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Abstract
The current goal of cell sheet engineering technology is to provide an improved approach for more predictive and effective 
generation of viable tissue-like constructs. Success requires validation and characterization of cell sheet growth and 
detachment. In this study, we perform qualitative and quantitative assessments of cell sheets lifted from thin spin-coated 
poly(N-isopropylacrylamide) films. 

Cell morphology, detachment time, metabolic activity and viability of mouse stromal and human corneal epithelial 
cell sheets were examined before and after lifting and after reattachment. The histological analysis of cell sheets and the 
immunofluorescence analysis of acting cytoskeleton, paxillin and cadherins were performed. The structure of extracellular 
matrix and the content of type I collagen in stromal and epithelial cell sheets were assessed by scanning electron microscopy 
and SDS-PAGE analysis, respectively. 

Results demonstrate that lifted cell sheets remain viable and maintain tissue-like integrity that strongly depends on 
reinforcement of acting cytoskeleton and cadherins at cell-cell junctions. Strong cell-cell adhesions and a high density of 
confluent cell sheets promote collective cell sheet detachment. Preserved extracellular matrix and focal adhesion complexes 
support cell sheet reattachment. 

This study demonstrates the potential of spin-coated poly(N-isopropylacrylamide) films in producing viable cell sheets 
that might be considered as a building block to create large biological tissues. Our results also describe the central cellular 
mechanisms involved in temperature-controlled collective cell migration. This study should promote further research in 
engineering three-dimensional tissues with complex organizational architecture.
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Introduction
Cell sheet tissue engineering technologies have been 

rapidly developed and applied in different areas of bio-

medical research, including regenerative medicine [1-
3], cell-based drug screening assays [4,5], and tissue 
and disease modelling [6-9]. Most experimental studies 
have used cell sheets for scaffold-free tissue engineering 



• Page 2 •

Citation: Dzhoyashvili NA, Joyce K, Thompson K, et al. (2017) Fabrication of Functional High Density Cell Sheets for 
Tissue Engineering Using Spin-Coated Poly(N-isopropylacrylamide) Thin Films. Insights Stem Cell Res Ther 1(1):1-14

SCHOLARLY  PAGES

Dzhoyashvili et al. Insights Stem Cell Res Ther 2017, 1(1):1-14

[10-12]. Several studies have shown that cell sheet trans-
plantation has been effective in the treatment of severe 
diseases such as cardiomyopathy and congestive heart 
failure [13], neovascular age-related macular degenera-
tion [14], many forms of liver disease [15], diabetes mel-
litus [16], massive burns [17] and cartilage degeneration 
and defects [18]. Because cell sheets can be transplanted 
without sutures, this procedure saves time, reduces risk 
from biological materials and can avoid suture-relat-
ed problems, such as inflammation and scars. This ap-
proach offers several distinctive therapeutic advantages, 
especially for cornea, esophageal epithelium or oral mu-
cosa regeneration [19-21].

Currently, the most effective way of cell sheet genera-
tion involves the use of pNIPAm-based thermoresponsive 
substrates [22-25]. pNIPAm dissolves in cell culture media 
when the temperature drops below its Low Critical Solution 
Temperature (LCST) of about 32 °C and ultimately results 
in cell detachment. However, the exact mechanism of cell 
sheet detachment from thermoresponsive surfaces is still 
under investigation. Among many methods, spin-coating 
technique has been shown to provide an inexpensive and 
convenient way to prepare thermoresponsive polymer 
films which thickness and surface characteristics can be 
carefully controlled [26,27]. Proteolytic enzymes gener-
ally used to detach adherent cells can potentially damage 
cell surface proteins, including ion channels and growth 
factor receptors, destroy ECM and affect cellular signal 
transduction pathways [28]. In contrast, thermoresponsive 
polymer-based technology enables fabrication of contigu-
ous and viable cell sheets composed of cells and functional 
Extracellular Matrix (ECM) avoiding the use of proteolytic 
reagents. In cell sheets, the cells are embedded in ECM and 
delivered together with secreted growth factors that might 
increase survival rate and the ability of cells to engraft into 
damaged tissue after transplantation [29,30]. Mechanosen-
sitive properties of cell sheets, undergoing force-dependent 
remodeling after detachment, play an essential role in cell 
sheet integrity. Different components of the cytoskeleton 
network are important in regulation of cell sheet integri-
ty that influences the cell sheet strength in the absence of 
a substrate [31,32]. In recent years, an increasing number 
of studies have investigated the relationship between cyto-
skeleton reorganization and collective cell motion in both 
embryonic development and normal growth of adult tissue, 
wound healing and metastatic invasion [33-37]. It has been 
suggested that cellular density may play a crucial role in 
these processes. As a cell sheet density increases as a result 
of proliferation, cells become crowded and exert a pressure 
on their neighbors. As the effect of pressure progressively 
increases, independent cellular motions become frozen, and 
the cells become increasingly cooperative and have to move 
in a collective manner [38,39]. In our previous study, it was 
found that 50 nm thick spin-coated poly(N-isopropylacryl-

