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ABSTRACT Healthy eyes contain a population of limbal stem cells (LSCs) that continuously renew the corneal epithelium.
However, each year, 1 million Americans are afflicted with severely reduced visual acuity caused by corneal damage or disease,
including LSC deficiency (LSCD). Recent advances in corneal transplant technology promise to repair the cornea by implanting
healthy LSCs to encourage regeneration; however, success is limited to transplanted tissues that contain a sufficiently high per-
centage of LSCs. Attempts to screen limbal tissues for suitable implants using molecular stemness markers are confounded by
the poorly understood signature of the LSC phenotype. For cells derived from the corneal limbus, we show that the performance
of cell stiffness as a stemness indicator is on par with the performance of DNP63a, a common molecular marker. In combination
with recent methods for sorting cells on a biophysical basis, the biomechanical stemness markers presented here may enable
the rapid purification of LSCs from a heterogeneous population of corneal cells, thus potentially enabling clinicians and re-
searchers to generate corneal transplants with sufficiently high fractions of LSCs, regardless of the LSC percentage in the donor
tissue.
INTRODUCTION
Each year, more than 1 million Americans suffer impaired
eyesight resulting from cornea damage, which may arise
from either a congenital cause, such as aniridia-related ker-
atopathy, or an acquired cause, such as chemical or blast
injury or Stevens-Johnson syndrome (1). The resulting
dysfunction of limbal stem cells (LSCs), a population of
stem cells that are located in the basal epithelium at the cor-
neoscleral limbus and maintain the cornea, has been recog-
nized as a major cause of prolonged visual loss and
blindness (2,3). Such LSC dysfunction results in LSC defi-
ciency (LSCD), a disease characterized by the loss of
corneal integrity and impaired corneal wound healing that
can result in blindness (reviewed in (4)).

Current treatments for LSCD typically entail transplan-
tation of tissue from allogeneic or autologous donors (5).
Transplants sourced from allogeneic donors are limited
by the high risk of immunorejection and the general neces-
sity of a life-long immunosuppressive drug regimen (3).
Autologous transplantations are beneficial for unilateral
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conditions, which typically result from traumatic eye
injury, but have limited benefit in the treatment of bilateral
congenital eye diseases (6). Interestingly, the clinical suc-
cess of transplantation depends on not only the total num-
ber but also the percentage of stem cells in the graft (7).
Transplant success was found to substantially improve
when LSCs, defined as DNP63a-positive, holoclone-form-
ing cells, comprised R3% of the transplanted cells (8),
further illustrating the importance of sufficiently high
LSC percentages. However, the ex vivo expansion and
transplantation of autologous limbal tissue acquired from
a contralateral biopsy is fettered by the laborious collection
of sufficiently high numbers and percentages of trans-
planted LSCs (8–10), which must be performed rapidly
to ensure cell viability. Furthermore, the high patient-to-pa-
tient variability in the starting percentage of LSCs taken
from a tissue biopsy diminishes the utility of ex vivo
culturing to treat LSCD with stem cells (8). Cell-enrich-
ment techniques are therefore vital for improving the treat-
ment of LSCD.

Current enrichment methods, which are based on the
use of antibodies to select for limbal stem or progenitor
cells, include magnetic bead capture and flow cytometry
(11–13). Such immunologically based cell-enrichment tech-
niques, while useful, are limited by the need for appropriate
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cell-type-specific antibodies. Antibodies against the ATP-
binding cassettes subfamily G member 2 (ABCG2) and sub-
family B member 5 (ABCB5) have been successfully used
to enrich the LSC population, but they also enrich for other
ABCG2- or ABCB5-expressing cells present in the limbus
and cornea (11,14–16). The use of antibodies to identify
LSCs in the clinic is cumbersome, requiring ~15 h of labo-
rious cell processing, and can subsequently affect cellular
physiology if the epitope is associated with a functionally
important protein domain (17–19). A label-free microfluidic
device that sorts based on cellular biomechanical properties
offers cost and labor advantages over current methods and
may provide sufficient enrichment to serve as an alternative
or additional approach to antibody-based techniques. There-
fore, coupled with label-free cell-enrichment approaches,
the identification of new biophysical markers of LSCs could
greatly improve LSCD treatment by enabling a faster and
cheaper process to collect stem-like cells.

Recently, various cell mechanical properties, including
stiffness (i.e., Young’s modulus) and size, have been shown
to distinguish stem cell phenotypes from differentiated
cells at the single-cell level for various stem cell types
(20–24). Changes in biomechanical properties during
stem cell differentiation could enable microfluidic ap-
proaches for on-the-fly analysis and sorting of stem cells
from differentiated cells. Although LSCs have been charac-
terized by a small diameter and high nucleus/cytoplasm ra-
tio in comparison with other cells from the limbal region
(14,21,25), a complete biophysical characterization of
LSCs in relation to the surrounding corneal cells has not
yet been achieved.

