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Introduction

Bone tissue engineering aims to repair or 
replace impaired tissues by establishing three-
dimensional complex with reconstructed shape, 
structure and/or functions mimicking those of 
original tissues.1 Currently, typical protocols 
of bone tissue engineering involve in vitro 
seeding and culturing cells on designed scaffolds, 
followed by transplanting the engineered three-
dimensional tissues into defect sites to restore 
the original tissues.2, 3 Although many tissues 
have been successfully regenerated,4-7 including 

eyes,8 skin,9, 10 cartilage,11, 12 liver,13, 14 heart15 and 
muscle,16, 17 the widespread application of tissue 
engineering is limited by the undesired side 
effects, including inflammation caused by the 
degradation of scaffolds, internal cell necrosis 
due to insufficient nutrient supply, and mismatch 
of cell proliferation and scaffold degradation.18-20

To meet these challenges, scaffold-free cell sheet 
engineering has been developed.21 This approach 
overcomes a series of barriers within conventional 
tissue engineering,22 including insufficient cell 
adhesion rate, potential inflammation, immune 
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Cell sheet-based scaffold-free technology holds promise for tissue engineering 

applications and has been extensively explored during the past decades. 

However, efficient harvest and handling of cell sheets remain challenging, 

including insufficient extracellular matrix content and poor mechanical 

strength. Mechanical loading has been widely used to enhance extracellular 

matrix production in a variety of cell types. However, currently, there are 

no effective ways to apply mechanical loading to cell sheets. In this study, 

we prepared thermo-responsive elastomer substrates by grafting poly(N-

isopropyl acrylamide) (PNIPAAm) to poly(dimethylsiloxane) (PDMS) 

surfaces. The effect of PNIPAAm grafting yields on cell behaviours was 

investigated to optimize surfaces suitable for cell sheet culturing and 

harvesting. Subsequently, MC3T3-E1 cells were cultured on the PDMS-g-

PNIPAAm substrates under mechanical stimulation by cyclically stretching 

the substrates. Upon maturation, the cell sheets were harvested by lowering 

the temperature. We found that the extracellular matrix content and 

thickness of cell sheet were markedly elevated upon appropriate mechanical 

conditioning. Reverse transcription quantitative polymerase chain reaction 

and Western blot analyses further confirmed that the expression of 

osteogenic-specific genes and major matrix components were up-regulated. 

After implantation into the critical-sized calvarial defects of mice, the 

mechanically conditioned cell sheets significantly promoted new bone 

formation. Findings from this study reveal that thermo-responsive elastomer, 

together with mechanical conditioning, can potentially be applied to prepare 

high-quality cell sheets for bone tissue engineering.
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response and reduced biological activity caused by scaffold 
materials.23, 24 By now, functional cell sheets have been 
utilised to facilitate the regeneration of many soft tissues, 
including periodontal ligament,25 blood vessels,26 cornea27 and 
myocardium.28 To prepare the cell sheets, desired cells were 
cultured on a substrate to form a tissue-like sheet consisting 
of cells and their associated extracellular matrix (ECM), 
which were then harvested, assembled and transplanted. 
Traditionally, enzymes such as trypsin have been used to 
harvest cells from culture dishes. However, the hydrolysis 
process can impair different cell surface receptors, transporters 
and ECM.29 In contrast to the harmful enzymatic treatment, 
recovering from the surface of thermally responsive polymers 
can retain the structure and function of cell sheets. Currently, 
substrates (e.g. tissue culture dish) functionalised with thermal 
responsive poly(N-isopropyl acrylamide) (PNIPAAm) were 
widely used for cell sheets culturing.30-32 Above its low critical 
solution temperature (around 32°C), PNIPAAm is slightly 
hydrophobic and can support cell adherence, spreading and 
proliferation. While it becomes hydrophilic below its low 
critical solution temperature, forming a hydration layer 
between PNIPAAm and the cultured cells. Therefore, cell 
sheets cultured on PNIPAAm-functionalised substrates can be 
easily and integrally harvested by lowering the temperature, 
without disturbing cell-cell contact and association between 
cells and ECM.33

Although cell sheet culturing and harvesting have been greatly 
improved by utilizing temperature-sensitive polymers as the 
substrates, applying cell sheets to the repairing of hard tissues 
is rarely reported due to insufficient ECM content and poor 
mechanical strength.34, 35 Recently, mechanical stimulation has 
been reported to play a key role in cell growth.36-38 Numerous 

studies have shown that mechanical stimulation can regulate 
the behaviour of various cells, such as differentiation of stem 
cells,39, 40 anabolic and biosynthetic activity of chondrocytes,41, 42  
progression of osteoarthritis43 and osteogenic differentiation 
of human bone marrow-derived mesenchymal stem cells.44 
Appropriate loading and stimulation mimicking the internal 
cellular micro-environment have been demonstrated to 
promote cell proliferation, myofiber organization,45-47 
generation of ECM,46 gene expression and bone formation.48, 49  
In addition, cyclic mechanical strain enhances the function 
and development of engineered tissues by improving the 
production of collagen and elastin.50 Moreover, the mechanical 
properties of engineered tissues can also be improved by 
culturing under mechanical stimulation.43 Therefore, cell 
sheets with enhanced thickness and mechanical properties 
obtained through appropriate cyclic mechanical stimulation 
possess great potential for bone tissue engineering applications.

