistic target of
rapamycin 1 (mTORC1) signaling] and cell proliferation

FIG. 4. Senescence of unsorted and
size-sorted canine Ad-MSCs cultured
in serum-containing or serum-free
medium. (A) b-galactosidase staining
of cultured canine Ad-MSCs at P3
from a respresentive donor (Donor 4).
20 · magnification. (B) Quantification
of b-galactosidase-positive cells. Data
are expressed as mean – SD (three
replicates).
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FIG. 6. Immunophenotyping of unsorted and size sorted canine Ad-MSCs in serum-containing medium at P3. (A)
Representative diagrams showing FACS analysis for canine Ad-MSCs from one donor (Donor 1). Red line indicates isotype
matching antibody-stained cells. Cyan shade indicates antigen-specific antibody-stained cells. (B) MFI detected by surface
antigen antibodies was calculated. FACS, fluorescence activated cell sorting; MFI, median fluorescence intensity.

455

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
30

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



F
IG

.
7
.

R
N

A
se

q
u
en

ci
n
g

o
f

u
n
so

rt
ed

an
d

si
ze

so
rt

ed
ca

n
in

e
A

d
-M

S
C

s
fr

o
m

D
o
n
o
rs

1
to

3
.

(A
)

P
C

A
an

al
y
si

s
o
f

g
en

es
d
if

fe
re

n
ti

al
ly

ex
p
re

ss
ed

b
et

w
ee

n
M

S
C

su
b
p
o
p
u
la

ti
o
n
s

cu
lt

u
re

d
in

se
ru

m
-c

o
n
ta

in
in

g
o
r

se
ru

m
-f

re
e

m
ed

iu
m

at
P

1
an

d
P

3
.

N
ea

rl
y

o
n
e

th
ir

d
o
f

th
e

v
ar

ia
ti

o
n

in
g
en

e
ex

p
re

ss
io

n
ac

ro
ss

al
l

sa
m

p
le

s
is

ca
p
tu

re
d

b
y

th
e

fi
rs

t
tw

o
p
ri

n
ci

p
al

co
m

p
o
n
en

ts
(P

C
1

an
d

P
C

2
).

(B
)

U
p
S

et
p
lo

t
o
f

d
o
w

n
re

g
u
la

te
d

(l
ef

t)
an

d
u
p
re

g
u
la

te
d

g
en

es
(r

ig
h
t)

in
sm

al
le

r
M

S
C

s
co

m
p
ar

ed
w

it
h

la
rg

er
M

S
C

s
cu

lt
u
re

d
in

se
ru

m
-c

o
n
ta

in
in

g
o
r

se
ru

m
-f

re
e

m
ed

iu
m

at
in

d
ic

at
ed

p
as

sa
g
es

.
T

h
e

to
p

b
ar

g
ra

p
h

su
m

m
ar

iz
es

th
e

n
u
m

b
er

o
f

D
E

G
s

fo
r

ea
ch

u
n
iq

u
e

o
r

o
v
er

la
p
p
in

g
co

m
b
in

at
io

n
.

T
h
e

b
o
tt

o
m

le
ft

h
o
ri

zo
n
ta

l
b
ar

g
ra

p
h

(s
et

si
ze

)
sh

o
w

s
th

e
n
u
m

b
er

o
f

D
E

G
s

in
ea

ch
tr

ea
tm

en
t

g
ro

u
p
.

T
h
e

ci
rc

le
s

in
ea

ch
p
an

el
’s

m
at

ri
x

ar
e

ei
th

er
em

p
ty

(G
ra

y)
su

g
g
es

ti
n
g

th
at

th
is

se
t

is
n
o
t

p
ar

t
o
f

th
at

in
te

rs
ec

ti
o
n

o
r

fi
ll

ed
(r

ed
)

su
g
g
es

ti
n
g

th
at

th
is

se
t

is
p
ar

t
o
f

th
at

in
te

rs
ec

ti
o
n
.

C
o
n
n
ec

te
d

ci
rc

le
s

in
d
ic

at
e

in
te

rs
ec

ti
o
n

o
f

D
E

G
s

b
et

w
ee

n
tr

ea
tm

en
t

g
ro

u
p
s.

(C
)

R
ep

re
se

n
ta

ti
v
e

fu
n
ct

io
n
al

g
ro

u
p
s

en
ri

ch
ed

fo
r

D
E

G
s.