We present a complete analysis of LSC mechanics
in congruence with the progenitor marker DNP63a,
which is expressed in LSCs and progenitor cells, but
not differentiated cells. The results indicate that cell de-
formability represents a distinct biophysical marker for
stemness identification of cells derived from the corneal
limbus. Thus, cell mechanical properties can potentially
be used as phenotypic markers for rapid, label-free,
microfluidic enrichment of LSCs from corneal tissue
as a step toward improving the clinical treatment of
LSCD patients.
MATERIALS AND METHODS

Cell isolation and cell culture

Human limbal epithelial cells (LECs) were obtained from Life Technolo-

gies (Carlsbad, CA; #C-018-5C). Each lot was characterized by the manu-

facturer as positive for cytokeratin 15 and DNP63a immunofluorescent

staining. The cells were thawed and cultured as described by the manufac-

turer. LECs were maintained in culture media with a low calcium concen-

tration (30 mM) as previously described (26).

At passage 0, the undifferentiated LECs were stained for DNP63a and

ABCG2 (LEC lot 1645759) or mechanically characterized by atomic force

microscopy (AFM; LEC lot 1163447). Differentiated LECs were obtained

by long-term in vitro culture (4 weeks, 2 passages; LEC lot 1163447). The
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differentiated LECs were either stained for DNP63a and ABCG2 or me-

chanically characterized.

The central cornea was dissected from a 70-year-old cadaveric human

cornea within 36 h postmortem (Georgia Eye Bank, IRB #10336-4). To

obtain a dissociated cell suspension, the corneal tissue was cut into 2- to

4-mm pieces and incubated with 2.4 units/mL of Dispase II (Roche

Diagnostics, Risch-Rotkreuz, Switzerland) for 1 h at 37�C. Cells were

recovered by incubation with 0.5 M EDTA (Invitrogen, Carlsbad, CA)

for 10 min at 37�C, and enzymatic activity was arrested by the addition

of serum-containing media.
Immunohistochemistry

LECs and differentiated LECs were adhered to glass coverslips, fixed with

4% paraformaldehyde, permeabilized in a buffer containing 0.5% Triton

X-100, and blocked with 6% donkey serum and 0.3% Triton X-100 at

room temperature for 1 h. Slides were incubated with primary antibody

against human DNP63a (#ab111449; 1:50; Abcam, Cambridge, United

Kingdom) or ABCG2 (#ab24114; 1:20; Abcam) overnight at 4�C, washed
in phosphate-buffered saline containing 0.05% Tween (PBST), and incu-

bated with 488 or 594 DyLight-conjugated secondary antibody (1:1000;

Jackson Immunoresearch, West Grove, PA) for 1 h and 40,6-diamidino-2-

phenylindole (1:10,000; DAPI) for 5 min. Images were acquired using an

LSM510 confocal microscope and AxioVision image acquisition software

(both from Zeiss, Jena, Germany).

Cadaveric human cornea tissue was fixed with 4% paraformaldehyde

overnight. The tissue was dehydrated using an ethanol gradient (2 h

each of 70%, 80%, 90%, 95%, and 100% ethanol) and then embedded

in paraffin. Then, 7-mm-thick sections were prepared on a microtome,

dewaxed in xylene, and rehydrated through an ethanol gradient to distilled

water. The tissue sections were mounted on glass slides, covered with

0.05% trypsin solution, incubated for 5 min at 37�C, and rinsed with

PBST. The sections were then stained for DNP63a and imaged as

described above. For clarity, the central cornea images were cropped to

remove the stroma.
DNP63a and ABCG2 image quantification

To verify the phenotype of each population, the percentage of DNP63abright

cells was quantified (Fig. S1 A in the Supporting Material; LEC, n ¼ 335;

differentiated LEC, n ¼ 297). ImageJ (National Institutes of Health, Be-

thesda, MD) was used to transform the images into the hue-saturation-

brightness color space and extract the brightness channel of both DAPI

and DNP63a images for further analysis. CellProfiler (27) was used to

identify cell nuclei using the Otsu threshold method for the DAPI images.

The DNP63a staining associated with each nucleus was determined using

the background threshold method and the propagation method of secondary

object identification (28), seeded by the previously identified nuclei. Cells

with nuclei or associated DNP63a staining that touched the border of the

image were excluded from quantification. Since images were captured un-

der 10� or 20� magnification, the intensity of the images was normalized

by NA4=M2, where NA andM are the numerical aperture and magnification,

respectively, of the objective. Cells were defined as DNP63abright if the

mean intensity exceeded 6.1% of the dynamic range, at which point the

lower confidence interval (CI) bound of the diagnostic odds ratio (DOR)

was maximal (see Figs. 2 D and 7 E). The chosen threshold thus represents

the point at which the confidence in a high DOR is maximal.

Similarly, ABCG2 images were used to identify the cytoplasmic region

of each cell (Fig. S1 B; LEC, n ¼ 248; differentiated LEC, n ¼ 113).