In this study, we developed elastic and stretchable 
poly(dimethylsiloxane) (PDMS) substrates with grafted 
PNIPAAm surface for intact cell sheet harvesting, and 
appropriate mechanical stimulation was applied to obtain cell 
sheets with enhanced thickness and mechanical properties 
(Figure 1). Specifically, thermo-responsive elastomer 
substrates treated with surface O2-plasma-ultraviolet (UV)-
initiated polymerization were used as supporting substrates 
to culture cell sheets. Mechanical stimulation was further 
applied to the substrates to enhance the ECM production 
and osteogenic differentiation of cell sheets before they were 
subsequently implanted to the mouse calvarial defect sites. 
This technique can be applied to potential scaffold-free bone 
tissue engineering applications.

*Corresponding authors: Bin Li, binli@suda.edu.cn; Song Chen, chensong@suda.edu.cn.

#Author equally.

Orthopedic Institute, Department of Orthopaedic Surgery, The First Affiliated Hospital, Suzhou Medical College, Soochow University, Suzhou, Jiangsu 
Province, China

Figure 1. Schematic illustration of the preparation of cell sheets under mechanical stimulation and its implantation in 
a mouse calvarial defect model. Cells were cultured on the PDMS-g-PNIPAAm and then fixed in a loaded cell culture 
apparatus and subjected to cyclic mechanical stimulation to promote cell sheet formation. The harvested cell sheet was 
implanted into a calvarial defect of mouse for enhanced bone repair. PDMS-g-PNIPAAm: grafting polymerization of 
poly(N-isopropyl acrylamide) to poly(dimethylsiloxane).
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Methods

Preparation of thermo-responsive elastomer substrates

N-isopropyl acrylamide (NIPAAm) was purchased from J&K 
Scientific Ltd. (Beijing, China) and used as received PDMS 
(Dow Corning, Midland, MI, USA) substrates (1.5 mm 
thickness or specifically mentioned in the text) were prepared 
based on manufacturer’s instruction. Briefly, PDMS precursor 
was mixed with curing agent (Dow Corning) with 10:1 ratio by 
weight, then degassed and cured in a polytetrafluoroethylene 
mold at 60°C overnight.

Cured PDMS substrates were fully rinsed with acetone 
(Yonghua Chemical Co., Ltd., Suzhou, China) and dried in 
vacuum oven (Shanghai Jing Hong Laboratory Instrument 
Co., Ltd., Shanghai, China) before grafting. The cleaned PDMS 
substrates were modified with oxygen plasma for 2 minutes, 
formed by a plasma cleaner (PDC-MG, Chengdu Mingheng 
Science&Thechnology Co., Ltd., Chengdu, China), to generate 
peroxide groups on PDMS substrates. Then the substrates 
were immediately immersed into NIPAAm aqueous solution 
with desired concentration and irradiated with UV lamp (500 
W) to generate radicals to initiate grafting polymerization of 
PNIPAAm on PDMS substrates (PDMS-g-PNIPAAm). After 
30 minutes, the substrates were cleaned with ultrapure water 
and dried with the blower. In this study, the polymerization 
was conducted with NIPAAm concentrations of 0.05 M, 0.1 
M and 0.2 M to fabricate PDMS-g-PNIPAAm substrates with 
low, medium and high grafting yields, respectively (PDMS 
signify non-grafted PDMS substrate; gPDMS-L, gPDMS-M 
and gPDMS-H signify PDMS-g-PNIPAAm substrate with 
low, medium and high grafting yield, respectively).

Attenuated total reflectance Fourier transform 

infrared spectroscopy analysis

PDMS-g-PNIPAAm surfaces were analysed using attenuated 
total reflectance Fourier transform infrared spectroscopy 
(Thermo Fisher Scientific, Waltham, MA, USA) in a wave 
number range of 650–4000 cm–1. Thirty-six scans were 
performed for each sample and OMNIC 8.2 software (Thermo 
Fisher Scientific) was used to process the data. The absorbance 
ratio between the height of peaks at 1650 cm–1 (PNIPAAm 
amide I) and 2962 cm–1 (PDMS methyl absorbance) was 
calculated to determine the relative grafting yield, as previously 
described.51

PDMS-g-PNIPAAm morphology observation

PDMS-g-PNIPAAm substrate with different grafting yields 
and pristine PDMS substrates were examined with a scanning 
electron microscope (SEM; Quanata250, FEI Company, 
Hillsboro, OR, USA). SEM imaging was performed with an 
acceleration voltage determined by smart SEM software (XT 
microscope Server, FEI Company). For analysis of the chemical 
composition on the substrates, energy dispersion spectrum 
(AMETEK, San Diego, CA, USA) was also performed. Atomic 
force microscopy (AFM; Bruker BioSpin, Billerica, MA, USA) 
imaging was conducted to analyze the surface morphology 
and surface roughness. AFM images were acquired by tapping 
mode in air with silicone tip cantilevers with imaging size of 10 
μm × 10 μm scans at a scan rate of 0.2 Hz. The roughness of the 

samples was reported as root-mean-square roughness values.