amide) (pNIPAm) films enables harvesting of contiguous 
cell sheets [26]. In this study, we carried out the qualitative 
and quantitative assessments of two types of cell sheets har-
vested from thin pNIPAm films. The comparison of cells 
with different proliferation rate, ECM synthesis and cyto-
skeleton organization might unveil key factors underlying 
cell sheet integrity and homeostasis. Considering this view, 
mouse bone marrow-derived stromal cell line (MS-5) and 
Human Corneal Epithelial Cells (HCEC) were examined 
for their biological properties and potentials for cell sheet 
harvest. In particular, cell morphology, total cell number 
in cell sheets, the pattern and speed of cell sheet recovery 
were analyzed. The metabolic activity and cell viability of 
attached and lifted cell sheets were also examined. To in-
vestigate cell sheet remodeling during and immediately af-
ter detachment, we performed the histological analysis of 
cell sheets and the immunofluorescence analysis of paxillin, 
cadherins and actin fibers. Paxillin was examined because it 
is an important structural focal adhesion component which 
plays a central role in the coordination of numerous regula-
tory proteins involved in cytoskeletal reorganization during 
cell adhesion as well as cell movements [40-42]. Cadherins 
were chosen because they are critical to maintaining tissue 
integrity and play an essential role during collective cell mo-
tion [43-45]. The knowledge obtained from this systematic 
characterization of cytoskeleton components may be im-
portant for further improvement of cell sheet mechanical 
and structural properties. To assess the role of ECM in cell 
sheet detachment and reattachment, the lifted MS-5 and 
HCEC cell sheets were compared in terms of ECM struc-
ture and deposition of type 1 collagen. The present study 
provides a validation system for cell sheet systematic as-
sessment. Importantly, these findings can also contribute 
to better understanding the role of ECM and cytoskeleton 
remodeling in mechanisms of collective cell movements in 
normal and pathological conditions.

Materials and Methods
Materials

The polymer poly(N-isopropylacrylamide) with Mn 
= 20000-40000, anhydrous ethanol (200 proof, > 99.5% 
assay), Triton-X-100, paraformaldehyde, Harris mod-
ified hematoxylin and Eosin Y, Sodium Dodecyl Sul-
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fate (SDS), glutaraldehyde solution (25 wt. %), acetic 
acid glacial (≥ 99.85%), porcine gastric mucosa pepsin 
(≥ 2,500 U/mg), 0.5 M EDTA, 10 mM Tris-HCl, sodi-
um cacodylate tri hydrate (≥ 98.0%) and DMSO (anhy-
drous, ≥ 99.9%) were purchased from Sigma-Aldrich (St. 
Louis, USA). Plastic consumables were purchased from 
Sarstedt (Nümbrecht, Germany). Borosilicate cover glass 
slides (25 mm in diameter) were purchased from VWR 
(Radnor, USA). Hanks Balanced Salt Solution (HBSS) 
and Dulbecco’s Modified Eagles Medium (DMEM) were 
purchased from Lonza (Basel, Switzerland). Antibiot-
ics (penicillin-streptomycin) and Fetal Bovine Serum 
(FBS) were purchased from HyClone (Logan, USA). 
Alamar Blue® reagent, Live/Dead® viability/cytotoxicity 
kit, Quant-iTTM Pico Green® dsDNA assay kit and Silver 
Quest silver staining kit were purchased from Invitro-
gen-Thermo Fisher Scientific (Waltham, USA). Rabbit 
monoclonal anti-paxillin antibody (ab32084), rabbit 
polyclonal anti-pan cadherin antibody (ab6529) and 
goat anti-rabbit secondary antibody (ab150077) were 
purchased from Abcam (Cambridge, UK). Phalloidin 
eFluor 660 (50-6559-05) was purchased from Affymet-
rix (Santa Clara, USA). UltraCruzTM mounting medium 
was purchased from Santa Cruz Biotechnology (Santa 
Cruz, USA). Heating dry bath from Torrey Pines Scien-
tific (Carlsbad, USA) was used for careful temperature 
control.

Thermoresponsive pNIPAm film fabrication
Spin-coated poly(N-isopropylacrylamide) films were 

fabricated as described previously [26]. Briefly, a 150 μl 
aliquot of a 5 mg/ml ethanol polymer solution was de-
posited onto a slowly spinning, (150 RPM), substrate 
(Tissue Culture Polystyrene (TCPS) dishes (35 mm) or 
glass slides) for 9 s followed by rapid acceleration to 4000 
RPM for 30 s, on a Laurell Technologies WS-400B-256.
The spin-coated samples were slowly dried overnight in 
an ethanol saturated atmosphere and then left in a vac-
uum oven at 40 °C and 600 m Bar for a minimum of 4 h 
to eliminate any residual solvent. TCPS dishes were used 
as an under layer substrate for cell morphology analysis, 
qualitative cell assays (alamarBlue and PicoGreen) and 
cell detachment analysis. Clean and optically flat borosil-
icate cover glass slides were used as an under layer sub-
strate for fluorescence microscopy analysis.