The cytoplasmic area was used to quantify the diameter and aspect ratio

of each cell. In combination with the nuclear area identified from the

DAPI images, the cytoplasmic area was used to calculate the nucleus/cyto-

plasm ratio. The intact tissue images of the central cornea could not be

quantified in comparison with the LECs and differentiated LECs due to
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the close cell proximity, confounded by the high variability in sample

thickness.
AFM

Cells were plated on poly-L-lysine-coated glass dishes and immobilized

during a 16–24 h incubation at 37�C. To discourage differentiation, the

LECs were immobilized in stem cell maintenance media until immediately

before mechanical probing was conducted. To simplify the tip-cell contact

geometry, 5.5-mm polystyrene beads were attached to tipless silica nitride

cantilevers (Bruker Probes, Camarillo, CA) using two-part epoxy and dried

overnight. The mechanical properties of individual cells were obtained

from force-indentation curves recorded with an atomic force microscope

(Asylum Research, Santa Barbara, CA) with an integrated optical micro-

scope (Nikon, Melville, NY) on a vibration isolation table. The Sader cali-

bration method (29) was used to obtain cantilever spring constants (kz 15

pN/nm) based on the thermal vibration of the cantilever. The positions of

the z-piezo and the cantilever deflection, Dx, were acquired simultaneously

(Fig. 1 A, blue) to obtain the cell indentation, d (red). The force, F,

exerted on the cell was calculated using the cantilever spring constant, k,

by F ¼ k,Dx. A mechanical analysis of the stiffness and viscoelastic prop-

erties is illustrated for an idealized cell in Fig. 1, B–E.

The cantilever probe was visually aligned with the cell center and trans-

lated to indent the cell with a velocity of 2 mm/s (Fig. 1 B). Contact between

the cantilever and the cell was indicated by an increase in indentation. The

translation velocity was maintained to exert a steadily increasing compres-

sive force on the cell until a force trigger of 5 nN was reached, completing

the compression segment of the curve. To examine the cell relaxation under

compression, the cantilever was allowed to dwell at the surface of the com-

pressed cell for 1 s by setting the translation velocity to zero while recording

the cellular relaxation response (relaxation segment).
Calculation of Young’s modulus

The Hertzian contact model, which describes the force-indentation relation-

ship for deformable, sphere-sphere contact (30), was employed to calculate

the cellular Young’s modulus (Fig. 1, C and D). The model was fit to the

compression segment of the force-indentation curve over an applied force

range of 2.5–4.75 nN, where the Young’s modulus was largely independent

of the indentation (Fig. 1 C, blue dashed line). The cells were assumed to be

incompressible, such that the cellular Poisson’s ratio was taken as 0.5. The

Young’s modulus was calculated as the average of three independent mea-

surements taken at the same location in each cell, with a pause between

measurements so that each measurement produced consistent results.
Calculation of viscoelastic relaxation constants

To calculate the viscoelastic properties of the cells, the spring-damper

model was fit to the relaxation segment of the force-time curve (Fig. 1 B,

red dashed line), using the Maxwell-Wiechert model to calculate the visco-

elastic time constants (31) (Fig. 1 E). Two Maxwell elements were chosen

to best fit the data. The fast and slow viscoelastic time constants were desig-

nated as t1 and t2, respectively. The viscoelastic properties of each cell

were calculated as the averages of three independent measurements.
Calculation of morphological parameters

To calculate the diameter and aspect ratio of each cell based on the phase-

contrast images captured immediately after AFM probing (see Fig. 3 A),

ImageJ was employed to manually draw a polygon around each cell. The

diameter was calculated as the mean of the major and minor axes of the

fit ellipse, and the aspect ratio was calculated as the major axis divided

by the minor axis.
Statistics and figure generation

Due to the nonnormal distribution of each biophysical parameter (Shapiro-

Wilk W test, a ¼ 0.05), a bootstrapping ANOVA was performed using a

custom MATLAB (The MathWorks, Natick, MA) code to discern statisti-

cally significant differences (heteroscedastic comparisons, 10,000 boot-

strapping iterations, a ¼ 0.05), as previously described (20). Post hoc

analyses were performed using bootstrapping Student’s t-tests. To assess

the significance of the post hoc results, Holm’s adjusted p-values were

compared with a ¼ 0.1.

Spearman’s rank correlation coefficients were used to assess the relation-

ship between pairs of mechanical properties measured at the single-cell

level (LEC, n ¼ 36; central cornea, n ¼ 40; differentiated LEC, n ¼ 60).

Coefficients and raw p-values were obtained using JMP statistical software

(SAS Institute, Cary, NC), and a custom Microsoft Excel spreadsheet was

used to apply the Holm’s adjustment and plot the resulting color matrices

(see Fig. 5 B). Beeswarm plots (e.g., Fig. 2 D) and semitransparent scatter

plots (Fig. 5 A) were generated using custom MATLAB codes.
Classifier analysis

To assess the utility of the mechanical parameters as stemness indicators in

comparison with conventional markers, each parameter was tested for its

ability to distinguish stem-like from differentiated phenotypes. As preva-

lence-independent measurements, the true-positive rate (TPR), false-posi-

tive rate (FPR), and DOR were chosen to assess the binary classification

of cells based on the parameters measured in this study. To visualize the

impact of the threshold value on the utility of each classifier, receiver oper-

ating characteristic (ROC) curves were plotted by comparing the TPR and

FPR for the full range of threshold values (see Fig. 6, A–C). The 95% CIs

of the ROC curves were calculated by bootstrapping using a custom

MATLAB code. The CI bounds of the DOR were calculated by

DOR5CI ¼ elnðDORÞ5a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1=TPÞþð1=TNÞþð1=FPÞþð1=FNÞ
p

, where a is the

inverse of the standard normal cumulative distribution evaluated at

1� ð1� CI=2Þ, and TP, TN, FP, and FN are the frequencies of true posi-

tives, true negatives, false positives, and false negatives, respectively (32)

(see Fig. 7 A).