Contact angle measurements

Sessile drop method52, 53 was used to analyze the static water 
contact angles on PDMS-g-PNIPAAm and pristine PDMS 
substrates using a KRUSS DSA25 contact angle equipment 
(KRÜSS, Hamburg, Germany). The substrates were rinsed 
with a large amount of 75% ethanol and dried in vacuum drying 
chamber before testing. ImageJ v1.8.0 software (National 
Institutes of Health, Bethesda, MD, USA)54 was applied to 
determine contact angles.

To study the thermal responsiveness of PDMS-g-PNIPAAm 
samples, the water contact angles were measured in a 
temperature-controlled environmental chamber. Contact 
angles were taken at 4°C and 37°C. The chamber temperature 
was first equilibrated for 10 minutes and then a drop of water 
was dropped on the samples to measure the water contact 
angle. The values of contact angle were tested in at least three 
areas for each sample.

Cell sheet culture 

Mouse pre-osteoblast cells (MC3T3-E1, subclone 14, RRID: 
CVCL_0409) were bought from Cell Bank (Chinese Academy 
of Sciences, Shanghai, China) and cultured in alpha-minimum 
essential medium (HyClone, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (HyClone) at 37°C and under a 
humidified 5% CO2 atmosphere. The medium was replaced 
once every 2 days. 

For cell sheet culturing, PDMS-g-PNIPAAm samples were 
first soaked in 75% ethanol for 2.5 hours and then exposed to 
fume hood ultraviolet light for 30 minutes. After sterilization, 
the samples were repeatedly cleaned with phosphate buffered 
saline (PBS) and coated with fibronectin by soaking in 20 μg/mL  
fibronectin (F8141-1MG, Sigma, St. Louis, MO, USA) in PBS 
overnight. The PDMS-g-PNIPAAm substrates were then 
placed in a PDMS cell culture dish fabricated according to our 
customised mold of similar cube box that was 6.0 cm in length, 
3.0 cm wide and 2.0 cm high. MC3T3-E1 cells were inoculated on 
each substrate with a density of 360,000 cells (20,000 cells/cm2).  
After the cells were passaged at 50% confluence, a group 
of samples was fixed in loaded cell culture system (Suzhou 
Haomian Precision Technology Co., Ltd., Suzhou, China) 
and further cultured under the loaded condition (loaded) for 
3 days, while other samples were continuingly cultured under 
original static condition (static). A loaded cell culture system 
was utilised to apply dynamic mechanical stimulation to the 
cultured cell sheets by stretching the cell-attached elastic 
substrates cyclically. In this study, we applied uniaxial loading 
with 5% strain at a frequency of 0.5 Hz for 4 hours/day on cell 
sheets, according to previous studies.55, 56 Cells under static 
condition were defined as the control group.

Cell proliferation assay

Cell counting kit-8 (NCM Biotech, Suzhou, China) was utilised 
to analyse the proliferation of MC3T3-E1 cells cultured on 
PDMS-g-PNIPAAm substrate with the highest grafting yield 
after mechanical stimulation. Cells were cultured under both 
loaded and static conditions. After 1, 2, 3, 4 and 5 days, Cell 
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counting kit-8 was performed according to the instructions. 
The absorbance was measured spectrophotometrically 
using a microplate reader (BioTek, Winooski, VT, USA) at 
wavelength of 450 nm.

Cell morphology observation

Cytoskeleton staining was applied to observe the morphology 
of cells cultured under different culture conditions. After 
culturing for 1, 3 and 5 days, MC3T3-E1 cells were fixed in 4% 
paraformaldehyde at 37°C for 30 minutes. The samples were 
then stained for actin with phalloidin (1:250, Cat# 40735ES75, 
Yeasen Biotechnology, Shanghai, China) and stained for 
nuclei with 4′,6-diamidino-2-phenylindole (1:1000, Beyotime, 
Shanghai, China). After staining, images of cytoskeleton 
staining were visualised via fluorescence microscopy (Zeiss 
Axiovert 200, Carl Zeiss Inc., Thornwood, NY, USA). 

The same way was also performed after cell sheet detachment 
for observing the morphology change after detachment.

Cell sheet harvesting

After 7 days of culturing, cell sheets were detached from the 
substrate and harvested by lowering the temperature from 37°C 
to 4°C in 10 minutes to initiate a thermal responsive change of 
PNIPAAm and detachment of cell sheets. The processes of cell 
sheet detachment and morphology change during detachment 
were imaged using a Nikon TMS inverted microscope (Japan) 
and recorded by a computer. 

Cell viability in the cell sheet was determined using the live/
dead viability cytotoxicity kit (C16702, Yeasen Biotechnology). 
After detachment, cell sheets were rinsed with PBS. The 
resultant cell sheets were incubated in the staining solution (2 
μL Calcein-AM and 8 μL ethidium homodimer-1 in 2 mL PBS) 
for 1 hour. Fluorescence microscopy was used to image the cell 
sheets after detachment.