T
h
e

g
en

es
w

h
ic

h
w

er
e

d
if

fe
re

n
ti

al
ly

ex
p
re

ss
ed

in
la

rg
er

an
d

sm
al

le
r

M
S

C
s

(l
ef

t)
,

in
M

S
C

s
cu

lt
u
re

d
in

se
ru

m
-c

o
n
ta

in
in

g
o
r

se
ru

m
-f

re
e

m
ed

iu
m

(m
id

d
le

)
o
r

in
M

S
C

s
at

P
1

an
d

P
3

(r
ig

h
t)

co
m

p
ar

is
o
n
s

w
er

e
d
et

er
m

in
ed

u
si

n
g

H
al

lm
ar

k
g
en

e
se

t
to

o
l.

E
n
ri

ch
ed

fu
n
ct

io
n
al

g
ro

u
p
s

(B
H

-F
D

R
<0

.0
5
)

w
er

e
id

en
ti

fi
ed

fo
r

ea
ch

co
m

p
ar

is
o
n

an
d

g
ro

u
p
s

re
p
re

se
n
ta

ti
v
e

o
f

o
v
er

al
l

en
ri

ch
m

en
t

re
su

lt
s

fo
r

ea
ch

co
m

p
ar

is
o
n

ar
e

sh
o
w

n
.

B
H

,
B

en
ja

m
in

i–
H

o
ch

b
er

g
;

D
E

G
s,

d
if

fe
re

n
ti

al
ly

ex
p
re

ss
ed

g
en

es
;

F
D

R
,

fa
ls

e
d
is

co
v
er

y
ra

te
;

P
C

A
,

p
ri

n
ci

p
al

co
m

p
o
n
en

t
an

al
y
si

s.

456

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

6/
30

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



[myelocytomatosis (myc) targets, e2f targets] are enriched in
small MSCs compared with large MSCs, thus confirming
their faster growth and proliferation kinetics (Figs. 2, 4, and
7C). For all cell sizes regardless of culture medium, we
found that genes involved in cell proliferation were upre-
gulated at earlier passages (Fig. 7C). We also found that
genes involved in fatty acid metabolism are elevated in
canine Ad-MSCs in a culture medium- and passage number-
dependent manner (Fig. 7C). Taken together, these results
suggest that the transcriptome analysis of canine Ad-MSCs
reflects their culture expansion (enrichment of cell growth,
cell proliferation, and DNA repair genes) and their intrinsic
fate (enrichment of fatty acid metabolism genes).

Discussion

MSC heterogeneity with respect to morphology, size,
growth and proliferation, differentiation potential, passage
number, and manufacturing process, is well established and
recognized.19,20,38 It is likely that this heterogeneity contrib-
utes to variability in clinical outcomes. In addition to cellular
functional heterogeneity, in an allogeneic setting, the pre-
conditioning of MSCs, injection protocol, cell dose, carrier
solution, freeze/thaw conditions, degree of mismatch of major
histocompatibility antigens, and donor/recipient gender mis-
match are also contributors to clinical outcomes.13,39 For some
applications involving heterogeneous samples, such as pe-
ripheral blood mononuclear cells, the specific functional
subpopulations are well known and characterized; however,
this extent of knowledge does not exist for MSCs. An un-
derstanding of MSC heterogeneity and the specific function-
ality of subpopulations may lead to improved consistency in
clinical outcomes for MSC-based therapeutic products. To
address this unmet need, we utilized microfluidics to isolate
and study different subpopulations of MSCs. We evaluated the
effect of cell culture media and cell size to characterize the
MSCs. We then compared the characterization data for each
subpopulation with their intrinsic biological functions.

A microfluidics-based separation of cells offers several
advantages over other cell separation methods, such as flow
cytometry. A microfluidics-based separation of cells re-
quires no prior knowledge of cell surface proteins and does
not alter the cellular phenotype, both of which are important
considerations when separating cells by flow cytometry.
Inertial microfluidics utilize a combination of hydrodynamic
forces dependent on particle size to separate cells in a
continuous flow within the channel. The control of move-
ment of particles is based on hydrodynamic forces derived
from the channel structure and size of the particles without
the need for active force fields. Therefore, inertial micro-
fluidics are fast, simple, and cost-effective devices for the
separation of particles or cells based on size. Assuming
having a homogenous cell size is important, this method-
ology represents a significant advancement in terms of an-
alyzing heterogeneous cell populations because this
approach can be applied to MSCs sourced from different
donors and manufactured under different conditions.