A meta-analysis of previously published data (33–36) was used to estab-

lish the relationship between microfluidic sorting DORs and DORs based

on adherent-cell Young’s moduli (see Figs. 8 and S4). For each pair of

cell types considered, the soft cell type was taken as condition positive.
RESULTS

Molecular characterization

LECs, central cornea cells, and in-vitro-differentiated LECs
(Fig. 2 A) were first compared for staining of molecular
markers. The stemness of each cell type was assessed based
on the percentage of cells that expressed the transcription
factor DNP63a, a nuclear progenitor marker found in holo-
clones. In normal central corneal epithelia, DNP63a protein
expression is abundant in basal cells and decreases with dif-
ferentiation (15,37,38). As expected, the basal layer of the
central cornea exhibited a brighter DNP63a than the apical
layer (Fig. 2 B). Furthermore, the LECs exhibited a signifi-
cantly higher meanDNP63a intensity than the differentiated
LECs (9.1% vs. 5.8% dynamic range; Fig. 2, B and D),
indicating that the LECs decreased in stemness over the
course of the 4-week in vitro culture. It was determined
that 89.9% of the LECs were DNP63abright, as was expected
Biophysical Journal 111, 1761–1772, October 18, 2016 1763



FIGURE 1 AFM. (A) A beaded cantilever was used to probe the mechan-

ical properties of individual cells. The positions of the z-piezo and laser

were used to calculate the cantilever deflection, Dx, and the indentation,
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considering the manufacturer’s selection of a DNP63apositive

cell population (Fig. 2 D). After extended culture, only
30.3% of the differentiated LECs were DNP63abright

(Fig. 2 D), further supporting the successful differentiation
of the LECs during extended culture.

Quantification of the DAPI nuclear stain and ABCG2
cytoplasmic stain (Fig. 2 C) enabled calculation of the nu-
cleus/cytoplasm ratio, diameter, and aspect ratio for each
LEC and differentiated LEC. The nucleus/cytoplasm ratio
was significantly higher for the LECs than for the differen-
tiated LECs (Fig. 2 E). In agreement with a previous study
that specified a nucleus/cytoplasm ratio cutoff of 0.7 (14),
8.1% of the LECs and 0.88% of the differentiated LECs ex-
hibited a high nucleus/cytoplasm ratio. The LECs were
significantly smaller than the differentiated LECs (Fig. 2
F), but the cellular aspect ratios were not significantly
different (Fig. 2 G).
Cell mechanics

The LECs exhibited significantly lower Young’s moduli
than both the central cornea cells and the differentiated
LECs (Figs. 3 B and 4 A), indicating that cell stiffness
may be used as a stemness indicator for cells derived from
the corneal limbus. The differentiated LECs were signifi-
cantly larger than the LECs and the central cornea cells,
and the LECs were significantly larger than the central
cornea cells (Fig. 4 B). However, there were no significant
differences among the cell populations with respect to the
aspect ratio (Fig. 4 C) or the fast viscoelastic time constant,
t1 (Figs. 3 C and 4 D). The slow viscoelastic time constant,
t2, was significantly lower for the LECs than for the differ-
entiated LECs (Figs. 3 C and 4 E), indicating a more viscous
behavior for the differentiated LECs. However, the slow
viscoelastic time constant cannot be regarded as an ideal
stemness marker because the difference between the LECs
and central cornea cells was not significant. Overall, neither
d. The force, F, exerted on the cell was calculated from the cantilever spring

constant, k, by F ¼ k,Dx. (B–E) Mechanical analysis of an idealized cell

with an indentation-independent Young’s modulus of 1.7 kPa. (B) The

cantilever was driven toward the cell with a velocity, v, of 2 mm/s. The in-

crease in indentation at t ¼ �0.5 s indicated cantilever-cell contact. The

driving velocity was maintained to exert a compressive force on the cell un-

til the force trigger of 5 nN was reached, completing the compression

segment of the curve. The cantilever position was then maintained on the

surface of the cell for 1 s while the unforced cellular relaxation response

was recorded (relaxation segment). (C) The compression segment of the

force-indentation curve was used to determine the cellular Young’s

modulus, which is directly related to the slope of the curve. (D) The

Hertzian model, which describes sphere-sphere contact, was employed to

calculate the cellular Young’s modulus, E. The model was fit to the

force-indentation curve over the range of 50–95% force (C, dashed line).

(E) The Maxwell-Wiechert model (with 2 Maxwell elements) was fit to

the relaxation segment of the force-time curve (B, red dashed line) to

calculate the viscoelastic time constants, t1 and t2. To see this figure in

color, go online.



