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Abstract

Osteoarthritis (OA), a degenerative joint disease with high prevalence among older people, occurs from molecular or
nanometer level and extends gradually to higher degrees of the ultrastructure of cartilage, finally resulting in irreversible
structural and functional damages. This report aims to use atomic force microscopy (AFM) to investigate the protective
effects of resveratrol (RV), a drug with good anti-inflammatory properties, on cellular morphology, membrane architecture,
cytoskeleton, cell surface adhesion and stiffness at nanometer level in sodium nitroprusside (SNP)-induced apoptotic
chondrocytes, a typical cellular OA model. CCK-8 assay showed that 100 mM RV significantly prevented SNP-induced
cytotoxicity. AFM imaging and quantitative analysis showed that SNP potently induced chondrocytes changes including
shrunk, round, lamellipodia contraction and decrease in adherent junctions among cells, as well as the destruction of
biomechanics: 90% decrease in elasticity and 30% decrease in adhesion. In addition, confocal imaging analysis showed that
SNP induced aggregation of the cytoskeleton and decrease in the expression of cytoskeletal proteins. More importantly,
these SNP-induced damages to chondrocytes could be potently prevented by RV pretreatment. Interestingly, the
biomechanical changes occurred before morphological changes could be clearly observed during SNP-induced apoptosis,
indicating that the biomechanics of cellular membrane may be a more robust indicator of cell function. Collectively, our
data demonstrate that RV prevents SNP-induced apoptosis of chondrocytes by regulating actin organization, and that AFM-
based technology can be developed into a powerful and sensitive method to study the interaction mechanisms between
chondrocytes and drugs.
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Introduction

Osteoarthritis (OA) is known as a degenerative arthritis or

degenerative joint disease, which affects 20 million people in U.S.

[1]. At present, the treatment for OA mainly focuses on relieving

pains and symptoms, and improving function of cartilage.

However, there are no treatments to cure OA or reduce the

degradation of cartilage. Current treatments for OA are restricted

to anti-inflammatory drugs which bring numerous side effects and

are only temporarily effective to the patients. To find safe and

highly effective drugs for OA treatment are therefore very urgent.

Resveratrol (3,5,49 -trihydroxystilbene, RV), a polyphenol

derived from grapes, berries, peanuts and other plants, has been

shown to possess anti-proliferative, anti-oxidative and anti-

inflammatory properties [2], and these effects are associated with

the suppression of inflammation, arthritis and cardiovascular

diseases [3]. It is reported that RV protects chondrocytes from

apoptosis via preventing mitochondrial depolarization and ATP

consumption [4] or suppressing ROS and p53-production [5]. RV

also can be as a potent safe drug for OA treatment, but the

mechanisms are still unclear.

Apoptosis of chondrocytes is regarded as a feature of progressive

cartilage degeneration in OA [6]. Sodium nitroprusside (SNP) was

widely used as the donor of nitric oxide (NO) to study the

molecular mechanism of NO-induced chondrocytes apoptosis

[7,8]. Although NOC-12 may be a more effective NO donor in

OA metastasis [9], it could not effectively induce apoptosis of

chondrocytes [10]. Eo and co-workers [11] reported that RV

could rescue SNP-induced degradation of I-kappa B alpha mainly

through SN50 peptide-mediated inhibition of NF-kappa B activity,

thus blocking SNP-induced caspase-3 activation and apoptosis.

However, the effects of RV on morphological and biomechanical

properties of chondrocytes at subcelluar or nanometer-level have

not been studied.

Nanobiomechanics of cells have been identified as a vital

characteristic to distinguish normal cells from diseased cells which

differ physically from healthy cells [12]. Diseases can not only

cause biological and functional alterations but also induce

abnormalities in physical and structural characteristics of cells.
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Therefore, research into biomechanics at the cellular and

molecular levels of some human diseases can provide a better

elucidation on the mechanisms behind disease progression [13],

thereby providing important information for treatment of these

diseases as well. Due to the nanometer resolution, AFM has been

extensively used in detection of some diseases at cellular or

subcellular level [14]. The ultrastructural and biomechanical

properties have been altered a lot in disease or cancerous cells, and

these alterations can be used as target to diagnose or distinguish

diseased cells from healthy cells [15,16]. Furthermore, biome-

chanics of cell membrane is always changed in the context of

drugs. Therefore, detecting these changes at nanometer level is

very important for evaluating curative effect and elucidating

mechanisms of drugs.