Determination of the extracellular matrix production

Measurement of total proteins and DNA content of cell sheets 
was used to determine the ECM production. Briefly, cell 
sheets under different culture conditions were collected for 
extracting protein and DNA, respectively, after mechanical 
stimulation. Total proteins were extracted from cell sheets 
under different culture conditions using a tissue or cell total 

protein extraction kit (Sangon Biotech, Shanghai, China) 
according to the manufacturer’s protocol. These proteins 
were quantified using a bicinchoninic acid protein assay kit 
(Beyotime). What’s more, a cell/tissue DNA kit was used for 
DNA extraction (Yeasen Biotechnology) and concentration 
was measured using NanoDrop 2000 spectrophotometers 
(Thermo Fisher Scientific). 

Evaluation of cell sheets thickness

The thickness of cell sheets under different culture conditions 
was evaluated via section staining imaging and SEM imaging. 
The cell sheets were fixed in 4% paraformaldehyde for 30 
minutes at room temperature and then dehydrated at 10%, 
30%, 50%, 70%, 85%, 90%, and 100% alcohol for 10 minutes 
each time subsequently. The cell sheets were embedded in 
paraffin for hematoxylin and eosin (H&E) and Masson staining 
(Solarbio, Beijing, China), respectively. After staining, the cell 
sheet sections were imaged using a bright field microscope 
(Carl Zeiss Inc.). The images were analysed using ImageJ to 
determine the thickness of cell sheets. Each image of cell sheet 
section was measured at 200 points, and at least three samples 
per each test were taken for statistical analysis.

For SEM, after fixation and dehydration, the cell sheets were 
dried using a critical point dryer (Cat# CPD030, Leica, Wetzlar, 
Germany). The samples were then sputter coated with 
gold for 30 seconds using an Ion Sputter (SC7620, Quorum 
Technologies, Lewes, UK). 

Reverse transcription quantitative polymerase chain 

reaction

Reverse transcription quantitative polymerase chain reaction 
was tested to study the gene expression of type I collagen (Col 
I), Runt-related transcription factor 2 (Runx2) and osteopontin 
(OPN) from MC3T3-E1 cells that were cultured under different 
conditions. Total RNA was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). Complementary DNA was 
synthesised from 1 µg of total RNA using IScriptTM cDNA 
synthesis kit (Bio-Rad, Hercules, CA, USA). The housekeeping 
gene β-actin was used as an internal control and the relative 
changes in mRNA levels were analysed by the 2–ΔΔCT method. 
Sequences of primers for the target genes are listed in Table 1.57 

Table 1.  Primers sequences used for reverse transcription quantitative polymerase chain reaction

Gene Forward (5′–3′) Reverse (5′–3′)

Col I CCT AGC AAC ATG CCA ATC TTT ACA TTG TCC ACG CGG TCC TCT
Runx2 CCA ACC CAC GAA TGC ACT ATC TAG TGA GTG GTG GCG GAC ATA C
OPN TGA GAC TGG CAG TGG TTT GC CCA CTT TCA CCG GGA GAC A

β-Actin TTC AAC ACC CCA GCC ATG T GTG GTA CGA CCA GAG GCA TAC A

Note: Col I: type I collagen; OPN: osteopontin; Runx2: Runt-related transcription factor 2.

Western blot analysis

Western blotting was applied to quantify protein expression. 
Briefly, cells were rinsed with PBS and then lysed in extraction 
buffer and phenylmethylsulfonyl fluoride. Cell extracts were 
centrifuged at 4°C for 10 minutes, and the supernatants 

were then collected. The protein concentration of cells was 
measured using bicinchoninic acid protein quantification 
kit (Beyotime). The same amounts of the samples were 
separated using 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (Beyotime), and then transferred to 
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nitrocellulose membranes (Beyotime). The membranes were 
blocked with 5% skim milk, using PBS with 0.05% Tween-20 
for 2 hours. The membranes were then probed successively 
with Col I, Runx2, OPN and β-actin at 4°C overnight. The 
membranes were washed and then incubated with the 

respective horseradish peroxidase-conjugated secondary 
antibodies (LI-COR, Lincoln, NE, USA) for 1 hour at room 
temperature. Proteins were detected by autoradiography 
(Bio-Rad). The primary antibodies used in this study are 
listed in Table 2.

Table 2.  Antibodies for western blot analyses

Antibody Species Concentration Catalog number RRID number Source

Col I Mouse 1:1000 ab6308 AB_305411 Abcam, Cambridge, UK

Runx2 Rabbit 1:1000 ab76956 AB_156595 Abcam, Cambridge, UK

OPN Rabbit 1:1000 ab63856 AB_1524127 Abcam, Cambridge, UK

β-Actin Mouse 1:1000 ab8226 AB_306371 Abcam, Cambridge, UK

Goat anti-rabbit horseradish 
peroxidase secondary antibody

Goat 1:10000 926-80011 AB_2721264 LI-COR, Lincoln, NE, USA

Goat anti-mouse horseradish 
peroxidase secondary antibody

Goat 1:10000 926-80010 AB_2721263 LI-COR, Lincoln, NE, USA

Note: Col I: type I collagen; OPN: osteopontin; Runx2: Runt-related transcription factor 2.

