
Am J Transl Res 2016;8(10):4446-4454
www.ajtr.org /ISSN:1943-8141/AJTR0034511

Original Article 
Cellular mechanical properties reflect the differentiation 
potential of nucleus pulposus-derived progenitor cells

Ming-Han Liu1, You-Hong Cui2,3, Yue Zhou1

1Department of Orthopedics, Xinqiao Hospital, Third Military Medical University, Chongqing 400037, China; 
2Institute of Pathology and Southwest Cancer Center, Southwest Hospital, Third Military Medical University, 
Chongqing 400038, China; 3Key Laboratory of Tumor Immunopathology of Ministry of Education of China, Third 
Military Medical University, Chongqing 400038, China

Received June 13, 2016; Accepted July 9, 2016; Epub October 15, 2016; Published October 30, 2016

Abstract: Mechanical properties of cells reflect differences in cellular subpopulations, differentiation potency, and 
cell behaviors. Previous study has revealed that intervertebral disc (IVD) degeneration leads to alterations in cell 
behavior and differentiation potency. Human nucleus pulposus-derived progenitor cells (NPPCs) are an attractive 
cell sources for IVD regeneration. However, the relationship between mechanical properties and differentiation 
potential in different NPPC subpopulations is few known. In this study, mechanical properties of different NPPC 
subpopulations were measured via atomic force microscopy (AFM) and correlated with differentiation potential of 
NPPCs. We found that elastic modulus, relaxed modulus, and instantaneous modulus were positively correlated 
with osteogenic potential of NPPCs. And apparent viscosity was correlated with chondrogenic potential of NPPCs. 
These results indicated that the mechanical properties were predictive markers for differentiation potential of NPPC 
subpopulations, and could be used for enrichment based on differentiation potential, which could significantly im-
prove the outcome of IVD regeneration.
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Introduction

Intervertebral disc (IVD) degeneration is widely 
known as major contributor to low back pain [1, 
2]. IVD degeneration is characterized by dehy-
dration of the nucleus pulposus (NP) and a loss 
of disc height, which can be visualized as a low-
intensity signal by MRI, together with structural 
deficits, inflammation and herniation of the NP. 
However, the pathogenesis of IVD degeneration 
is largely unknown and there are no effective 
therapies. Stem cell-based transplantation to 
the degenerated IVD has shown promise in 
decelerating or arresting the degenerative pro-
cess of IVD [3].

Previously, it has been found of IVD progenitor 
cells and a stem cell system that participates in 
IVD regeneration [4-6]. Nucleus pulposus pro-
genitor cells (NPPCs) were capable of differenti-
ating along osteogenic, chondrogenic, adipo-
genic lineages in vitro, and also into oligoden-
drocytes, neurons and astroglial-specific pre-
cursor cells in vivo, demonstrating their multi-

potency is similar with bone marrow-derived 
MSCs (BMSCs) [7].

Disc regeneration needs stem/progenitor cell 
to repair and regenerate the degenerated disc. 
As NPPCs could be isolated from disc patients 
and amplifying cultured in vitro, these cells 
could be one of cell sources in cell therapy for 
IVD degeneration. Though conflicting results 
exist, previous findings have indicated that the 
regenerative potential of MSCs deteriorates 
with age, which suggests a possible limitation 
in their use [8]. However, cell aging is accompa-
nied by changes in mechanical properties of 
stem cells. Thus, examining how the elastic 
properties of NPPCs varies with disc degenera-
tion and how this subsequently impacts the dif-
ferentiation potential is of key importance.

The goal of the study was to investigate the 
relationship between the mechanical proper-
ties of NPPCs and their lineage differentiation 
capabilities. Specifically, 30 single-cell-derived 
clonal populations were established using 
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methylcellulose medium. Cellular elastic and 
viscoelastic properties for each clonal popula-
tion were determined via atomic force micros-
copy (AFM) by testing individual cells. Clones 
were then assessed for differentiation poten-
tial along osteogenic, chondrogenic, and adipo-
genic lineages. Correlations were determined 
between individual mechanical parameters 
and lineage differentiation capabilities. Ana- 
lyses showed that osteogenic potential was 
positively correlated with elastic modulus, 
relaxed modulus, and instantaneous modulus 
of undifferentiated NPPCs, and chondrogenic 
potential was correlated with apparent viscosi-
ty of undifferentiated NPPCs. These results 
indicated the cellular mechanical properties 
were predictive of differentiation capability of 
NPPC clonal subpopulations, and could be 
used to enrich for high potentiated progenitor 
cells for dramatically improving the quality of 
stem cell-based IVD regeneration.