FIGURE 2 Molecular characterization. (A) LECs

were harvested from the corneal limbus. Differenti-

ated LECs were obtained by culturing the LECs

in vitro for 4 weeks. Central cornea cells were har-

vested from human corneas. (B) Dissociated LECs,

intact central cornea tissue, and dissociated differ-

entiated LECs were stained for nuclear material

(DAPI) and the progenitor marker DNP63a.

The stem-like LECs stained more brightly for

DNP63a than the differentiated LECs. The central

cornea tissue displayed a basal layer of stem-like

DNP63abright cells, whereas the differentiated api-

cal cells were DNP63adim. (C) To identify the

nuclear and cytoplasmic areas of the dissociated

LECs and differentiated LECs, cells were stained

for nuclear material (DAPI) and the cell membrane

marker ABCG2. Scale bars, 50 mm. (D) DNP63a

was significantly brighter for LECs than differenti-

ated LECs (p < 10�6), and a higher percentage of

DNP63abright cells was observed in LECs than in

differentiated LECs, indicating a decreased percent-

age of stem-like cells after the 4-week in vitro cul-

ture. (E) The nucleus/cytoplasm area ratio, as

determined by DAPI and ABCG2 staining, was

significantly higher in LECs than in differentiated

LECs (p < 10�6). It was found that 8.1% of

LECs and 0.88% of differentiated LECs displayed

nucleus/cytoplasm ratios above the previously

described threshold of 0.7 (14), further supporting

the higher prevalence of stem-like cells in the

LEC population. (F) The differentiated LECs

were significantly larger than the LECs (p <

10�6), as quantified by the ABCG2 cytoplasmic

stain. (G) The aspect ratio was not significantly

different between LECs and differentiated LECs

(p ¼ 0.61). To see this figure in color, go online.
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the aspect ratio nor the viscoelastic time constants serve as
specific markers of limbal cell stemness.

To investigate the relationship between each pair of me-
chanical properties, the parameters were compared for
each cell type measured (Fig. 5 A). Cells with the highest
aspect ratios (>2) were observed to have low viscoelastic
time constants, and cells with the highest viscoelastic time
constants tended to have low aspect ratios (<2). However,
no strong relationship was observed for any pair of mechan-
ical parameters (Fig. 5 B), suggesting the potential use of
multiple parameters in combination to isolate cell popula-
tions of interest. There was a significant but weak relation-
ship between the two viscoelastic time constants regardless
of whether the cell types were considered together or indi-
vidually (Fig. 5 B). Interestingly, the Young’s modulus
and diameter were highly negatively correlated for central
cornea cells, but not for LECs, differentiated cells, or all
cell types considered together (Fig. 5 B).
DISCUSSION

In this work, for the first time to our knowledge, the mechan-
ical properties of cells derived from the corneal limbus were
characterized. The LECs, which were shown to be stem-like
based on the high percentage of DNP63abright cells, were
significantly softer than both the central cornea cells and
the in-vitro-differentiated LECs. Therefore, cell stiffness
can be used as a stemness indicator for cells derived from
the corneal limbus.

Previous studies of stem cell mechanics have shown that
various properties change during differentiation. Overall,
mechanical comparisons of stem cells and their progeny
have revealed that cells with epithelial-like morphologies
are softer than cells with mesenchymal-like morphologies
(22,23). The epithelial-to-mesenchymal transition observed
during LEC differentiation, coupled with the finding pre-
sented here of a corresponding stiffness increase, further
supports the contention that cells with a mesenchymal
morphology are stiffer than epithelial cells. In comparison,
the mechanical changes are less clear for cell types that
remain mesenchymal-like during differentiation, such as
mesenchymal stem cell differentiation to osteoblast lineages
(20,22,24).

Studies in which corneal cells were grown on substrates
of varying stiffnesses support the finding that the stem-
like limbal cells are relatively soft. Corneal epithelial cells
Biophysical Journal 111, 1761–1772, October 18, 2016 1765