In vivo experiments

All procedures followed the National Research Council’s 
Guide for the Care and Use of Laboratory Animals58 and were 
approved by the Institutional Animal Care and Use Committee 
of Soochow University (ECSU-201700041) on August 1, 2017. 
Twenty-four male C57BL/6J mice (specific-pathogen-free 
level, 8 weeks old, 250 ± 5 g, Hangzhou Ziyuan Experimental 
Animal Technology Co., Ltd., license No. SCXK (Zhe) 2019-
0004) were randomly divided into three groups (each group 
included eight samples). After mice were anaesthetized, a 4 
mm diameter drill was then used to penetrate the left side of 
the entire calvarial to create defects. After filling the defect 
with cell sheets, the skin was tightly sutured. The skull 
samples were harvested at 4 and 8 weeks and fixed by 4% 
paraformaldehyde for 24 hours. The fixed mouse calvarial 
samples were analysed using a micro-computed tomography 
system (SkyScan 1176, SkyScan, Aartselaar, Belgium) at a 
voltage of 50 kV and an electric current of 50 μA. Three-
dimensional reconstruction was performed using Mimics 
15.0 software (Bruker BioSpin, Billerica, MA, USA) and 
calculating bone volume/tissue volume by using CTAn v1.12 
software (Bruker BioSpin). All samples were immersed in 
decalcifying solution and the solution was changed every day 
for 2 weeks. These skull tissues were dehydrated with graded 
dehydration and embedded in paraffin before being sectioned 
into 6-μm thick slices. After deparaffinised and rehydrated, 
the slices were stained with H&E staining kits according to 
manufacturer’s instructions.

Statistical analysis

All data are expressed as the mean ± standard deviation (SD). 
Statistical analyses were performed by SPSS software (24.0, 
IBM Corp., Armonk, NY, USA) to determine the statistically 
significant differences among different groups. Statistical 
analyses including Student’s t-test and one-way analysis of 
variance followed by Tukey’s post hoc analysis were performed 
for two-group and multi-group comparisons, respectively. A 
significant difference was defined as a value of P < 0.05.

Results

Fabrication of PDMS-g-PNIPAAm substrates

PDMS-g-PNIPAAm substrates with different grafting yields 
were prepared by UV-initiated polymerization. This method is 
facile and the grafting yield of PNIPAAm can be easily controlled 
by adjusting the parameters like monomer concentration, UV 
radiation time, and temperature (Additional Figure 1). The 
surface morphology of PDMS-g-PNIPAAm substrate with 
different grafting yields was analysed using SEM and AFM 
(Figure 2). In general, the roughness of the surface increased 
after the modification. As shown in Figure 2A and Additional 

Figure 2, the pristine PDMS surface was clean and smooth, 
and the energy dispersion spectrum spectra revealed the peaks 
of carbon, oxygen and silicon. In comparison, the surfaces of 
PDMS, gPDMS-L, gPDMS-M and gPDMS-H substrate all 
showed uneven and wrinkled structures, and the structures 
became more evident with higher grafting yields. The 
gPDMS-H substrate showed the most wrinkled surface. The 
energy dispersion spectrum spectra showed nitrogen elements 
in addition to carbon, oxygen and silicon, demonstrating the 
successful grafting of PNIPAAm on the PDMS substrate. In 
addition, the SEM image of the cross section of the substrate 
(Figure 2B) showed that there was a clear thin layer of grafted 
PNIPAAm on the PDMS-g-PNIPAAm substrate, and the 
thickness increased with the increase of graft yields.

The surface morphology and roughness of the substrates were 
also analysed using AFM (Figure 2C). It was apparent that 
the PDMS-g-PNIPAAm substrate with higher grafting yield 
showed more uneven and corrugated structures. The surface 
roughness of PDMS, gPDMS-L, gPDMS-M and gPDMS-H 
substrate was measured to be 23.9 nm, 102 nm and 273 nm, 
respectively, which were evidently higher than 7.07 nm of 
pristine PDMS substrate.

Attenuated total reflectance Fourier transform infrared 
spectroscopy results showed the characteristic structures of 
the PDMS-g-PNIPAAm substrate with different grafting 
yields. As shown in Figure 2D, attenuated total reflectance 
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Fourier transform infrared spectroscopy spectra of PDMS-g-
PNIPAAm substrate with different grafting yields all revealed 
the presence of two new strong absorbance peaks at 1550 
cm–1 and 1650 cm–1. The former can be assigned to the C=O 
stretching vibration of an amide group, while the latter to 
N–H deforming vibration of the amide group. Also, a broad 
peak appears at ~3300 cm–1 that can be attributed to the N–H 
stretching vibration.31, 59 These results demonstrated that the 
PNIPAAm has been successfully grafted on the surface of 
PDMS substrate. Moreover, it was observed that the height 
of peaks at 1550 cm–1, 1650 cm–1 and 3300 cm–1 increased in 
accordance with increasing grafting yields, indicating more 
PNIPAAm was grafted on PDMS substrates with higher 
monomer concentration during polymerization. 

