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The mechanical properties of adipose-derived stem cell (ASC) clones
correlate with their ability to produce tissue-specific metabolites, a
finding that has dramatic implications for cell-based regenerative
therapies. Autologous ASCs are an attractive cell source due to
their immunogenicity and multipotent characteristics. However, for
practical applications ASCs must first be purified from other cell
types, a critical step which has proven difficult using surface-marker
approaches. Alternative enrichment strategies identifying broad
categories of tissue-specific cells are necessary for translational
applications. One possibility developed in our lab uses single-cell
mechanical properties as predictive biomarkers of ASC clonal differ-
entiation capability. Elastic and viscoelastic properties of undifferen-
tiated ASCs were tested via atomic force microscopy and correlated
with lineage-specific metabolite production. Cell sorting simulations
based on these “mechanical biomarkers” indicated theywere predic-
tive of differentiation capability and could be used to enrich for tis-
sue-specific cells, which if implemented could dramatically improve
the quality of regenerated tissues.

cell mechanics ∣ mesenchymal stem cell enrichment ∣ viscoelasticity ∣
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Adipose tissue contains a heterogeneous population of me-
senchymal stem cells (MSCs) known as adipose-derived stem

cells (ASCs) (1). ASCs are capable of differentiating into a variety
of lineage-specific cell types, including adipocytes, osteoblasts,
and chondrocytes (1–3). In comparison to MSCs derived from
other tissues, ASCs are simple to isolate and available in large
quantities (4, 5). Because of the cells' mesodermal origin, ASCs
have been used for many soft tissue and orthopaedic applications
(6–10). Unfortunately, ASC isolation is confounded by the lack
of distinct and universally effective MSC biomarkers. Adipose
tissue contains multiple cell types, including mature adipocytes,
fibroblasts, smooth muscle cells, and endothelial cells (11), which
can contaminate the stromal fraction collected during ASC
isolation. While conventional methods such as flow cytometry can
isolate stem cells using surface antigen expression (1, 2, 12), re-
sulting cell yields are often less than 1% (13, 14). Furthermore,
the surface antigens present on ASCs can also be found on other
cell types in adipose tissue, complicating the isolation of pure
mesenchymal stem cell populations (15–17). Collectively, these
limitations suggest a need for alternative biomarkers that allow
for ASC enrichment based on lineage potential.

Recently, single-cell mechanical properties were found to be
akin to gene and protein expressions, capable of distinguishing
differences in cellular subpopulations, disease state, and tissue
source (18–22). Cells display varying levels of resistance to defor-
mation (elasticity) and flow (viscosity) in response to an applied
force. This behavior depends on the composition and organiza-
tion of subcellular structures, particularly the cytoskeleton. Pre-
vious studies describe the use of atomic force microscopy (AFM)
to discriminate between elastic/viscous properties of MSCs and
differentiated cells (18–21). From this work, a common set of
parameters has been identified that act as mechanical biomarkers

suitable for comparing among distinct cell types. These biomar-
kers describe the deformation response of a cell and include the
elastic modulus (Eelastic), instantaneous modulus (E0), relaxed
modulus (ER), apparent viscosity (μ), and cell size/height. These
parameters are obtained by modeling the cell as a standard linear
solid and acquiring data from indentation and stress relaxation
tests (21). In brief, Eelastic represents the compliancy of the cell
during a simple indentation test, E0 and ER are the initial and
final moduli, respectively, during a stress relaxation test, and the
apparent viscosity is a descriptor of how the cell deforms over
time (see SI Text for more detail). It is hypothesized that ASC
mechanical biomarkers can be used to indicate not only cell type
but also predict tissue-specific differentiation potential for stem
cells.

The goal of this study was to investigate the relationship
between the mechanical properties of ASCs and their lineage
differentiation capabilities. Specifically, 32 single-cell-derived
clonal populations were established using ASCs harvested from
human, subcutaneous fat. Cellular elastic and viscoelastic proper-
ties for each clonal population were determined via AFM by
testing individual cells. Clones were then assessed for differentia-
tion potential along adipogenic, osteogenic, and chondrogenic
lineages. Correlations were determined between individual me-
chanical parameters and metabolite production, and simulations
were used to determine potential tissue-specific enrichment for
mechanical property-based sorting approaches.