Materials and methods

Isolation and expansion of NPPCs

NP tissues were obtained from 11 donors who 
underwent spinal fusion surgery for DDD (Table 
1). NPPCs were isolated as previously describ- 
ed [9]. Briefly, NP tissues were enzymatically 
digested with 0.15% collagenase II (Sigma, 
USA) in Dulbecco’s modified Eagle’s medium/
F12 (DMEM/F12, HyClone, USA) containing 3% 
fetal calf serum (FCS, HyClone, USA) for 6 hours 
at 37°C. After digestion, the suspended cells 
were filtered through a 70-μm cell filter to mini-
mize cell aggregates. NP cells (total cell num- 
ber of 103 per dish) were cultured in 1 mL of 

cal Ethics Committee of the Xinqiao Hospital of 
Third Military Medical University has approved 
this protocol, and all patients provided written 
informed consent.

AFM single-cell mechanical measurements

The mechanical properties of individual NPPCs 
were measured using an atomic force mic- 
roscope (Nanowizard II, JPK Instruments, 
Germany) using previously established tech-
niques [10, 11]. Briefly, spherically tipped canti-
levers (5 μm diameter, k ~0.03 N∕m, Novascan 
Technologies, USA) were used for indentation 
and stress relaxation experiments. Individual 
cells were mechanically tested using a single 
indentation/stress relaxation test over the peri-
nuclear region of the cell. An approach velocity 
of 15 μm/s was used, followed by a 30 s relax-
ation period. During testing, indentation depths 
were maximized for 0.5 μm, but never exceed-
ed 10% strain. The elastic modulus was extract-
ed from force vs. indentation data using a mod-
ified Hertz model [12], where R is the relative 
radius of the tip, and v is the Poisson’s ratio, 
assumed to be ~0.5 for an incompressible 
material. However, testing procedures were 
identical for all cells, which allows for valid com-
parisons among clones in this study.

Osteogenic differentiation

The cells were seeded on 24-well culture plates 
and incubated for 24 h; the normal culture 
media were then replaced with osteogenic 
induction media (Osteogenic Differentiation 
Kit, GIBCO, USA). The induction process lasted 
for 21 days and the media were changed every 

Table 1. Characteristic details of the patients enrolled in this study
Case 
No.

Age 
(years) Gender Symptoms Diagnosis Disc 

level
Pfirrmann 
grading

Case 1 46 F BP Lumbar discogenic pain L4/5 III
Case 2 44 M BP Lumbar disc herniation L5/S1 IV
Case 3 64 M BP-RP Lumbar discogenic pain L5/S1 IV
Case 4 57 M BP-RP Lumbar disc herniation L5/S1 III
Case 5 41 F BP-RP Spondylolisthesis L5/S1 III
Case 6 45 M BP Spondylolisthesis L4/5 IV
Case 7 52 F BP Lumbar disc herniation L5/S1 III
Case 8 48 F BP-RP Spondylolisthesis L4/5 III
Case 9 56 M BP-RP Lumbar disc herniation L5/S1 III
Case 10 51 F BP Lumbar disc herniation L4/5 IV
Case 11 49 F BP-RP Lumbar discogenic pain L4/5 III
BP: back pain; RP: radicular pain.

MethoCult H4230 me- 
thylcellulose medium 
(Stem Cell Technolo- 
gies) and were seeded 
into 35-mm diameter 
dishes (Stem Cell Te- 
chnologies) for 2 we- 
eks. Cell clusters (dia- 
meter greater than 50 
μm) were isolated us- 
ing a sterile Pasteur 
pipette and subcultur- 
ed in 35-mm diameter 
dishes. All cell culture 
was performed under 
a humidified atmosp- 
here containing 5% 
CO2 at 37°C. The Medi- 
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3 days. The control cells were maintained in 
DEME/F12 with 10% FCS. Finally, the induction 
media were removed, and the cells were rins- 
ed with PBS, followed by fixation with a 4% 
paraformaldehyde solution at room tempera-
ture for 1 h for alizarin red staining. Alizarin red 
staining was used to assess calcified matrix 
deposition in osteogenic and control samples. 
After digital images were taken, alizarin red 
staining dyes were eluted from each sample, 
and optical densities were measured at 540 
nm.