In this work, we used the rabbit chondrocytes as the cell model

to detect the protective effects of RV on SNP-induced chondro-

cytes apoptosis. Rabbit chondrocytes have been extensively used in

the basic research of mechanisms of chondrocytes or OA [17–24],

and we have gained ripe experimental experiences [25]. Alter-

ations in ultrastructure and biomechanics of cellular membrane of

chondrocytes with or without RV pretreatment were investigated

using AFM at nanometer scale. Our results showed that RV could

effectively protect chondrocytes from apoptosis through altering

the cytoskeleton arrangements and biomechanical properties

including cellular stiffness and adhesion force.

Materials and Methods

Materials
Trypsin and type II collagenase, DMEM, fetal bovine serum,

Cell Counting Kit-8 were purchased from Invitrogen (California,

USA), Hyclone (Logan, Utah, USA), Sijiqing (Hangzhou, China)

and Dojindo (Kumamoto, Japan), respectively. Actin-Tracker

Green (phalloidin-FITC) and Tubulin-Tracker Red (a-Tubulin-

Alexa Fluor 555) were both obtained from Beyotime Institute of

Biotechnology (Naijing, China). Dulbecco’s modified Eagle

medium (DMEM) was from Gibco (Carlsbad, California, USA),

fetal bovine serum (FBS) was from Sijiqing (Hangzhou, China).

Isolation and culture of chondrocytes
New Zealand rabbits were purchased from Experimental

Animal Center of Guangzhou (China). As Tonomura, et al [26]

described, articular cartilage was derived from knee, hip and

shoulder joints of 6-week-old New Zealand white rabbits. The

utilization of rabbit articular cartilage has been approved by the

Animal Ethics Committee of Guangdong province, China. The

extracted cartilages were firstly minced into small pieces and

Chondrocytes were isolated by enzymatic digestion of 0.25%

Trypsin in phosphate buffered solution (PBS) for 1 h and 0.2%

type II collagenase in DMEM for 4–6 h. After collection by

centrifugation, chondrocytes were resuspended in DMEM sup-

plemented with 10% FBS and antibiotics (100 U/ml penicillin and

100 U/ml streptomycin) and 4.5% glucose. The cells were

transferred when confluent monolayer cells reached to 85–90%,

the transferred density was 56104 cells/cm2. The growth medium

was changed every other day. The second and third generations of

chondrocytes were used in our study.

CCK-8 assay to analyze cell viability
Chondrocytes were cultured in 96-well plates for 24 h, and then

exposed to different concentrations of SNP for different periods.

Cell viability was assessed using Cell Counting Kit assay according

to the manufacturer’s instructions. All experiments were per-

formed three times.

AFM measurements of cell morphology
For all topographic images, the cells were fixed with 2.5%

paraformaldehyde, and imaged by a tapping mode AFM (Park

Scientific Instruments) in air. The silicon nitride tips (UL20B) used

in all AFM measurements were irradiated with ultraviolet in air for

15 min to remove any organic contaminates prior to use. The

curvature radius of the tips is less than 10 nm, and the length,

width and thickness of the cantilevers are 115, 30, and 3.5 mm,

respectively, with the oscillation frequency of 255 kHz and a force

constant of 0.03 N/m.

Surface roughness of cell membrane
The average surface roughness (Ra) is defined as the arithmetic

mean of the deviations in height from the line mean value, and Rq

is the root mean square. As the roughness has a dependence on the

sampling size, Ra and Rq were analyzed in two different areas: 10

randomly selected 4 mm2 (2 mm62 mm) and 10 randomly selected

25 mm2 (5 mm65 mm). P,0.05 were considered as statistical

significance.