Results
Single-cell mechanical properties were measured using AFM for
32 ASC clonal populations. Cells were assessed in both spherical
and spread morphologies by testing samples soon after seeding
(approximately 30 min) or after one day. For both morphologies,
cells were firmly attached to the underlying glass substrate during
testing (Fig. S1). Clones exhibited substantial heterogeneity in
their mean elastic and viscoelastic properties (Fig. 1; Fig. S2).
When compared to spread ASCs, spherical cells were significantly
more compliant, taller, and less viscous (Table 1). These expected
results are associated with differences in cytoskeletal organization
between spherical and spread morphologies. Regardless of cell
shape, elastic and viscoelastic data fit well to Hertzian-based math-
ematical models (R2

elastic ¼ 0.99, R2
viscoelastic ¼ 0.87).

All ASC clonal populations were assessed for multipotentiality
by differentiation along the adipogenic, osteogenic, and chondro-
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genic lineages (Fig. 2). Standard biochemical assays were used
to quantify lineage-specific metabolite production on a per-cell
or per-DNA basis. For each biochemical analysis, clones were
arranged in ascendant order of lineage-specific metabolite pro-
duction (Fig. 3). Positive differentiation was noted for samples
that exhibited metabolite production above the 90th percentile
of corresponding controls cultured in noninduction medium.
Overall, 44% of clones were tripotent, 47% were bipotent, and
9% were unipotent. No clones showed a total lack of differentia-
tion capability.

For each lineage, significant differences in metabolite produc-
tion existed between differentiated and undifferentiated ASCs.
Oil Red O optical densities for clones in adipogenic conditions
were significantly greater than those of undifferentiated controls
(P < 0.001). Of all clones tested, 69% exhibited positive adipo-
genic differentiation. Alizarin Red S optical densities for clones
in osteogenic conditions were also significantly greater than those
of undifferentiated controls (P < 0.001). Of all clones tested,
75% exhibited osteogenic differentiation potential. Lastly, sulfated
glycosaminoglycan (sGAG) deposition for clones in chondrogenic
conditions was significantly greater than those of undifferentiated
controls (P < 0.001). Positive chondrogenic differentiation was
observed for 91% of all clones. In addition, immunostaining
revealed robust synthesis of type II collagen for induced groups
but not undifferentiated controls.

The hypothesis that cellular mechanical biomarkers can be
used as predictors of ASC differentiation potential was examined
by determining correlations between ASC mechanical properties
and lineage-specific metabolite production. Significant correla-
tions existed for spherical cellular mechanical properties and
the three lineages examined (Table 2; Fig. S3), supporting the
stated hypothesis and suggesting a novel means of classifying un-
differentiated ASCs into tissue-specific groups. Analyses showed
that adipogenesis was positively correlated with cell height and
negatively correlated with Eelastic, ER, and E0. Osteogenesis was
positively correlated with Eelastic, ER, and E0. Chondrogenesis

was positively correlated with Eelastic and μ. The relative magni-
tude of the relationships was assessed by comparing slopes calcu-
lated from linear fits of normalized metabolite production per
mechanical parameter. Generally, the osteogenic lineage was
associated with steeper, positive slopes, followed by the chondro-
genic lineage with shallower, positive slopes, and the adipogenic
lineage with negative slopes. This relationship was reversed
with respect to cell height. Surprisingly, no significant correla-
tions were found using the mechanical properties of spread ASCs
(Table S1). This finding might be expected based on previous re-
ports that stem cells exhibit consistent mechanical properties
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Fig. 1. The mechanical properties of ASCs were heterogeneous, a finding that was examined as a possible means to identify lineage-specific subpopulations.
Elastic and viscoelastic properties of 32 ASC clones with spherical morphologies were measured via AFM indentation and stress relaxation tests, respectively.
Within each clonal population, an average of 22 cells was tested. The following cellular mechanical properties were measured: elastic modulus (A), cell height
(B), relaxedmodulus (C), instantaneous modulus (D), and apparent viscosity (E). Elastic and viscoelastic data fit well to Hertzianmathematical models (R2 ¼ 0.99
and R2 ¼ 0.87, respectively). Data are presented as box-whisker plots overlaid with the individual geometric means of each clone.