The detachment of cell sheets from PDMS-g-PNIPAAm 

substrates 

The MC3T3-E1 cells were cultured at 37°C and detached at 
4°C, therefore, the water contact angles of PDMS-g-PNIPAAm 
substrates were measured at 4°C and 37°C to evaluate their 
thermal response. The PDMS was hydrophobic, with water 
contact angles around 110° at 4°C and 37°C (Figure 3A and B). 
With PNIPAAm grafted, the PDMS-g-PNIPAAm substrates 
showed lower water contact angles (70°) than pristine PDMS 
at 37°C and the contact angles significantly decreased from 
70° (hydrophobic) to 50° (hydrophilic) when lowering the 

temperature to 4°C. For PDMS-g-PNIPAAm substrates with 
high grafting yield, the most significant change of contact 
angle was observed, indicating their most evident thermal 
responsiveness, which makes them the most suitable for cell 
sheet detachment. 

Subsequently, the detachment of cell sheets from PDMS-
g-PNIPAAm substrate with different grafting yields was 
investigated (Figure 3C). The cell sheets began to detach 
by folding gradually from the edge of the substrate to the 
intermediate region, and continued to take place over time. 
The grafting facilitates the detachment of the cell sheets, as 
shown in Figure 3C, the substrate with the highest grafting 
yield detached much faster in comparison to other groups. 
The cell sheet on the PDMS-g-PNIPAAm substrate with 
the highest grafting yield finally migrated out of the view 
of microscope after 18 minutes. Then cell sheet was utterly 
detached and intact cell sheet could be obtained after 30 
minutes. By contrast, the cell sheet remained firmly attached 
to PDMS substrate throughout the process. For PDMS-g-
PNIPAAm substrates with low and medium grafting yields, 
effective detachment of cell sheets was not observed and intact 
cell sheets could not be harvested. The results indicated that 
the PDMS-g-PNIPAAm substrates with high grafting yield are 
most suitable for cell sheet detachment, therefore are selected 
for the following studies.
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Figure 2. Microstructure of non-grafted PDMS substrate and PDMS-g-PNIPAAm substrate with different grafting 
yields. (A–D) SEM images (A), SEM images of the cross section (B), AFM images (C), and ATR-FTIR spectra (D) of 
the surfaces of PDMS, gPDMS-L, gPDMS-M and gPDMS-H substrates (n ≥ 3). Scale bars: 25 μm (A), 10 μm (B), 2.5 μm 
(C). gPDMS-L, gPDMS-M and gPDMS-H indicate PDMS-g-PNIPAAm substrate with low, medium and high grafting 
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spectroscopy; au: arbitrary unit; PDMS: poly(N-isopropyl acrylamide); PDMS-g-PNIPAAm: grafting polymerization of 
poly(N-isopropyl acrylamide) to poly(dimethylsiloxane); SEM: scanning electron microscope.
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Cell sheets culture under mechanical conditioning 

MC3T3-E1 cells were cultured on PDMS-g-PNIPAAm 
substrates with high grafting yield to study the effect of 
mechanical stimulation on cell growth. Figure 4A showed 
the cell proliferation results at 1, 2, 3, 4, 5, 6 and 7 days 
obtained by cell counting kit-8 assay. Compared with 

the static group, the group with mechanical stimulation 
demonstrated higher optical density values, indicating 
enhanced proliferation under loaded condition. Cytoskeletal 
staining images showed that cells were able to adhere and 
proliferate well under both static and loaded conditions 
(Figure 4B).
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The detachment of cell sheets after loaded culture

After mechanical stimulation, cell sheet detachment in both 
groups was studied. Intact cell sheets could be harvested in 
loaded group by lowering the temperature from 37°C to 4°C 
(Figure 5A). With the increase of time, the cell sheet gradually 
detached from the surface. The complete detachment time of 
the cell sheet in loaded group was slightly longer (~45 minutes) 
than that of static group, which might be attributed to enhanced 
thickness and strength due to mechanical stimulation. 

Cytoskeletal staining images showed the morphologies of 
cell sheets, before and after detachment. Before detachment, 
cells adhered to the substrate with flat and spread shape, and 
mutual extrusion were found to overlap (Figure 5B). Upon 
detachment, the shape of cells changed to spherical or ovoid 
due to loss of adhesion sites. Live/dead staining was conducted 
to study the cell viability (Figure 5C). The images showed 
that nearly all cells were dyed green both before and after 
detachment, indicating the viability of cells after detachment.

Figure 5. Cell sheets detachment after mechanical stimulation (n = 3). (A) Detachment of cell sheets from the PDMS-g-
PNIPAAm surface of high grafting yield after incubation at 4°C for 10, 14, 18 and 45 minutes. Blue arrows indicate the 
direction of the detachment of the cell sheet. (B) F-actin staining (green) of cell sheets before and after detachment. (C) 
Live/dead staining of cell sheets after detachment. The cell sheets were cultured under loaded condition to confluence. 
Green dotted lines indicate the dividing line between the cell sheet and the blank area. Scale bars: 1 mm (A, C), 200 μm 
(B). PDMS-g-PNIPAAm: grafting polymerization of poly(N-isopropyl acrylamide) to poly(dimethylsiloxane).
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Effect of mechanical stimulation on ECM production of 

cell sheets

To determine if mechanical stimulation can promote ECM 
production, we characterised the thickness of the cell sheets 
cultured under static and loaded conditions. Cytoskeleton 
staining images showed that cells were uniformly dispersed 
within the cell sheet under both static and loaded conditions 
(Figure 6A), and no significant difference was observed 
between the groups. Under H&E staining, the thickness of cell 
sheets in loaded group is significantly larger than static group 
(Figure 6B and C). Masson staining revealed that the thickness 
of cell sheets under loaded condition was thicker than that 
under static condition (Additional Figure 3). The same result 
can also be observed in the SEM images. Furthermore, cell 
sheets obtained from loaded group showed more cell-to-cell 
junction and ECM content than static group (Figure 6D). 
Moreover, the ratio between total protein and total DNA of 
loaded group was also higher than static group, suggesting 
more ECM content density in loaded group (Figure 6E–G).