We observed cell size differences in culture-expanded
canine Ad-MSCs regardless of the culture medium. We
found that proliferation of canine Ad-MSCs is dependent on
size. The smaller, fibroblast-like MSCs proliferate faster but
reduced in proportion of the total cells with successive

passages that gave rise to larger, senescent MSCs. We also
found that these size-dependent functions of canine Ad-
MSCs are influenced by culture medium. For instance, size-
dependent growth characteristics were evident only in
serum-based medium but not in serum-free medium. Serum-
dependent differences in growth properties for human MSCs
have been reported. Human bone marrow-derived MSCs
cultured in FBS-containing medium senesced rapidly.40

However, supplementation with either platelet lysate or
growth factors such as fibroblast growth factor (FGF) or
platelet derived growth factor (PDGF) delayed the onset of
senescence in human MSCs.41–43 Our serum-free medium
contains both FGF and PDGF. Therefore, for this reason, the
onset of senescence in MSCs is delayed when grown in
serum-free medium and, as a result, all subpopulations of
canine Ad-MSCs are in replicative stage. However, this
rejuvenation advantage is lost when canine Ad-MSCs are
cultured in serum-containing medium. Although we did not
examine, size separation of canine Ad-MSCs at later pas-
sages (P5 and beyond) would have enabled us to discern the
growth differences among all three subpopulations of canine
Ad-MSCs in serum-free medium.

Most importantly, a criterion for the identification of
human MSCs is the expression of specific cell surface
markers did not identify different subpopulations of canine
MSCs in our experiments. Therefore, this criterion may not
be relevant for the identification of functionally heteroge-
neous subpopulations of canine Ad-MSCs. Nonetheless,
human MSCs expressing distinct surface markers display
different biological properties, therefore making it possible
to isolate functionally distinct human MSCs based on sur-
face markers.44 However, the expression of these markers
and their utility to identify functionally different subpopu-
lations in canine Ad-MSCs are currently unknown. Finally,
age and gender of the MSC donor also contribute to varia-
tions in canine MSC biology.45 In this study, we tested Ad-
MSCs from young female dogs, so the contribution of age
and gender to MSC heterogeneity was not evaluated.

The size of the cells within an adult tissue reflects their
growth and proliferation rates, which are controlled by in-
trinsic programs and the levels of extracellular growth fac-
tors.46,47 In addition, other factors such as nutrient levels and
mechanical signals can impinge on these pathways posi-
tively or negatively.48 The availability of nutrients in the
environment is one of the factors that determines the bio-
mass of the cells. Most terminally differentiated cells in a
tissue are uniform in size. However, progenitor cells, such as
MSCs, which give rise to these differentiated cells are het-
erogeneous in size and the in vivo significance of size het-
erogeneity is not known.19 Differences in size may be
attributed to their growth stage and cell cycle status. The best-
characterized cell growth pathway is the IGF/PI3K/AKT/
mTORC1 pathway. mTORC1 is a central mediator of the
signal from insulin-like growth factor (IGF) through PI3K/
AKT to biogenic pathways.49–51 The mTORC1 pathway is a
major regulator of cell growth and plays a critical role in
regulating cell size, particularly in promoting the increase in
cell size upon activation.52 mTORC1 also integrates inputs
from other major cues such as stress, energy status, oxygen,
and amino acid levels into cell growth, and thus acts as a
signaling node at which energetic and stress signals can
modulate growth factor signaling. Enhanced signaling through
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the mTORC1 pathway promotes multiple biogenic processes
such as nutrient uptake, protein and lipid biosynthesis, pro-
motion of biogenesis, and inhibition of catabolic pathways
such as autophagy.51 In addition to its direct effect on cell
growth, the mTORC1 pathway also contributes to cell size
homeostasis by activating a potent negative feedback loop
through insulin receptor substrate to negatively regulate sig-
naling by the IGF receptor.51 We found that genes in the
mTORC1 pathway are upregulated in smaller MSCs but not in
larger MSCs. We also found that a set of genes (see Fig. 7C
and Supplementary Excel File) whose collective function is to
promote cell proliferation, are also upregulated in smaller
MSCs. Thus, upregulation of genes that control both cell
growth and proliferation in smaller MSCs may explain their
rapid growth in serum-containing medium.

Adipose tissue is active and highly dynamic, expanding
and shrinking in response to various physiological and nu-
tritional stimuli.53 Expansion of adipose tissue could involve
adipocyte hyperplasia or hypertrophy, the former high-
lighting the involvement of the stem cell component. Based
on the results detailed in this report, we propose that the
continued expression of mTORC1 and other genes involved
in cell cycle and cell proliferation drive both growth and
proliferation of smaller MSCs culminating in hypertrophied
and aged larger MSCs (Fig. 8). Several observations raise
this possibility: first, larger MSCs proliferate at a slower
rate; second, larger MSCs display a senescent phenotype,
because of overexpression of CDKN1A, a potent inhibitor of
cyclin kinases37; third, larger MSCs are inclined to form
more differentiated adipocytes; and finally, senescence of
cells due to hyperactivity of mTORC1 is also reported in
other adult stem cells.54 Because the mTORC1 pathway
directly links nutrient uptake to cell growth and prolifera-
tion, the progression to large size is a successive process
involving multiple intermediate cell sizes. We observe in-
termediate cell sizes in our sorted subpopulation (Fig. 8).
Taken together, these results suggest that the smaller MSCs
are of a proliferating phenotype and larger MSCs are of a
differentiating phenotype. The larger MSCs may replace

aging or damaged adipocytes, which further suggest that
Ad-MSCs are intrinsically fated to become adipocytes.