Table 1. Summary of cellular mechanical properties for ASC clonal
populations

Morphology Eelastic (kPa) E0(kPa) ER(kPa) μ (kPa·s) Height (μm)

Spherical 0.6 ± 0.2 0.4 ± 0.1 0.1 ± 0.04 0.7 ± 0.4 16.9 ± 3.1
Spread 1.6 ± 0.5 1.1 ± 0.3 0.6 ± 0.2 2.6 ± 1.6 4.6 ± 0.5

Cellular mechanical properties are indicated by the following
abbreviations: Eelastic (elastic modulus), Eequil (equilibrium modulus), E0

(instantaneous modulus), ER (relaxed modulus), μ (apparent viscosity), and
Height (cell height). Tabular data is presented as geometric means� SD.
Student’s t-tests between spherical and spread ASCs demonstrated
significant differences betweenmorphologies for all comparisons (P < 0.001).

Fig. 2. ASC differentiation toward mesodermal lineages was confirmed via
lineage-specific metabolite detection assays. Adipogenic differentiation was
assessed by Oil Red O staining of intracellular lipid production in induced (A)
and control (B) samples. Osteogenic differentiation was assessed by Alizarin
Red S staining of calcified matrix in induced (C) and control (D) samples.
Chondrogenic differentiation was assessed by type II collagen immunostain-
ing in induced (E) and control (F) samples. (Scale bars, 100 μm).
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when firmly attached compared to the suspended state (23).
Additionally, no discernible relationship existed between the me-
chanical properties of clones and uni/bi/tri-lineage potency states
(Table S2; Fig. S4).

According to the current findings, these mechanical biomarkers
could be used to sort ASCs into mechanically similar groups that
correspond to specific lineages. Although lineage-specific metabo-
lite production varied among clones, a subset could be considered
high-potential populations. These groups of clones were defined as
the top quartile of all populations examined, based on lineage-spe-
cific metabolite production, and are proposed as highly desirable,
ASC subpopulations. The mechanical biomarkers for these clones
showed distinct differences from the other populations (Fig. 4A).
Highly osteogenic clones exhibited significantly higher Eelastic, ER,
and E0 values (P < 0.05, P < 0.001, and P < 0.01, respectively).
Highly chondrogenic clones showed significantly higher μ values
(P < 0.05). While not statistically significant, highly adipogenic
clones were generally larger (P ¼ 0.09) and more compliant
(P ¼ 0.11) than other clones.

Sorting simulations based on these mechanical parameters
demonstrated the degree of lineage-specific enrichment possible
using only cellular mechanical properties (Fig. 4B). Threshold
values were determined for adipogenesis, osteogenesis, and chon-
drogenesis by assessing the effect of cell height,ER, and μ, respec-
tively, on population descriptors such as lineage-capable purity,
high potential purity, and overall cell yield (Fig. 4 C–E). Results
showed that as progressively stricter sorting parameters were

used, lineage-specific clone purity increased while cell yield de-
creased. High-potential populations typically were the larger
(adipogenesis), stiffer (osteogenesis), or more viscous (chondro-
genesis) clones, and therefore could be enriched simply by raising
the corresponding threshold sorting parameters. For example,
if only clones greater than 20 μm in cell height were collected,
purity of adipogenic-positive clones was increased by 45%.
Furthermore, the purity of highly adipogenic clones increased by
170%. Osteogenic clones could be enriched by selecting cells with
ER > 0.2 kPa, which resulted in a 33% increase in osteogenic-
positive clones and a 300% increase in highly osteogenic clones.
Chondrogenic clones could be selected using μ > 1.6 kPa·s, re-
sulting in a 10% increase in chondrogenic-positive cells and a
300% increase in highly chondrogenic clones. Total cell yield for
these three cases would be 9%, 3%, and 6%, respectively, a sub-
stantial improvement over many antigen-based sorting schemes
that result in <1% yields.

Discussion
The results of this study indicate that cellular mechanical proper-
ties are predictive of ASC differentiation and synthetic potential.
Significant correlations existed between mechanical properties
and lineage-specific metabolite production by ASC clones. These
findings represent an advantageous means to characterize the
differentiation potential of stem cells. Surface antigen-based en-
richment techniques have had limited success identifying a stem
cell biomarker useful for sorting ASCs (24). High specificity is an
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Fig. 3. Amounts of lineage-specific metabolites were determined by clone for adipogenesis (A), osteogenesis (B), and chondrogenesis (C). Each differentiation
lineage showed extensive variability in metabolite production, emphasizing heterogeneity among the clonal populations. For each graph, the red line re-
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advantage for many applications but is nonideal for targeting
ASC subpopulations exhibiting variable phenotypes (e.g., multi-
potency, bipotency, or unipotency). Mechanical properties act
as an indicator of the biochemical and structural characteristics
of a cell and hold promise as a composite biomarker capable of
identifying beneficial ASC subpopulations.