Determination of nanomechanical properties of
chondrocytes
The force spectroscopy of cells was detected using an AFM

(Agilent 5500) in the near physiological environment. The

methods here were according to Kim’s procedure [27]. In brief,

the cells were firstly fixed with 2.5% glutaraldehyde and kept in

PBS (PH=7.4) during AFM tip indentation. All force measure-

ments were performed at the same loading rate (1.26105 pN/s).

The deflection-vs-displacement curves were obtained by the

instrument, and to convert the deflection-vs-displacement curves

into the force-vs-distance curves, we adopted Cappella’s method

[28]. In each group, over 20 cells were measured. The data of

stiffness and adhesion forces were processed using SPSS13.0 to

gain the Gaussian distribution (or normal distribution) histograms.

The Young’s modulus was calculated using Hertz model which

shows the relationship between the applied force F and the

indentation d:

F~
4

3

ER
1=2d

3=2

1�u2ð Þ

In the equation, n is the poisson ratio, F the loading force, d the

indentation, E the Young’s modulus, and R the curvature radius of

the AFM tip, respectively. A Poisson ratio of 0.5 is appropriate for

cells [29–31]. Young’s modulus during the calculations to obtain

the best fit to the model considering the least-squares method as

proposed by Dimitriadis et al [32].

Immunofluorescence staining
The characterizations of cytoskeleton were evaluated by

staining with phalloidin-FITC and Tubulin-Tracker, separately.

The chondrocytes were fixed with 4% paraformaldehyde for

30 min and incubated with 1 mM phalloidin-FITC or 1 mM

Tubulin-Tracker for 60 min in dark at room temperature,

separately, and then washed twice with PBS. After that, the

cytoskeleton organization was imaged by a laser scanning confocal

microscope (LCM 510 Meta Duo Scan, Carl Zeiss, Germeny).

The resulting fluorescence was also measured by flow cytometer at

excitation wavelength 488 nm, emission wavelength 530 nm to

quantitatively elucidate the alterations of cytoskeleton proteins.

AFM Studied Effect of Resveratrol on Chondrocytes
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Results and Discussions

The changes in cell viability induced by SNP and RV
To detect the protecting effects of RV on chondrocytes, we

firstly established the OA model by exposure of chondrocytes to

SNP, an inorganic compound with the formula Na2[Fe(CN)5-

NO]N2H2O. SNP has been used as anti-hypertensive treatments

for decades and it has not obvious side effects. In vitro, SNP could

be as an external NO donor to induce apoptosis.

As shown in Figure 1A, SNP induced a dose-dependent

cytotoxicity in chondrocytes, and treatment with 1.5 mM SNP

for 24 h induced an over 85% of decrease of cell viability.

Treatment with 1.5 mM of SNP for different time induced a time-

dependent cytotoxicity (Fig.1B). The results indicated that SNP

induced dose- and time-dependent cytotoxicity in chondrocytes.

Based on these data, chondrocytes treated with 1.5 mM SNP for

24 h were used as the in vitro OA model.

To investigate the effects of RV on chondrocytes, different

concentrations of RV were used to pretreat chondrocytes for 24 h

before SNP treatment, and then the cell viability was measured. As

shown in Figure 2, RV not only did not significantly induce

cytotoxicity but also potently prevented SNP-induced cytotoxicity

(Fig. 2), indicating that RV could protect chondrocytes from SNP-

induced apoptosis and could be used as a potent drug to treat OA.

AFM detects morphological changes of chondrocytes
The specific shape of cells plays vital roles in maintaining

specific functions of cells. Cellular shapes and morphology

determine the interaction extent between cells and their environ-

ment. If cellular shapes were changed, the physiological and

functional situations of cells would be damaged or disturbed

[33,34]. Therefore, detecting the structural details of chondrocytes

is very helpful for understanding their functions. Morphological

data of cells obtained using AFM could be an important index to

evaluate the effects of drugs [35].