Effect of mechanical stimulation on osteogenic 

differentiation

The expression of osteogenic-specific genes (Col I, Runx2, and 

OPN) in cell sheets was examined using reverse transcription 
quantitative polymerase chain reaction (Figure 7A–C). The 
results showed that at 3 days, the expression of Col I and Runx2 

was higher in the loaded group than the static group, while 
the expression of OPN has no difference. The reason is that 
Col I and Runx2 are mainly expressed during early osteogenesis, 
while OPN is generally expressed during late osteogenesis.60 
After culturing for 7 days, all the genes were expressed more 
in the loaded group. Western blot analysis further confirmed 
that the production of Col I, Runx2 and OPN proteins was 
significantly higher in the loaded group at 7 days (Figure 7D).

In vivo bone formation capacity

The critical calvarial defect is used to evaluate in vivo bone 
formation capacity of cell sheets after mechanical stimulation. 
After implantation for 4 weeks and 8 weeks, new bone 
formation is analysed by micro-CT and H&E staining (Figure 

8). At 4 weeks, as shown in the micro-CT results (Figure 8A 

and B), loaded group exhibited better bone formation ability 
with higher bone volume/tissue volume value in comparison 
to control and static groups. At 8 weeks, notable new bone 
formation was observed in the loaded group. In contrast, less 
new bone tissue was observed at the peripheral part of the 
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defects in static and control groups (Figure 8A). Moreover, the 
loaded group showed the highest bone volume/tissue volume 
value (Figure 8B). H&E staining showed that the loaded group 
had much more new bone formation than the control group 
and the group with cell sheets alone (Figure 8C). The most 
obvious calcium deposition was observed in the loaded group 
at 8 weeks, and the newly formed bone in this group began to 
grow from the periphery to the middle.

Discussion

As a scaffold-free method, cell sheet engineering provides a 
promising approach to bone tissue engineering by avoiding 
scaffold-associated issues like insufficient cell adhesion, 
probable immune rejection and so on. Generally, the most 
widely used substrate for cell sheet culturing is rigid culture 
dish grafted with thermal responsive PNIPAAm and the intact 
cell sheet is harvested by lowering the temperature. However, 
except for integrity, thickness, toughness and abundant 
ECM are important for the application of cell sheets as well. 
Therefore, in this study, we aim to introduce mechanical 

stimulation to promote ECM production and bone formation 
potential of cell sheets. 

At present, the most established technology for the 
preparation of PNIPAAm thermosensitive surface is based 
on the polymerization initiated by electron beam.29 However, 
electron beam irradiation requires expensive equipment. 
Hence, as an alternative to electron beam radiation, UV 
radiation was widely used to graft PNIPAAm onto surfaces.61 
Most cell sheets were currently cultivated on solely PNIPAm-
grafted cell culture dishes. Additional treatments are required 
in terms of different targeted tissues. E.g., patterned surfaces 
are developed in order to generate heterotypic tissues,62 and 
in order to generate more ECM, mechanical stimulation is 
applied.63 However, conventional substrates are generally stiff 
and unstretchable, elastic and stretchable PDMS substrates are 
admirable to apply mechanical stimulation. The stiffness can 
also influence cell mechanobiological behaviours, such as cell 
adhesion, proliferation, and differentiation.64 In a previous 
study, elastic PDMS substrates have been grafted with thermal 
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responsive PNIPAAm by adsorption of photo-initiator and 
subsequent initiation of grafting polymerization by UV 
radiation.65 In this study, PDMS-g-PNIPAAm was prepared by 
UV-initiated polymerization. The results showed that PDMS-
g-PNIPAAm substrates changed from 70° to 50° when the 
temperature lowered from above 37°C to 4°C (Figure 3A and 
B), and the more significant change was found for the substrate 
with the highest grafting yield, due to more PNIPAAm on the 
substrates, which makes them the most suitable for cell sheet 
detachment.

The surface properties of substrates were reported to 
significantly affect the cell behaviours. For example, fibroblasts 
spread and proliferate better on PDMS with lower PNIPAAm-
grafted yield when treated with gelatin coating, while 
osteoblasts and mesenchymal stem cells proliferate better on 
surfaces with higher grafting yields and no gelatin coating.65, 66  
The PNIPAAm-grafted yield was also shown to affect cell 
detachment.65 Therefore, cell behaviour on different PDMS-
g-PNIPAAm substrates was studied by culturing MC3T3-E1 
cells on the substrates. For all the substrates, we found cells 
could attach and proliferate well on all the substrates without 
significant differences. However, cell sheets showed different 
detachment behaviour on PDMS-g-PNIPAAm substrates. For 
the ones with high grafting yield, the cell sheets could easily 
detach from the substrate and remain intact after detachment 
(Figure 3C). As mentioned above, substrates with high 
grafting yield are more sensitive to temperature and more 
helpful for cell detachment. Our results are in agreement with 
previous reports on the impacts of grafting yields of PNIPAAm 
on the detachment behaviour of cell sheets.67 Therefore, in the 
following studies, we used the substrates with high grafting 
yields for their favourable cell detachment behaviour.