The observed heterogeneity in mechanical properties across
clones and between morphologies can be attributed to variations
in intracellular composition and organization. Previously, it was
shown that differentiated cells and stem cells differ in their elastic
and viscoelastic properties (18). As stem cells differentiate to-
ward specific lineages, their cytoskeleton rearranges until differ-
entiation is achieved (25–28). During this process, rearrangement
is concurrent with a modulation of the cellular mechanical prop-
erties and any accumulation of intracellular metabolites (27).
For osteogenesis, cells typically become stiffer, whereas for adi-
pogenesis, cells become more compliant. Chondrogenesis in-
duces intracellular changes that result in higher instantaneous
and relaxed moduli as well as higher apparent viscosities (28).
These physical changes can occur to varying degrees before irre-
versible commitment to a single lineage. However, it is hypothe-
sized that an ASC exhibits a mechanical phenotype associated
with its preferred lineage, possibly because it has already begun
the differentiation process (26). This possibility is not an impedi-
ment to practical application, though, because the purpose of tis-
sue-specific enrichment is to collect all cells capable of expressing
the proper phenotype whether they are initially multipotent, uni-
potent, or fully differentiated.

ASC differentiation potentials showed that all clonal popula-
tions could differentiate along at least one lineage, while 91% of
all clones could successfully differentiate along at least two
lineages. Previous ASC clonal studies reported differentiation ef-
ficiencies well below the ones found here (1–3). However, differ-
ences in isolation and expansion approaches could account for
this variation. The current study used the limiting dilution tech-
nique to establish single-cell clones, and only clones capable of
doubling 20–25 times were evaluated. Furthermore, initial ASCs
had already been passaged twice, whereas previous studies typi-
cally began with freshly isolated cells. This period of in vitro expan-
sion could bias the cells slightly toward a more differentiation-
prone state. Also, freshly isolated ASCs can be contaminated with
other cell types present in adipose tissue. The presence of these
contaminating cells can affect ASC differentiation potential (29,
30). For example, if fibroblasts make up a significant portion of the
harvest population, then overall osteogenic potential could be sig-
nificantly reduced. Extended culture of undifferentiated ASCs can
also affect ultimate differentiation potential. Specifically, mono-
layer expansion, under the conditions used in the current study,
was previously shown to increase the chondrogenic potential of
ASCs prior to differentiation (31, 32). Therefore, environmental
conditioning could have been influential in the noticeably higher
percentage of chondrogenic-positive clones found in this study.

As has been reported previously, adipose tissue contains ASC
subpopulations with distinct differentiation potentials (12, 15,
33–35). Surface antigen expression has been used to detect sub-
populations capable of lineage-specific differentiation. However,
this technique produces low cell yields and requires antibody con-
jugation, which may affect cellular function (36). There are also
concerns regarding ASC purity in these subpopulations because
other cells, such as endothelial cells and fibroblasts, are found in
the stromal fraction of adipose tissue and share surface antigens
with ASCs (15, 34). However, their mechanical properties are dis-
tinct from those measured for stem cells (18, 37). Another level of
complexity arises when discriminating between cells exhibiting
the same surface markers but at different expression levels. The
importance of this variation has yet to be investigated. In contrast
to these surface antigen approaches, mechanical biomarkers
function as a broad indicator of differentiation potential and re-
quire no modification of or invasion into individual cells.

Limitations do exist to using mechanical biomarkers for stem
cell sorting approaches. Most of these arise from the challenge
inherent in rapidly evaluating large cell numbers, which currently
is a major advantage of flow cytometery. While AFM is an estab-
lished technique for accurately measuring cellular elastic and vis-
coelastic properties, testing the mechanical characteristics of a
clinically relevant quantity of ASCs using this technique would
be infeasible. Microfluidics-based approaches like cell deforma-
tion cytometry, size and physical characteristic sorting, and opti-
cal stretchers represent viable solutions to this limitation because
of their high-throughput capabilities (23, 38–47). It should be
noted that the properties measured in the current study, which
were for cells attached to a substrate, are unlikely to translate di-
rectly to cells in a fully suspended state. Previous, matched com-
parisons of AFM to micropipette aspiration results showed that
measured modulus values were similar but apparent viscosities
were much higher for fully suspended cells (21). The current find-
ings will need to be validated for implementation in a given sorting
device, but many of the observed mechanical property differences
should be apparent regardless of approach. Ultimately, the specific
parameters used to identify targeted cell populations are irrele-
vant. The device needs only to distinguish among the deformation
responses of individual cells and then group them accordingly.