Standardization of measurements has been recognized as
one of the most significant challenges facing clinical tran-
sition of MSC-based therapies and collaborative efforts
from academia, industry, and government stakeholders have
attempted to address this issue.55 Established consensus
markers for identification of human MSCs do not relate
phenotype to function for canine Ad-MSCs, and thus lack
predictive value for cell functionality.3,20 As part of this
work, we presented a strategy for separating functionally
distinct subpopulations of MSCs that could serve as part of a
platform for comparing the functional capacity of MSCs
manufactured by different processes.

In addition to their intrinsic role as a source of adipo-
cytes, MSCs also display adaptive functions. Stimulated
MSCs are known to secrete a host of paracrine molecules
that act on target cells to exert anti-inflammatory, immu-
nomodulatory, or proangiogenic effects.13 However,
knowledge regarding how these wide-ranging activities of
MSCs are exhibited within specific populations of MSC is
not yet known. While it is true that the functional attri-
butes of MSCs may be evoked in response to extracellular
cues, it is unlikely that these responses are homogeneous
at the MSC populational level. This gap in scientific un-
derstanding of the functional aspects of MSCs presents
challenges to correlating a specific subpopulation of MSCs
with a specific therapeutic effect.

Functional heterogeneity is significant for both under-
standing and clinical transition of MSC biology. This recog-
nized heterogeneity needs to be mitigated or differences in
culture expanded MSCs need to be exploited to improve
clinical outcomes. Successful clinical transition requires a
large number of homogeneous population of MSCs with
predictable efficacy to improve the clinical outcome. The
potential for increased effectiveness of size-sorted MSCs has
been demonstrated. For instance, it was found that larger
subpopulations of human bone marrow-derived MSCs im-
proved recovery of lethally irradiated mice as compared with
unsorted or heterogeneous MSCs.56 Therefore, the micro-
fluidics method of separation described in this report, or per-
haps other methods of separating desired populations of MSCs
can be used to manage heterogeneity of MSCs. We found that
smaller MSCs have the greatest potential to replicate, which
limits the time required for scaling. In addition, these rapidly
dividing smaller MSCs are more effective in terms of self-
renewal and secreting paracrine factors than endogenous tis-
sue progenitors residing in stromal vascular fraction
(SVF).57,58 The residing progenitors are at resting stage and
exhibit different transcriptional profiles than actively prolif-
erating culture-adapted MSCs.59 Therefore, smaller MSCs
may be superior to SVF in terms of achieving therapeutic
efficacy. Thus, separating these smaller MSCs from other cell
types may improve the therapeutic outcomes. However, it
remains to be determined whether smaller MSCs are also
more potent than other subpopulations of MSCs for any or all
their elicited functions. Predicting the potency of manu-
factured MSCs is difficult due to the lack of specific markers
or assays that relate phenotype to function. Further evaluation
of the functionality of size-separated MSCs, may lead to
methods for identifying subpopulations of MSCs with desired
therapeutic effects.

FIG. 8. Proposed model for canine Ad-MSCs role. Acti-
vation of genes that link nutrient uptake to cell growth such
as mTORC1, may drive the growth of canine Ad-MSCs
resulting in a hypertrophied phenotype. mTORC1, me-
chanistic target of rapamycin 1 (mTORC1).
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Conclusions

In this study, we tested our hypothesis that cell size is a
predictor of function. We used a high-throughput, bio-
physical, label-free microfluidic sorting approach to separate
subpopulations of canine Ad-MSCs based solely on their
size for subsequent characterization, and to evaluate the
impact of culture conditions on the functionality of these
subpopulations. We found that larger subpopulation of ca-
nine Ad-MSCs proliferate more slowly, senesce at earlier
passages, and are inclined to form adipocytes compared
with a subpopulation of smaller MSCs. We also found that
proliferation and differentiation characteristics of MSCs are
largely influenced by culture conditions and time in culture.
Even though larger and smaller MSC subpopulations are
functionally distinct, immunophenotyping that is routinely
used to characterize MSCs failed to discern these subpop-
ulations. Finally, there are significant differences in gene
expression among these subpopulations, indicating hetero-
geneity based on MSC size. These results suggest that dif-
ferent subpopulations of MSCs have specific properties.
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