Chondrogenic differentiation

A pellet culture was employed for chondrogenic 
induction as previously described [13]. The 
cells were centrifuged at 500 g for 10 min in a 
polypropylene tube to form a pellet. Without 
being disturbed, the cell pellets were incubated 
for 24 h with normal medium; the normal medi-
um was subsequently replaced by chondrogen-
ic induction medium (Chondrogenic Differen- 
tiation Kit, GIBCO, USA). Thereafter, the induc-
tion medium was refreshed every 3 days. Blank 
controls were cultured with DMEM/F12 with 
10% FCS. On day 14, the cell aggregates were 
weighed to determine the wet weights and fixed 
in 4% paraformaldehyde solution for 15 min at 
room temperature; the cells were then dehy-
drated in serial ethanol solutions and embed-
ded in paraffin blocks. The paraffin sections 
were stained with alcian blue dye for histologi-
cal analysis. The papain-digested pellets were 
used to quantify sGAG content via the dime- 
thylmethylene blue assay (Sigma, USA). The 
PicoGreen assay (Invitrogen, USA) was used to 
quantify DNA amounts (480 nm excitation, 520 
nm emission). For sGAG quantification, optical 
densities were measured at 595 nm. A stan-
dard curve was used to calculate total sGAG 
amounts in each pellet, which were then nor-
malized on a per-DNA basis.

Adipogenic differentiation

The cells were seeded in 24-well culture plates 
and incubated for 24 h; the normal medium 
was subsequently replaced by adipogenic 
induction medium (Adipogenic Differentiation 
Kit, GIBCO, USA). The negative controls were 
maintained in normal medium. On day 21, the 
cells layers were fixed with 4% paraformalde-
hyde solution for 15 min at room temperature 
and stained with oil red O for an additional 15 
min to confirm the newly formed lipid droplets. 

Oil red O staining was used to assess lipid 
accumulation in adipogenic and control sam-
ples. After digital images were taken, oil red O 
dyes were eluted from each sample, and opti-
cal densities were measured at 500 nm.

Statistical analysis

All statistical tests were performed using SPSS 
13.0 software (IBM). Data collected from clonal 
populations (n=32) were subjected to a Shapiro-
Wilk normality test. Non-normally distributed 
mechanical properties were log-transformed 
before statistical analyses. P-values between 
differentiated and undifferentiated controls for 
each clone were calculated using two-tailed, 
unpaired student’s t-tests (α=0.05). To investi-
gate correlations between mechanical proper-
ties and differentiation potential, Pearson cor-
relation 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 values are reported as means ± SD.

Results

Characterization of NPPCs from human degen-
erated nucleus pulposus

To identify and isolate NP stem/progenitor 
cells, we began with a colony-forming assay 
(CFA) using methylcellulose semi-solid medium, 
which was established to evaluate endothelial 
stem/progenitor cells [14] and has been used 
to identify tissue-specific stem/progenitor cells 
from various organs [15, 16]. During the culture 
of primary NP cells, 1×103 NP cells were col-
lected and subjected to the methylcellulose 
(Figure 1A). After 7 days, adhesive spheroid 
colonies were observed (Figure 1B). After being 
cultured in methylcellulose for 2 weeks, some 
of the seeded cells formed cell clusters with 
diameters greater than 50 μm and each colony 
was subcultured in multi-well plates for expan-
sion (Figure 1C, 1D). The antigenic phenotype 
of NPPCs was checked by flow cytometric anal-
ysis (Figure 1E). NPPCs were positive for many 
stem cell markers common to cartilage end-
plate-derived stem cell (CESCs) [6], including, 
CD73, CD90, and CD105. Similar with CESCs, 
the NPPCs were negative for the pan-monocytic 
antigen CD14, the hematopoietic stem cell 
marker CD34, the pan-B-cell marker CD19, the 
pan-hematopoietic marker CD45, and the class 
2 HLA antigen HLA-DR. It suggested that NPPCs 
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0.027) models were obtained. Each clone of 
NPPCs exhibited substantial heterogeneity in 
their elastic and viscoelastic properties (Figure 
2), including elastic modulus, relaxed modulus, 
instantaneous modulus, and apparent viscosi-
ty. These results suggested that the existence 
of different subpopulations in NPPCs in human 
degenerated NP tissues, which may have differ-
ent biophysical characteristics.

Cell stiffness is correlated with the differentia-
tion potential of NPPCs 

Each NPPC clonal population was assessed for 
multipotentiality by differentiation along the 

and CESCs might derive from the same stem 
cell niches in degenerated IVD.