As shown in Figure 3, control chondrocytes were spindle and

elongated shapes (A1, A2), and lots of lamellipodia and filopodia

were observed around the cells (A3, A4, A5, A6). In addition, the

adherent junctions between/among cells were connected by

lamellipodia (A7, A8), which provided essential condition for the

exchange of energy and matter among chondrocytes. After

treatment with 1.5 mM of SNP for 12 h, chondrocytes become

shrunk and round, the lamellipodia contracted, and the adherent

junctions among cells significantly decreased or even diminished

(shown by B1–B4), the characterizations of apoptosis. These SNP-

induced changes were potently prevented by pretreatment with

100 mM of RV for 24 h (shown by images C1–C4), demonstrating

that RV pretreatment could markedly prevent SNP-induced

morphological changes and apoptosis of chondrocytes.

Besides, quantitative morphological data were also compared

for accurate assessment of the effects of RV. As shown in

Figure 3D1, the average length and width of control chondrocytes

were 62.865.2, 33.562.6 mm, and they decreased to 27.862.1

and 23.663.3 mm after treatment with SNP. In addition, SNP

treatment induced a significant increase in the average height of

chondrocytes from 427.4644.6 nm (control) to 774.8685.6 nm

(Fig. 3D2), and also induced a significant decrease in the ratio of

major and minor cell axis from 1.960.2 (control) to 1.260.1

(Fig.3D2). Both the decreased width and increased height

indicated that the cells were tending to detach from the cellular

matrix and became shrank round, even apoptosis. More impor-

tantly, all these morphological changes induced by SNP were

potently prevented by RV pretreatment (shown by Fig. 3D1, D2).

Taken together, RV pretreatment could significantly prevented

SNP-induced apoptosis of chondrocytes by protecting cellular

structure, shape and biomechanics.

Figure 1. Cytotoxicity of SNP in chondrocytes. (A) Cell viability of chondrocytes treated by different concentrations of SNP for 24 h. (B) Cell
viability of chondrocytes treated by 1.5 mM of SNP for different time periods (comparing with control group, *P,0.05, **P,0.01, ***P,0.001). The
results indicated the killing effects of SNP on chondrocytes were in a dose- and time-dependent manner.
doi:10.1371/journal.pone.0091611.g001

Figure 2. Protection effects of RV on SNP-induced apoptosis of
chondrocytes. Cells were pretreated with different concentrations (0,
25, 50 and 100 mM) of RV for 24 h, and then treated with 1.5 mM of
SNP for 12 h. After that, the cell viability was assayed using CCK-8
(comparing with control group, *P,0.05, **P,0.01; comparing with
SNP treated group, #P,0.05, ##P,0.01, ###P,0.001).
doi:10.1371/journal.pone.0091611.g002