The current study uses a small number of clones that are as-
sumed to be representative of a larger, ASC population. If true,
the relationship between mechanical properties and lineage-spe-
cific differentiation can be exploited to isolate cells capable of

Table 2. Correlations between ASC mechanical properties and
their differentiation potential

Mechanical
property
(MP) Lineage

Pearson’s r
(�95% CI)

P-
value

Normalized
metabolite
production/
MP × 10−3

Eelastic

Adipogenic −0.51 ± 0.27 0.003 −1.14
Osteogenic 0.46 ± 0.28 0.007 1.66

Chondrogenic 0.59 ± 0.24 0.004 0.71

E0

Adipogenic −0.50 ± 0.27 0.003 −1.57
Osteogenic 0.54 ± 0.26 0.001 3.33

Chondrogenic 0.60 ± 0.23 0.0003 1.09

ER

Adipogenic −0.49 ± 0.27 0.005 −5.54
Osteogenic 0.48 ± 0.28 0.005 10.44

Chondrogenic 0.31 ± 0.32 0.08 0.26

μ
Adipogenic −0.27 ± 0.33 0.14 −0.36
Osteogenic 0.25 ± 0.33 0.16 0.28

Chondrogenic 0.56 ± 0.25 0.0008 0.57

Height
Adipogenic 0.41 ± 0.30 0.02 104.37
Osteogenic 0.04 ± 0.35 0.83 −8.05

Chondrogenic 0.07 ± 0.35 0.72 18.12

Cellular mechanical properties are indicated by the following
abbreviations: Eelastic (elastic modulus), E0 (instantaneous modulus), ER

(relaxed modulus), μ (apparent viscosity), and Height (cell height). Error
values for Pearson’s correlation coefficient r represent 95% confidence
intervals (95% CI). Correlations were calculated using log-transformed
geometric means. To allow for comparisons among lineages, metabolite
data were normalized to their respective, lineage-specific arithmetic
mean and then fit with a linear regression. The slopes of these fits
represent lineage-specific metabolite production per mechanical property
(MP) measured as specified by the lineage. Adipogenic, osteogenic, and
chondrogenic characteristic metabolites are intracellular lipids,
extracellular matrix-bound calcium, and sulfated GAGs, respectively. The
mechanical property relationship to osteogenic potential showed steep,
positive slopes (stiffer ¼ more osteogenic), whereas adipogenic potential
showed negative slopes (more compliant ¼ adipogenic).
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secreting large amounts of matrix molecules, which are critical for
rapid tissue regeneration. The current findings are supported by
previous reports of mechanical differences between undifferen-
tiated stem cells and fully differentiated osteoblasts, adipocytes,
and chondrocytes (18, 25–27, 48). It remains to be seen whether
this mechanical biomarker-lineage relationship can be investi-
gated on a larger scale, as well as whether it will improve func-
tional tissue growth compared to using unsorted populations.
Regardless, the results presented here present an intriguing role
for the mechanical properties of undifferentiated stem cells. In
summary, this study supports the hypothesis that ASCmechanical
properties are indicative of differentiation potential. Further-
more, ASCs capable of producing high levels of lineage-specific
metabolites were found to be mechanically distinct from other
clones and could be a target for cellular enrichment. Simulations
using the current data indicated that mechanical biomarker-
based sorting would produce significant increases in cell purity.
Future studies can build on these findings by targeting mechani-
cally similar subpopulations that are well suited for tissue-specific
regeneration.