FIGURE 3 Mechanical phenotyping via AFM. (A) Phase-contrast mi-

croscopy was used both to position the cantilever over each individual

cell and to measure the diameter and aspect ratio of each cell. Scale

bar, 10 mm. (B) Given the direct relationship between the cellular

Young’s modulus and the slope of the force-indentation curve, represen-

tative force-indentation curves indicated that the LECs were softer than

the central cornea cells and differentiated LECs. (C) Force-time curves

obtained during cell relaxation indicated the viscoelastic properties of

the cells. The fast viscoelastic time constant, t1, which is inversely

related to the slope at the minimum time (t ¼ 0 s), was similar for all

cell types. The slow viscoelastic time constant, t2, which is inversely

related to the slope at the maximum time (t ¼ 1 s), was qualitatively

higher for the differentiated LECs than for the LECs and central cornea

cells. To see this figure in color, go online.
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grown on low-stiffness substrates exhibited the early-differ-
entiation marker cytokeratin 19, whereas cells grown on
high-stiffness substrates expressed the late-differentiation
markers cytokeratins 3 and 12 (39,40). Furthermore, previ-
ous studies indicated that the basement membrane is softer
than the apical Bowman’s layer (41) and that limbal tissue is
softer than central cornea tissue (42). Since cells are known
to modulate F-actin organization and thereby alter their
stiffness in response to the stiffness of the underlying sub-
strate (43), the finding that the limbal niche is softer than
the central cornea niche supports the contention that the
Young’s modulus results reflect differences between the
in vivo mechanical environments of the stem-like and differ-
entiated cell types.
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The slow viscoelastic time constant changed during
in vitro differentiation, but the fast viscoelastic time con-
stant did not, suggesting that distinct cellular structures
may dominantly underpin each viscoelastic time constant.
The nucleus is known to be several orders of magnitude
more viscous than the cytoskeleton (mnucleus z 5 kPa-s
(44), mactin z 1–10 mPa-s (45), mmicrotubule z 1–100
mPa-s (45)). Therefore, the observed increase in nuclear
area during in vitro LEC differentiation (Fig. S2) may
partially explain the concomitant increase observed in the
slow viscoelastic time constant. Furthermore, a recent study
of fibroblasts, which also employed a two-time-constant
relaxation model, found that the actin network governs
relaxation behavior over shorter timescales, whereas the in-
termediate filament network dictates long-term relaxation
(46). Thus, an intermediate filament rearrangement during
limbal cell differentiation may play a dominant role in
cell relaxation compared with actin rearrangement. Interest-
ingly, cytokeratins 3, 12, and 19, which comprise type I and
II intermediate filaments, are commonly used to identify
stemness in the limbus (39,40), further emphasizing a poten-
tial relationship between the intermediate filament structure
and cellular mechanical properties.

The finding that the differentiated LECs were larger
than both the LECs and the central cornea cells is sup-
ported by the previous observation that cells increased in
size over the course of in vitro differentiation due to
external stressors and the lack of three-dimensional spatial
restrictions (47). The finding that the LECs were larger
than the central cornea cells (Fig. 4 B) conflicts with a pre-
vious study that found that LECs were smaller than central
cornea cells (21). However, that study used flow cytometry
to measure the size of dissociated cells ex vivo, as well as
in vivo confocal microscopy to investigate only the most
basal and superficial layers of intact epithelial tissue,
whereas the data presented here refer to rounded, immobi-
lized cells that represent the entirety of each anatomical
region. Furthermore, the distribution of cell diameters
(Fig. 4 B) indicates that the LECs include a portion of
smaller cells with no counterpart in the central cornea
population, which is similar to the previously presented
data (21).

Quantification of both the ABCG2 cell membrane stain
and the AFM phase-contrast images indicated an increase
in cell diameter, with no significant change in the aspect ra-
tio, during in vitro LEC differentiation (Figs. 2, F andG, and
4, B and C). Although the LEC diameters were similar
(~20 mm) for both methods, quantification of the differenti-
ated LEC phase-contrast images yielded a 50% larger
average diameter than quantification of the ABCG2 images.
The apparent diameter discrepancy can be explained by
differences in the surface coatings, which are known to
affect cell morphology (48–51), as cells were plated on
poly-L-lysine-coated glass for the phase-contrast images
and on uncoated glass for the ABCG2 images.



FIGURE 4 Cell mechanics. (A) The LECs were

significantly softer than both the central cornea

cells (padjusted ¼ 0.001) and differentiated LECs

(padjusted < 10�6), suggesting that Young’s

modulus may be used as an indicator for the differ-

entiation state of limbal epithelial cells. (B) The

LECs were significantly larger than the central

cornea cells (padjusted < 10�6) but significantly

smaller than the differentiated LECs (padjusted <

10�6). The central cornea cells were significantly

smaller than the differentiated LECs (padjusted <

10�6). (C and D) There were no significant differ-

ences in the aspect ratio or the fast viscoelastic

time constant, t1. (E) The LECs had a significantly

lower slow viscoelastic time constant, t2, than the

differentiated LECs (padjusted ¼ 0.043). Due to the

nonnormal distribution of each population (Sha-

piro-Wilk W test, a ¼ 0.05), a bootstrapping

ANOVA was used to discern statistically signifi-

cant differences. Populations connected by black

bars are significantly different (Holm’s adjusted

p-values, a ¼ 0.10). To see this figure in color,

go online.

Limbal Cell Stiffness Indicates Stemness
To determine the utility of each mechanical property as a
biomarker, we analyzed each parameter as a binary classifier
of stemness. For a chosen threshold, a contingency table was
constructed to compare the test condition with the actual
condition (Fig. 6, A and B). ROC curves were plotted by
calculating the TPR and FPR for the full range of classifier
values (Fig. 6 C). The parameters that best classified stem-
ness (i.e., separated LECs from differentiated LECs) were
FIGURE 5 Pairwise cell mechanics compari-

sons. (A) The weak relationships between pairs of

mechanical properties indicated that each property

may be used independently to identify or isolate a

cell population of interest (LEC, n ¼ 36; central

cornea, n ¼ 40; differentiated LEC, n ¼ 60). (B)

The pairwise Spearman’s correlation coefficients

among the five mechanical parameters for all cells

(top left), LECs only (top right), central cornea

cells only (bottom left), and differentiated LECs

only (bottom right) indicated that correlations

were generally weak or not significant. In all cases,

the two viscoelastic parameters were positively

associated. Interestingly, the Young’s modulus

and diameter were highly negatively correlated

for central cornea cells, but not for LECs, differen-

tiated cells, or all cell types considered together.