AFM Studied Effect of Resveratrol on Chondrocytes

PLOS ONE | www.plosone.org 3 March 2014 | Volume 9 | Issue 3 | e91611



Figure 3. Morphological data of chondrocytes. (A1–A2) Control chondrocytes. (A3–A8) The enlargement images of white panes in A1. (B1–B4)
Chondrocytes treated with 1.5 mM SNP for 12 h. (C1–C5) The chondrocytes were pretreated with 100 mM of RV for 24 h, and then treated with
1.5 mM of SNP for 12 h. (D1–D3) Histograms of average length, width (D1), height (D2) and ratio of length/width of cells in three groups. In D1–D3,
more than ten cells in each group were selected to measure the values. *P,0.05 was regarded as statistically significant.
doi:10.1371/journal.pone.0091611.g003
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Figure 4. AFM ultrastructural data of control chondrocytes. (A1–A3) Control chondrocytes. (B1–B3) Chondrocytes treated with 1.5 mM SNP
for 12 h. (C1–C3) The chondrocytes were pretreated with 100 mM of RV for 24 h, and then treated with 1.5 mM of SNP for 12 h. Scanning area:
262 mm2. (A1), (B1), (C1) was topography mode. (A2), (B2), (C2) 3-D mode of (A1), (B1) and (C1), respectively. (A3), (B3), (C3) was contour map of (A1),
(B1) and (C1), respectively. (D1) and (D2) were histograms of average roughness (Ra) of chondrocytes which were analyzed in 565 mm2 and 262 mm2,
respectively. In (D1) and (D2), ten cells in each group were selected to measure the values of Ra, statistical analysis was performed using Student’s t-
test. P,0.05 was regarded as statistically significant.
doi:10.1371/journal.pone.0091611.g004
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Figure 5. Alterations in nanobiotechnology of chondrocytes detected by AFM. (A1–A5) isolation of chondrocytes: (A1) Cartilage collected
from the bilateral joints of the knees, hips, and shoulders. (A2) The joints were minced into small pieces, treated with 0.015% trypsin for 30 min, and
subsequently digested. (A3) Morphology of primary joint chondrocytes. (A4) The morphology of primary joint chondrocytes cultured for 7 days. (A5)
The AFM tip was employed to detect the morphology and biomechanics of chondrocytes. (A6) Typical force-distance curve detected using AFM: (1)
The tip is approaching the surface of sample, (2) the tip is just in contact with the surface of cells, (3) the tip is further put into repulsive contact with
the cellular surface, (4) lastly, the tip-sample contact is retracted. (A7–A9) are the representative force-distance curves obtained on control
chondrocytes (A7), chondrocytes treated with 1.5 mM SNP for 12 h (A8), and chondrocytes pretreated with RV and the induce with SNP (A9),

AFM Studied Effect of Resveratrol on Chondrocytes
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Alterations in cellular membrane architecture detected at
nanometer level
Figure 4 showed the ultrastructural data of chondrocytes. The

membrane architecture of control chondrocytes (Figs.4A1–A3)

showed uniform structures and granular morphology with the

surface particles of 50,100 nm. Figures 4B1–B3 showed the

surface architecture of SNP-induced chondrocytes which became

heterogeneous, and the sizes of the membrane particles increased

to 150,200 nm. The ultrastructure of SNP-treated chondrocytes

pretreated by RV became smooth and homogeneous but the

granular morphology on cellular membrane diminished

(Figs.4C1–C3), implying that RV could significantly protect

chondrocytes from SNP-induced apoptosis and changes in

morphological properties, but could not completely prevented

SNP-induced changes in nanostructure of cellular membrane.

Therefore, AFM with nanometer-scale resolution provides us new

insights about cellular structure-function.

Additionally, the average roughness of cell membrane is directly

or indirectly sensitive to the membrane-skeleton integrity [36].

The average roughness (Ra) and root mean square roughness (Rq)

were measured for comparison. As shown in Figures 4D1 and D2,

the values of both Ra and Rq of SNP-induced chondrocytes

increased significantly compared with that of control chondro-

cytes. While Ra and Rq of the -chondrocytes pretreated with RV

decreased 50% than that of SNP group, and their values were

similar to that of control chondrocytes. These data suggested that

RV protected chondrocytes from SNP-induced damages via

altering the membrane architecture.

Taken together, all these morphological data revealed that SNP

could successfully induced apoptosis in chondrocytes, and RV

could protect the chondrocytes from damaging or apoptosis via

changing their morphological properties and architectures.

Alterations in nanomechanical properties of
chondrocytes
Since the biomechanical properties of cells can potentially

indicate their function and health, it is therefore very important to

study the cellular biomechanics. Lots of literatures have shown

that study on cellular mechanics is very helpful for clinical

diagnostics and even the formulation of suitable strategies towards

effective therapeutic treatments of human diseases. Although AFM

measures the nanobiomechanics of single cell, it has been used to

diagnose some diseases [16,37]. Although the potent protection of

RV on chondrocytes has been reported [38,39], the effects on the

nanobiomechanics, particularly on cell function and growth, is

poor.