Materials and Methods
ASC Isolation and Clonal Population Expansion. Primary ASCs (Zen-Bio) were
isolated from subcutaneous adipose tissue from healthy, nondiabetic, non-
smoking female donors aged 29–57 y (N ¼ 7) and having an average body
mass index (BMI) of 27.6 kg∕m2. ASC clonal populations were derived using
the limiting dilution cloning method. Passage 2 (P2) ASCs were suspended in
conditioned expansion medium (3), diluted to 1 cell∕200 μL, and placed into
thirty 96-well plates over three sessions. Conditioned expansion medium con-
tained DMEM/F-12 (Lonza), 10% FBS (Zen-Bio), 5 ng∕mL epidermal growth
factor, 0.25 ng∕mL transforming growth factor-beta 1 (TGF-β1), 1 ng∕mL ba-
sic fibroblastic growth factor (R&D Systems), 100 U∕mL penicillin, 100 μg∕mL
streptomycin, and 0.25 μg∕mL amphotericin B, pen/strep/ampB (Invitrogen).
Only wells with a single cell were kept to establish true clonal populations. At
90% confluence, clones were transferred to T-75 flasks (P3). At P4, cells were
trypsinized, frozen, and kept in liquid nitrogen. Before mechanical and bio-
chemical tests, clones were thawed and passaged once more (to P5).

Adipogenic and Osteogenic Differentiation. ASC clones (n ¼ 32) were plated
onto 96-well plates at a density of 8;000 cells∕well and cultured with expan-
sion medium until confluent. Medium was then replaced with 200 μL of
adipogenic induction medium, osteogenic induction medium, or control
medium (n ¼ 6, 6, and 12, respectively) (3, 49). Adipogenic medium con-
tained DMEM/F-12, 3% FBS, 10 μg∕mL insulin, 0.39 μg∕mL dexamethasone,
55.6 μg∕mL isobutyl-1-methylxanthine (Sigma-Aldrich), 17.5 μg∕mL indo-
methacin (Cayman Chemical), and pen/strep/ampB. Osteogenic medium
contained DMEM/F-12, 10% FBS, 2.16 mg∕mL β-glycerophosphate (10 mM),
50 μg∕mL μascorbate-2-phosphate, 3.92 ng∕mL dexamethasone, (Sigma-
Aldrich), and pen/strep/ampB. Control medium contained DMEM/F-12,
10% FBS, and pen/strep/ampB. Cells were cultured for three weeks and then
fixed in 3.7% paraformaldehyde (EMS). Oil Red O (ORO, Sigma-Aldrich) stain-
ing was used to assess lipid accumulation in adipogenic and control samples.
Alizarin Red S (ARS, Sigma-Aldrich) staining was used to assess calcified ma-
trix deposition in osteogenic and control samples. After digital images were
taken, ORO and ARS dyes were eluted from each sample, and optical den-
sities were measured at 500 nm and 540 nm, respectively (3). At this point,
each well was stained with 4′,6-diamino-2-phenylindole (DAPI, Thermo Fisher
Scientific), and optical densities were normalized on a per-cell basis (50).

Chondrogenic Differentiation. ASC clones were placed in V-bottomed, 96-well
plates at a density of 50;000 cells∕well. Plates were centrifuged at 400 g to
form cell pellets, and expansion medium was replaced with 200 μL of chon-
drogenic induction medium (n ¼ 6) or control medium (n ¼ 6) (3, 49). Chon-
drogenic medium contained high glucose Dulbecco's Modified Eagle
Medium (DMEM), 10% FBS, 10 ng∕mL TGF-β1, 50 μg∕mL ascorbate-2-phos-
phate, 39.0 ng∕mL dexamethasone, 1% ITSþ Premix (BD Biosciences), and
pen/strep/ampB. Cell pellets were maintained in culture for three weeks.
For analysis, half of the pellets [chondrogenic (n ¼ 3) and control (n ¼ 3)]
were fixed in 3.7% paraformaldehyde. The remaining pellets were digested
with papain (Sigma-Aldrich). Fixed pellets were cryosectioned and immunos-
tained using a Histostain-Plus Kit (Invitrogen) and a primary antibody specific
to type II collagen (II-II6B3-s, Developmental Studies Hybridoma Bank). The
papain-digested pellets were used to quantify sGAG content via the di-
methylmethylene blue assay (Accurate Chem. and Sci. Corp.). The PicoGreen
assay (Invitrogen) was used to quantify DNA amounts (480 nm excitation,
520 nm emission). For sGAG quantification, optical densities were measured
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at 595 nm. A standard curve was used to calculate total sGAG amounts in
each pellet, which were then normalized on a per-DNA basis.