Except for the integrity of cell sheets, thickness, toughness 
and abundant ECM is also important for bone repair. 
Recently, numerous studies demonstrated the critical impacts 
of mechanical loading on cell-ECM interactions and ECM 
formation, in addition to the chemical composition and 
structure of ECM.68 Therefore, we hypothesised that cell 
sheets with enhanced ECM content and strength could be 
achieved by applying dynamic mechanical stimulation during 
culturing. The elasticity of PDMS-g-PNIPAAm substrates 
allows dynamic mechanical stimulation by cyclic stretching 
of the elastic substrates during cell sheet culturing. Previous 
work in our laboratory showed that mechanical stretching 
with the condition of 5% strength, 0.5 Hz, and 4 hours/day,  
could promote the secretion of ECM and expression of 
osteogenic-specific genes. The results showed the enhanced 
thickness for the cell sheets cultured under loaded condition 
than static condition (Figure 6A–C and Additional Figure 

3). Furthermore, cell sheets cultured under loaded condition 
seemed to show more cell-to-cell junction and denser ECM 
(Figure 6D). The total protein weight of cell sheet cultured 
under loaded condition was much higher than static condition 
(Figure 6E). These results indicate that more ECM was 
formed in the cell sheets after mechanical stimulation. This 
is in accordance with previous report,68 showing appropriate 
mechanical stimulation significantly promotes cell proliferation 
and ECM secretion. 

Several studies have indicated that the expression of various 
genes in cells could be regulated by applying mechanical 
stimulations.43, 49 With hydrostatic pressure and uniaxial 
compression, MSCs showed enhanced chondrogenic 
expression, while application of tensile strain enhanced 
osteogenic expression.44 The effects of cyclic mechanical 
stretching on osteogenic differentiation of human intraoral 
MSCs and expression of osteogenic genes in MC3T3-E1 
osteoblasts cells were investigated. The results show that 
mechanical stimulation can significantly increase osteogenic 
gene expression and bone formation.69 In this study, a 
significant up-regulation of the osteogenic differentiation 
markers genes Col I, Runx2, and OPN was observed in cell 
sheets cultured under mechanical stimulation, compared with 
that cultured under static conditions (Figure 7). The higher 
expression levels of Col I and OPN indicate a higher level of 
calcification stage. Even single mechanical stimulation up-
regulated osteogenic transcription factor Runx2, both in the 
reverse transcription quantitative polymerase chain reaction 
and western blot. This over-expression of the transcription 
factor in mechanically stimulated groups provides evidence 
that stimulation by cyclic strain promoted MC3T3-E1 
differentiation. It has also reported that dynamic stretching 
of the substrate can cause fluid-induced wall shear stress 
on cells,70, 71 which could influence osteogenesis.72 From 
our point of view, there might be some wall shear stress 
at a low level, but the major effect of mechanical-induced 
osteogenesis is due to mechanical strain. Finally, in vivo 

experiment further indicated the cell sheets prepared under 
mechanical stimulation had superior bone formation capacity 
as well (Figure 8). In all, we showed that cyclic mechanical 
stimulation could significantly up-regulate the expression of 
osteogenic genes, Col I, Runx2, and OPN, and thereby stimulate 
the differentiation of MC3T3-E1 and further bone formation. 
Compared to other scaffolds, our scaffold-free cell sheets not 
only avoid the inflammation caused by degradation of scaffolds 
and mismatch of cell proliferation, but also generate abundant 
ECM by applying mechanical stimulation to cells. This study 
indicates the great potential of mechanically conditioned cell 
sheets to be used as synthetic bone graft substitutes. The effects 
of different types and magnitude of the forces on the cell sheets 
preparation need to be further investigated. 

In this study, we successfully prepared a thermal responsive and 
elastic PDMS-g-PNIPAAm substrate by grafting PNIPAAm on 
elastomeric using O2-plasma-UV initiated graft polymerization, 
to study the effects of cyclic mechanical stimulation on cell 
sheets engineering. MC3T3-E1 cells proliferated well on 
PDMS-g-PNIPAAm substrates, and intact cell sheets could 
be easily harvested by lowering the temperature from PDMS-
g-PNIPAAm substrates with the highest grafting yield. Cell 
culture experiment demonstrated that the thickness and the 
ECM content of cell sheets were remarkably enhanced with 
mechanical stimulation, and the expression of osteogenic 
genes and bone formation were significantly promoted. 
This provides a feasible and facile approach to enhance the 
properties of engineered cell sheets, and can be further applied 
with cell sheet engineering techniques for potential scaffold-
free tissue engineering applications.
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