Here, the nanobiomechanical properties including elasticity and

adhesion force were detected at levels of nanometer and pN,

respectively. Figures 5A1–A4 showed the isolation of chondro-

cytes. Figures A5 and A6 indicated that the AFM tip was

employed to detect the morphology and biomechanics of

chondrocytes. After positioning the AFM tip over the cell center

(Fig.5A5), the tip was brought to contact and pressed against the

respectively. The elasticity maps, histogram of elasticity, adhesion force map and histogram of adhesion force of control chondrocytes (B1–B4),
chondrocytes treated with 1.5 mM SNP for 12 h (C1–C4), and chondrocytes pretreated with RV and then cotreated with SNP (A4), respectively.
doi:10.1371/journal.pone.0091611.g005

Figure 6. Organization of cytoskeleton chondrocytes. Control chondrocytes (A1–A6), chondrocytes treated with 100 mM RV for 12 h (B1–B6),
chondrocytes treated with 1.5 mM SNP for 24 h (C1–C6) and chondrocytes pretreated with RV and then treated with SNP (D1–D6), respectively. A4–
A6, B4–B6, C4–C6, D4–D6 were enlarged images of cellular cytoskeleton in A1–A3, B1–B3, C1–C3, D1–D3, respectively. Bars in A1–A3, B1–B3, C1–C3,
D1–D3 and A4–A6, B4–B6, C4–C6, D4–D6 were 50 and 20 mm, respectively.
doi:10.1371/journal.pone.0091611.g006

AFM Studied Effect of Resveratrol on Chondrocytes

PLOS ONE | www.plosone.org 7 March 2014 | Volume 9 | Issue 3 | e91611



cell surface (Fig.5A6). During the tip retraction from the cell

surface rupture events, the retraction events in the force-distance

curves revealed the general tip-cell-surface adhesive interactions.

Figs 5A7–A9 showed the typical force-distance curves obtained

from control chondrocytes, SNP and RV+SNP groups, respec-

tively.

As shown in Figs 5B1 and B2, the elasticity/stiffness of control

chondrocytes was 1.4360.45 MPa. After treatment with 1.5 mM

SNP for 12 h, the elasticity of the chondrocytes decreased to

0.1660.08 MPa (Figs.5C1 andC2), indicating that SNP obviously

destructed the rigidity and chemical compositions of chondrocytes

membrane. Nevertheless, if the chondrocytes pretreated with

100 mM of RV for 24 h before exposure to 1.5 mM SNP for 12 h,

the elasticity was 1.3160.31 MPa (Fig.5D1,D2), indicating that

RV could effectively protect the elasticity/stiffness of chondro-

cytes. The damage to the cell envelope and the changes in the

composition of chondrocytes induced by SNP were suspected to be

the major causes of the decreases in the cell stiffness/elasticity. As

reported by Cai and co-workers [40], the damage and destruction

of the cytoskeleton directly led to the decrease of cellular rigidity.

Moreover, adhesion of cellular membrane plays a very

important role in cell physiological and pathological processes

[41]. Here, we employed force spectroscopy of AFM to measure

the non-specific adhesion force between AFM tip and cellular

membrane as a function of the nanomechanical properties of the

existing surface adhesive molecules. The adhesion force of control

chondrocytes was 1.0660.38 pN (Figs.5B3 and B4), but it

decreased to 0.7260.29 pN after SNP treatment (Figs.5C3 and

C4), indicating that membrane proteins were damaged by SNP

treatment. However, the adhesion force of SNP-treated chondro-

cytes pretreated with RV only increased to 0.87 60.28 pN,

demonstrating that RV could partially protect the membrane

proteins. Furthermore, RV significantly increased the number of

actins (A1–A4), and the particles with nano-meter scale were

mainly distributed on/around actins (B1–B3) (Fig.S1). Notably,

the nanomechanical properties of cellular membrane, including

adhesion force and stiffness, were both enhanced with RV

treatment (Figs.S1 C1 and C2).

Taken together, these results showed that SNP induced the

destruction of biomechanics in chondrocytes, including 90%

decrease in elasticity and 30% decrease in adhesion. Notably, RV

pretreatment could recover the elasticity/stiffness closely to that of

control chondrocytes, but RV possessed only a little protecting

effect on membrane proteins, implying that RV could not entirely

protect the physiological and functional properties of chondro-

cytes.