Spearman’s rank correlation coefficients range

from �1 to þ1. The crosshatch pattern indicates

a correlation that was not statistically significant

based on Holm’s adjusted p-values (a ¼ 0.10).

To see this figure in color, go online.
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FIGURE 6 ROC curves. (A) For a binary classi-

fier, the contingency table separates test subjects

into TPs, FPs, FNs, and TNs. Young’s modulus

was used to select for LECs (condition positive)

and against differentiated LECs (condition nega-

tive). Cells below and above the threshold Young’s

modulus (e) were considered to be test positive and

test negative, respectively. (B) A perfect classifier

would enable perfect discrimination between con-

dition-positive and condition-negative cells (no

FPs, no FNs), whereas a random classifier would

enable no discrimination between condition-posi-

tive and condition-negative cells (TPs ¼ FPs,

TNs ¼ FNs). In practice, the threshold value of a

test classifier can be shifted to improve positive se-

lection at the cost of reduced negative selection, or

vice-versa. (C) ROC curves (black lines and D–H)

were generated by calculating the TPR and FPR for

all possible threshold values. The ROC curve for a

test classifier (solid line) lies between the ROC

curves for a perfect classifier (dotted line) and a

random guess (dashed line). (D–H) ROC curves

for the selection of LECs against either central

cornea cells or differentiated LECs using the test

positive conditions of a (D) low Young’s modulus;

(E) low diameter; (F) low, slow viscoelastic time

constant (t2); (G) high mean DNP63a intensity;

or (H) high nucleus/cytoplasm ratio indicated that

each parameter can be used to discern stemness.

Shaded regions indicate 95% CI. To see this figure

in color, go online.
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the Young’s modulus (Fig. 6 D), diameter (Fig. 6 E), slow
viscoelastic time constant (Fig. 6 F), mean DNP63a inten-
sity (Fig. 6 G), and nucleus/cytoplasm ratio (Fig. 6 H).
The aspect ratio (Fig. S3 A) and fast viscoelastic time con-
stant (Fig. S3 B) did not successfully indicate stemness.

To further understand the binary classification, the DOR
was chosen as a single parameter that summarizes the
TPR and FPR (Fig. 7 A). The Young’s modulus performed
well in the selection of LECs against both central cornea
1768 Biophysical Journal 111, 1761–1772, October 18, 2016
cells and differentiated LECs (Fig. 7 B), but classification
on the basis of the diameter or the slow viscoelastic time
constant succeeded only in the selection of LECs against
differentiated LECs (Fig. 7, C and D). The maximum
DORs for the selection of LECs against differentiated
LECs on the basis of the mean DNP63a intensity was ~90
(Fig. 7 E; Table S1), indicating that the odds of a positive
stemness test among LECs is 90 times higher than the
odds of a positive stemness test among differentiated



FIGURE 7 DOR. (A) The DORmeasures the overall utility of a binary classifier by TP,TN=FP,FN. The DOR of a perfect classifier (dotted line) is infinite

for any threshold value, whereas the DOR of a random classifier (dashed line) is ~1, and a test classifier (solid line) will have a finite DOR of >1. Extreme

threshold classifier values yield an infinite DOR (where FP ¼ 0 or FN ¼ 0). (B–F) The DORs based on the (B) Young’s modulus, (C) diameter, (D) slow

viscoelastic time constant, (E) meanDNP63a intensity, and (F) nucleus/cytoplasm ratio were generally higher for the selection of LECs against differentiated

LECs than against central cornea cells. The DOR based on the Young’s modulus was ~10 regardless of the threshold value. Shaded regions indicate 95% CI.

(G) To determine the utility of a two-parameter classifier, cells below both the diameter threshold, d, and the Young’s modulus threshold, e, were defined as

test positive. All other cells were defined as test negative. (H–J) For all possible combinations of (H) threshold diameter and threshold Young’s modulus, (I)

threshold slow viscoelastic time constant (t2) and threshold diameter, and (J) threshold Young’s modulus and threshold slow viscoelastic time constant, the

DORwas calculated for selection of LECs against differentiated LECs. The increase in DOR upon inclusion of a second classifier indicates that the combined

classifiers can outperform the single-parameter classifiers. The DORs ranged from 0.01 to 1000. To see this figure in color, go online.

Limbal Cell Stiffness Indicates Stemness
LECs (32). In comparison, the maximum DOR was ~30
for selection on the basis of the nucleus/cytoplasm
ratio, Young’s modulus, or diameter, and ~14 for selection
on the basis of the slow viscoelastic time constant (Fig. 7,
B–D and F; Table S1). However, the DORs for classification
based on the aspect ratio (Fig. S3 C; Table S1) or the fast
viscoelastic time constant (Fig. S3 D; Table S1) were rela-
tively low, further corroborating the finding that the aspect
ratio and fast viscoelastic time constant are not suitable
stemness indicators.