Cell stiffness varies in different clonal popula-
tion 

Single-cell mechanical properties were mea-
sured by AFM for 30 NPPCs clonal populations. 
All cells exhibited stress-relaxation behavior 
consistent with a viscoelastic solid material, 
reaching an equilibrium reaction force in app- 
roximately 30 seconds. There was highly agree-
ment between the theoretical model fits and 
the experimental data for both elastic (R2= 
0.8736 ± 0.052) and viscoelastic (R2=0.943 ± 

Figure 1. Characterization of NPPCs from human degenerated nucleus pulposus. Single NP cells were inoculated 
into methylcellulose medium in 96-well culture plates, and were observed on day 0 (A), day 7 (B), and day 14 (C). 
The colonies derived from human primary NP cells in methylcellulose medium at 14 days (D). Immunophenotypic 
profile of nucleus pulposus-derived progenitor cells (NPPCs) from colony-forming assay (CFA) analyzed by FACS (E). 
The blue lines represent the fluorescence intensity of cells stained with the indicated antibodies and the black lines 
represent the negative control cells, which were stained with a non-immunoreactive isotype control antibody.

Figure 2. Cell stiffness varies in different clonal population. The mechanical properties of NPPCs were heteroge-
neous, which suggested a possible means to identify lineage-specific subpopulations. Elastic and viscoelastic prop-
erties of 30 NPPCs clones were measured via AFM indentation and stress relaxation tests, respectively. Within each 
clonal population, an average of 25 cells was tested. The following cellular mechanical properties were measured: 
elastic modulus (A), relaxed modulus (B), instantaneous modulus (C), and apparent viscosity (D). Elastic and vis-
coelastic data fit well to Hertzian mathematical models (R2=0.8736 ± 0.052 and R2=0.943 ± 0.027, respectively). 
Data are presented as scatter dot plot overlaid with the individual geometric means of each clone.



Mechanics reflects differentiation potential of nucleus pulposus progenitors

4451 Am J Transl Res 2016;8(10):4446-4454

osteogenic, chondrogenic, and adipogenic lin-
eages. Osteogenic differentiation was con-

firmed by the deposition of an alizarin red posi-
tive mineralized matrix (Figure 3D). For in vitro 

Figure 3. Cell stiffness is correlated with the differentiation potential of NPPCs. NPPCs treated with growth culture 
medium alone showed negative alizarin red staining (A), negative alcian blue staining (B), negative oil red O stain-
ing (C). NPPCs treated with osteogenic medium for 14 days showed mineral deposition around the cells to form 
nodular aggregates (D). NPPCs treated with chondrogenic medium for 21 days showed positive alcian blue staining 
(E). NPPCs treated with adipogenic medium for 4 days showed negative oil red O staining (F). Bar=100 μm. Each 
differentiation lineage showed extensive variability in differentiation potential, suggesting heterogeneity among the 
clonal populations. Results were used to determine the multipotentiality of clones investigated in this study (G).
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chondrogenesis and adipogenesis, the alcian 
blue staining (Figure 3E) and oil red O staining 
(Figure 3F) were used to confirm the chondro-
genic and adipogenic differentiation, respec-
tively. NPPCs treated with growth culture medi-
um alone showed negative staining (Figure 
3A-C). Of all clones tested, 72% exhibited 
osteogenic differentiation potential, 83% exhib-
ited positive chondrogenic differentiation and 
positive adipogenic differentiation was obser- 
ved for 58% of all clones. Overall, 36% of clones 
were tripotent, 38% were bipotent, and 29% 
were unipotent. No clones showed a total lack 
of differentiation capability (Figure 3G).

To confirm whether mechanical properties 
reflect the differentiation potential of NPPCs, 
we determined the associations between NPPC 
mechanical properties and differentiation  
ability. The mechanical biomarkers for these 
clones showed distinct differences from the 
other populations. Significant correlations 
existed for cellular mechanical properties and 

the three lineages examined above (Table 2). 
Analyses showed that osteogenesis was posi-
tively correlated with Eelastic, ER, and R0. Highly 
osteogenic clones exhibited significantly higher 
Eelastic, ER, and E0 values (P < 0.05). 
Chondrogenesis was positively correlated with 
μ. Highly chondrogenic clones showed signifi-
cantly higher μ values (P < 0.05). Adipogenesis 
was not significantly correlated with Eelastic, ER, 
and E0. This finding suggested that when clonal 
populations typically were stiffer, it was 
increased in highly osteogenic clones, and 
when clonal populations were more viscous, it 
was increased in highly chondrogenic clones.