Alterations in cytoskeletal proteins F-actin and a-tubulin
From the biomechanical data, we can see that RV protects

chondrocytes from SNP-induced apoptosis mainly through main-

taining their elasticity/stiffness. As cytoskeleton is very important

to maintain the biomechanics of cells, we further qualitatively

investigated the organization of cytoskeleton, including F-actin

and a-tubulin using confocal microscopy. The cytoskeleton is the

mesh-like structure beneath the cell membrane, which is an

important reflection of cellular structure organization [42].

Particularly, F-actin cytoskeleton is extensively regarded as the

key factor to regulate the shapes and generate the mechanical

forces of cells, and it plays vital roles during cellular physiological

and pathological behaviors.

As shown in Figure 6, control chondrocytes presented well-

spreading shapes, and F-actin and a-Tubulin were well-organized

uniformly assembly (Figs.6A1–A6). The F-actins were of paral-

leled-like organization and a-Tubulin microtubules were of mesh-

like alignment, which showed a well-grown station of control

chondrocytes. After exposure of cells to 100 mM RV for 24 h, the

fluorescence intensity increased significantly (Figs.6B1–B6) indic-

ative of the increase of both F-actins and a-Tubulin, suggesting

that RV treatment may protect the cellular cytoskeleton and

promote the expression of cytoskeletal proteins. While after

treatment with SNP, the chondrocytes became shrunk and round,

and both the F-actin and a-Tubulin cytoskeleton were reorganized

and polymerized (Figs.6C1–C6 showed). Interestingly, in the RV-

pretreated chondrocytes, we found that the cytoskeleton could

recover to some extent and represented well-spreading organiza-

tions (shown by Figs.6D1–D6), indicating that RV protected

chondrocytes from SNP-induced apoptosis mainly through alter-

ing the organization of cytoskeleton. For further detecting the

expression of cytoskeletal proteins induced by SNP and RV, we

also measured the MFI of F-actin and a-tubulin using fluores-

cence-based flow cytometry, and found that SNP induced

apoptosis and stiffness decrease mainly through the reorganization

and decrease the cytoskeletal proteins—F-actin instead of a-

tubulin (Fig.S2).

All these data demonstrated that the biomechanical properties

were heavily influenced by the organization and expression levels

of actin microfilaments instead of a-tubulin. SNP induced

aggregation of cytoskeleton, decrease in the expression of

cytoskeletal proteins, 90% decrease of elasticity and 30% decrease

of adhesion force in chondrocytes. While RV pretreatment could

protect the elasticity/stiffness close to that of control chondrocytes

through protecting the integrity and organization of cell cytoskel-

eton. These data demonstrate that AFM can be as a promising

nanodevice to study cells cytoskeleton integrity and arrangement

in vitro models of apoptosis and migration.

It is very imperative to evaluate the effects of RV on

chondrocytes when it is used in tissue engineering or OA

treatment. The evidence provided in this study showed that RV

could protect chondrocytes from SNP-induced apoptosis by

regulating actin organization, but it had only a little effect on

adhesive molecules or proteins in/on cell membrane, and that

AFM-based technique provides us an effective and feasible tool to

detect the changes and underlying mechanism of cells induced by

drugs at nanometer level.

Supporting Information

Figure S1 The morphological and nanomechanical properties

of chondrocytes treated with 100 nM of RV for 24 h, which

detected using AFM. A1–A2 Morphology of chondrocytes. A3–A4

the enlargement of white frame in A1. B1–B3 The ultrastructure

of membrane on chondrocytes. C1,C2 The adhesion force and

stiffness modulus of cellular membrane was 2.1360.66 nN and

5.0562.43 MPa.

(TIF)

Figure S2 The alterations in expression of F-actin anda-tubulin

in chondrocytes treated with SNP, RV and SNP+RV, respectively,

which detected by fluorescence-based flow cytometry. The F-

actins and microtubule were stained with FITC- phalloidine and

Alexa Fluor 555-a-Tubulin antibody, respectively.

(TIF)
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