In addition to the DOR, the area under the ROC curve is
commonly used to measure the utility of a classifier. The
area under the curve (AUC) data support the DOR-based
finding that the mean DNP63a intensity, diameter, and
Young’s modulus best identified LECs from a mixed popu-
lation containing differentiated LECs (Table S2).

Previous results further support the relationship between
adherent-cell AFM and microfluidic sorting ability: me-
chanics data from adhered cells correlate with sorting trajec-
tories within our device, and cells taken from the outlets of
our device display distinct mechanical properties after
attachment (34). Specifically, the relatively soft and low-vis-
cosity K562 cells have been efficiently sorted from HL60
cells (sorting DOR ¼ 205 (36)) and leukocytes (sorting
Biophysical Journal 111, 1761–1772, October 18, 2016 1769



FIGURE 8 Correlation between adherent-cell mechanics and microfluidic sorting. (A–C) Sorting for stem-like cells from the limbal region (black vertical

lines) is projected to yield a microfluidic sorting DOR of ~10, based on positive correlations between microfluidic sorting DORs and either (A) the maximum

Young’s modulus-predicted DOR (r ¼ 0.831, p ¼ 0.11), (B) the mean Young’s modulus-predicted DOR (r ¼ 0.850, p ¼ 0.007), or (C) the AUC of the

Young’s modulus ROC (r¼ 0.850, p¼ 0.007). DORs and AUCs were calculated from previously published data (33–36). Spearman’s correlation coefficients

were calculated to test for monotonic trends. To see this figure in color, go online.
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DOR ¼ 12.7 (35)). The similar relative mechanical proper-
ties reported in the limbal system suggest the applicability
of microfluidic sorting technology to enrich for limbal
stem-like cells.

To quantitatively elucidate the relationship between the
adherent-cell Young’s modulus-based DOR and sorting
ability, a meta-analysis of previously published data was
conducted (Figs. 8 and S4). The positive correlations
between the microfluidic sorting DORs and the DORs
predicted from the Young’s modulus (maximum DOR,
r ¼ 0.831, p ¼ 0.011; mean DOR, r ¼ 0.850, p ¼ 0.007;
AUC, r ¼ 0.850, p ¼ 0.007) provide evidence that the
high-Young’s-modulus-based DORs observed in the limbal
system indicate an ability to enrich for stem-like cells from
the limbal niche using microfluidics.

Evaluating parameters on the single-cell level enabled a
combined classifier analysis. Thus, given the positive
performance of the Young’s modulus, diameter, and slow
viscoelastic time constant as stemness classifiers, the perfor-
mance of pairwise classifiers was also assessed. Cells
with both parameters below the respective thresholds were
taken as test positive, and the remainder were taken as test
negative (Fig. 7 G). For the Young’s modulus, diameter,
and slow viscoelastic time constant, the maximum
DOR for each pair of parameters exceeded 35 when
selecting for LECs and against differentiated LECs, indi-
cating that the combined classifiers have the potential to
classify cells more efficiently than the individual parameters
1770 Biophysical Journal 111, 1761–1772, October 18, 2016
(Fig. 7, H–J; Table S3). The combined classifiers were less
successful in selecting for LECs and against central cornea
cells (Fig. S3, E–G; Table S3).

Although the DOR provides a measure of the utility of a
binary classifier, the calculation assumes that FPs (i.e.,
differentiated cells that are identified as stem-like cells)
and FNs (i.e., stem-like cells that are identified as differen-
tiated cells) are equally problematic. Thus, the ideal scheme
to enrich stem-like limbal cells for regenerative medicine
does not necessarily maximize the DOR. The presence of
stem-like cells in a population may accelerate tissue regen-
eration (reviewed in (52)), promoting the idea that FNs may
be less desirable than FPs. Contrarily, the low prevalence
(1–10%) of stem-like cells in the limbus (8,53) adds to the
challenge of removing a large percentage of FP cells. There-
fore, further biological studies of the limbal niche will be
required to determine the relative importance of minimizing
FPs versus FNs for applications to corneal regeneration us-
ing LSC therapy (8). When the ideal balance between FPs
and FNs is determined, the results presented here can be
used as a framework to inform the mechanically driven
enrichment of stem-like cells from a heterogeneous corneal
cell population.
CONCLUSIONS

We identify cell stiffness as a stemness indicator, which is a
novel finding, to our knowledge, for cells derived from the
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corneal limbus. Our characterization of the mechanical
properties of cells derived from the corneal limbus showed
that stem-like LECs were softer than cells from the central
cornea as well as in-vitro-differentiated LECs. Additional
biophysical properties, such as size and the slow viscoelastic
time constant, can also be utilized to distinguish stem-like
LECs from a mixed cell population.

Biophysical markers hold great promise for improving
corneal transplant success for LSCD patients. Whereas
measuring cellular mechanical properties by AFM is a
low-throughput process (~3 min/cell), microfluidics prom-
ises to provide a high-throughput method that combines
stiffness-, size-, and viscoelasticity-based sorting to isolate
stem-like cells (34–36,54–56). Such high-throughput tech-
niques can be used to generate corneal tissue implants
with highly enriched stem-like limbal cell populations,
which may yield superior clinical outcomes compared
with tissue implants that are directly harvested from the
cornea (8).
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