Discussion

In this study, we demonstrated that the cellular 
mechanical properties of clonal populations of 
NPPCs were different, and the cellular mechan-
ical properties are predictive of NPPC differen-
tiation potential. Significant correlations exist-
ed between mechanical properties and lin-
eage-specific differentiation ability of NPPCs. 
These findings represent an advantageous 
means to characterize the differentiation 
potential of stem cells. 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 NPPCs subpopulations.

The observed heterogeneity in mechanical 
properties among the different clones can be 
attributed to variations in intracellular compo- 
sition and organization. Previous study has 
shown that differentiated cells and stem/pro-
genitor cells differ in the elastic and viscoelas-
tic properties [10]. When stem cells differenti-
ate towards specific lineages, their cytoskele-
ton rearranges before differentiation is achie- 
ved [17, 18]. During the process of differentia-
tion, rearrangement is concurrent with a modu-
lation of the cellular mechanical properties and 
any accumulation of intracellular metabolites 
[19]. With the process of osteogenic differentia-
tion, cells become stiffer, whereas when adipo-
genic differentiation, cells become more com-
pliant. Chondrogenesis induces intracellular 
changes that result in higher instantaneous 
and relaxed moduli as well as higher apparent 
viscosity [20]. These mechanical changes can 
occur in varying degrees before irreversible 
commitment to a single lineage. However, it  
is hypothesized that each NPPCs exhibits a 

Table 2. Correlations between mechanical 
properties of NPPCs and their differentiation 
potential
Mechanical 
properties Lineage Pearson’s r 

(± 95% Cl) P value

Eelastic Osteogenic 0.38 ± 0.17 0.004
Chondrogenic 0.52 ± 0.18 0.003

Adipogenic -0.58 ± 0.31 0.008
Osteogenic 0.47 ± 0.28 0.002

E0 Chondrogenic 0.63 ± 0.25 0.005
Adipogenic -0.32 ± 0.18 0.003
Osteogenic 0.51 ± 0.31 0.006

ER Chondrogenic 0.42 ± 0.27 0.008
Adipogenic -0.52 ± 0.31 0.004
Osteogenic 0.18 ± 0.21 0.32

μ Chondrogenic 0.09 ± 0.32 0.72
Adipogenic 0.03 ± 0.18 0.53

Cellular mechanical properties are indicated by the 
following abbreviations: Eelastic (elastic modulus), E0 (in-
stantaneous modulus), ER (relaxed modulus), and μ (ap-
parent viscosity). Error values for Pearson’s correlation 
coefficient r represent 95% confidence intervals (95% 
CI). Osteogenic, chondrogenic, and adipogenic charac-
teristic metabolites are intracellular lipids, extracellular 
matrix-bound calcium, and sulfated GAGs, respectively. 
Correlations were calculated using log-transformed geo-
metric 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.
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mechanical phenotype associated with its pre-
ferred lineage, possibly because it has already 
begun the differentiation process [18]. The pur-
pose of tissue-specific enrichment is to collect 
all cells capable of expressing the proper phe-
notype whether they are initially multipotent, 
unipotent, or fully differentiated.

As has been reported previously, NP tissue con-
tains subpopulations of progenitor cells with 
distinct cell surface markers [9]. However, sur-
face antigen expression produces low cell 
yields and requires antibody conjugation, which 
may affect cellular function. The mechanical 
properties are distinct from those measured for 
stem cells and require no modification of or 
invasion into individual NPPCs [21]. 

In the current study, we use a small number 
(n=30) of clones that are assumed to be repre-
sentative of NPPC populations. Further inten-
sive experiments have been needed for the 
underlying mechanisms in the relationship 
between mechanical properties and lineage-
specific differentiation, which are critical for 
stem cell-based tissue regeneration. The cur-
rent findings are consistent with previous 
reports of mechanical differences between 
undifferentiated stem cells and fully differenti-
ated osteoblasts, adipocytes, and chondro-
cytes [10, 22]. Furthermore, it remains to be 
known whether this mechanical biomarker-lin-
eage relationship can be used for improving 
functional tissue growth compared to using 
unsorted populations. In summary, this study 
supports the hypothesis that NPPC mechani- 
cal properties are indicative of differentiation 
potential. Future studies can build on these 
findings by targeting mechanically similar sub-
populations that are well suited for IVD re- 
generation.
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