AFM Single-Cell Mechanical Testing. The mechanical properties of individual
ASCs were measured using an atomic force microscope (MFP-3D-BIO, Asylum
Research) using previously established techniques (18, 20, 21). Additional ex-
planation of the mechanical testing procedure can be found in SI Text. Briefly,
spherically tipped cantilevers (5 μm diameter, k ∼ 0.03 N∕m, Novascan Tech-
nologies, Inc.) were used for indentation and stress relaxation experiments.
Individual cells were mechanically tested using a single indentation/stress re-
laxation test over the perinuclear region of the cell. An approach velocity of
15 μm∕s was used, followed by a 30 s relaxation period. Cells adhered on
glass substrates were tested in spherical (n ¼ 12–28 cells) and spread
(n ¼ 19–25 cells) morphologies. Spherical cell shapes were achieved by allow-
ing ASCs to attach for approximately 30 min. Cells within a clonal population
were then tested sequentially, with the entire session lasting less than 1.5 h.
After 24 h, cells spread sufficiently to exhibit flattened morphologies. Both
cell shapes were confirmed visually prior to mechanical testing using phase
contrast microscopy (Fig. S1). Cells attached to the glass substrate via ad-
sorbed proteins from the culture medium, which was consistent across
all clones. Specific ligand binding was not characterized in this study but
could influence measured mechanical properties (51, 52). During testing, in-
dentation depths were maximized for spherical and spread morphologies
(1.2� 0.3 μm and 0.43� 0.09 μm, respectively) but never exceeded 10%
strain. The elastic modulus, Eelastic, was extracted from force (F) vs. indenta-
tion (δ) data using a modified Hertz model [Eq. 1] (20), where R is the relative
radius of the tip, and v is the Poisson’s ratio, assumed to be 0.5 for an incom-
pressible material (53). Parametric studies showed that varying v from 0.3 to
0.5 altered the measured properties by less than 20%. The parameters ER, E0,
and μ (relaxed modulus, instantaneous modulus, and apparent viscosity)
were determined using a thin-layer, stress relaxation model of a viscoelastic
solid [Eqs. 2–4] (20), where τσ and τε are the relaxation times under constant
load and deformation, respectively. C is a thin-layer correction factor relating
indentation depth, tip radius, and sample thickness (53). Limitations to the
testing approach included a likely overestimation of elastic moduli due to a
relatively fast indentation velocity (i.e., fluid pressurization contributed to
the measured modulus) and an underestimation of instantaneous moduli
due to an imperfect fit of the model to the initial drop during stress relaxa-
tion. However, testing procedures were identical for all cells, which allows for
valid comparisons among clones in this study.

FðδÞ ¼ 4R1∕2Eelastic

3ð1 − v2Þ δ3∕2C [1]

FðtÞ ¼ 4R1∕2δ3∕2
0 ER

3ð1 − vÞ
�
1þ τσ − τε

τε
e−t∕τε

�
C [2]

E0 ¼ ER

�
1þ τσ − τε

τε

�
[3]

μ ¼ ERðτσ − τεÞ: [4]

Cell Sorting Simulations. A basic sorting simulation was used to assess the
potential enrichment of the investigated clonal populations using lineage-
appropriate mechanical biomarkers. Analysis of the mechanical properties
associated with the top quartile of clones for each of the adipogenic, osteo-
genic, and chondrogenic lineages identified single parameters that could po-
tentially be used for sorting (Fig. 4A; adipogenesis, height; osteogenesis, ER;
chondrogenesis, μ). More sophisticated approaches that take into account all
measured properties are possible through clustering or neural network tech-
niques (54). The sorting simulations involved a very basic assessment of which
clonal populations would be kept if a threshold mechanical property level
was set (Fig. 4 C–E). For example, keeping only clones with ER > 150 Pa would
result in 100% osteogenic differentiation potential in the resultant popula-
tion. By moving the bar up to 200 Pa, all undiscarded clones would exhibit
high osteogenic potential (Fig. 4B).

Statistical Analysis. Data collected from clonal populations (n ¼ 32) were sub-
jected to a Shapiro-Wilk normality test. Non-normally distributed mechanical
properties were log-transformed before statistical analyses. Results for
bar graphs and tables are presented as geometric mean� SD. Differen-
tiation potential data were normally distributed and are presented as
arithmetic mean� SD. P-values between differentiated and undifferen-
tiated controls for each clone were calculated using two-tailed, unpaired stu-
dent’s t-tests (α ¼ 0.05). To investigate correlations between mechanical
properties and differentiation potential, Pearson correlation coefficients
(r) were calculated from log-transformed data. Correlation coefficients are
expressed as r � 95% confidence intervals. Statistical significance was
achieved if P < 0.05. All statistical tests were performed using IBM SPSS 19
software (IBM).
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