Optical profilometry analysis was used to confirm 
the thickness of 50 nm thick pNIPAm films as described 
previously [26]. Briefly, an ArF excimer laser (ATL At-
lex®, Wermelskirchen, Germany) was used to ablate the 
selected areas on thin pNIPAm films deposited on fused 
silica glass discs. The thickness of pNIPAm films was 
measured using white light interferometry (Zygo New 
View 100) with an accuracy of 0.1 nm. The z-height dis-
tance between the remaining polymer and the underly-

ing substrate was measured to accurate assess the thick-
ness. Statistically relevant data was obtained by repeating 
all measurements three times, and scans of 5 randomly 
selected ablated windows were recorded on 3 different 
samples.

Cell sheet generation and morphology observation
For cell culture experiments, 50 nm thick pNIPAm 

films were sterilized under mild UV light for 2 hrs. For 
experimentation, MS-5 or HCEC cells were seeded on 
pNIPAm-coated or control uncoated TCPS dishes in 
triplicate at a density of 40000 cells/cm2. The cells were 
cultivated in DMEM, supplemented with 10% FBS, 1% 
penicillin-streptomycin antibiotics and maintained in a 
humidified incubator at 37 °C and 5% CO2. The DMEM 
was changed at two-day intervals. When the cells were 
confluent, the medium was changed daily.

The detachment of cells grown on pNIPAm films was 
mediated by reducing temperature. The cells were rinsed 
with pre-warmed HBSS to remove any traces of serum. 
Cold serum-free DMEM was added to cells and the sam-
ples were left on a digitally controlled thermal/cooling 
plate set to 4 °C until detachment.

Then the lifted cell sheets were transferred onto other 
control TCPS dish and incubated in a growth medium 
volume of 200 μL at 37 °C in a humidified incubator for 
1 hr. After attachment, a final culture medium volume of 
1.5 ml was added to each dish.

MS-5 and HCEC cell sheet growth and detachment 
were microscopically monitored, and micrographs of 
cells were taken using Leica inverted microscope (Leica, 
Solms, Germany). The experiments were repeated three 
times on independent days.

Cell sheet proliferation, viability and metabolic 
activity analysis

Quant-I TTM PicoGreen® dsDNA assay kit was used 
to assess the DNA content in lifted cells. Cell numbers 
in cell sheets were calculated when the cell sheets were 
gently lifted from pNIPAm-coated dishes, as described 
above. Cell numbers were obtained by calculation based 
on the cell DNA, using a calibration curve of total cell 
DNA versus known numbers of cells.

A Live/Dead cell viability assay was performed to test 
cell sheet viability. Titration was performed for both cal-
cein AM and ethidium homodimer-1 to define optimal 
dye concentration according to the manufacture proto-
col. A solution of 1 µM Calcein AM and 2 μM ethidium 
homodimer-1 in HBSS were mixed thoroughly, and then 
added to the cells for 20 min at 37 °C. The staining with 
calcein AM resulted in bright green fluorescence in the 
cytoplasm of viable cells with intact cell membranes. 
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Histological examination
After being incubated for 2 weeks, the MS-5 and 

HCEC sheets were detached from dishes and fixed with 
4% paraformaldehyde solution for 24 hrs. Specimens 
were then embedded in paraffin using an automated tis-
sue processing machine (Leica ASP300), sectioned using 
a microtome (Leica RM2235) and stained with Hema-
toxylin and Eosin (H&E) according to manufacturer’s 
instruction. Images were captured with Olympus IX-81 
inverted microscope. Thicknesses of cross-sectioned cell 
sheets were measured using Image J software.

Extraction of ECM from cell sheets
To prepare and analyze ECM, lifted MS-5 or HCEC 

cell sheets cultured for 2 weeks were decellularized using 
low concentration of SDS as previously described [47]. 
Briefly, the cell sheets were shaken for 30 min in decel-
lularization solution containing 0.05 wt% SDS, 10 mM 
Tris, and 25 mM EDTA and then thoroughly washed 
with HBSS.

Scanning electron microscopy
The decellularized cell sheets were analyzed using SEM. 

For SEM imaging, the ECM specimens were first fixed in 
a 0.2 M sodium cacodylate buffer (pH 7.2) containing 2% 
paraformaldehyde and 2.5% glutaraldehyde for 10 min at 
room temperature, dehydrated in a graded ethanol series, 
air-dried and finally sputter-coated with gold and examined 
using a Hitachi S-4700 SEM. The specimens were examined 
at 15 kV in high vacuum mode.

SDS-PAGE analysis of type I collagen
The MS-5 and HCEC cell sheets were washed twice 

with HBSS and digested with porcine gastric mucosa 
pepsin in a final concentration of 0.1 mg/ml in 0.05 M 
acetic acid. Samples were incubated at 37 °C for 2 h with 
gentle shaking. After incubation, the samples were neu-
tralized with 0.1 N NaOH. The samples were then an-
alyzed by SDS-PAGE under non-reducing conditions 
[48]. Briefly, 0.1 mg/ml of bovine type I collagen was 
used as standards with every gel. The 10% SDS gel made 
up of 3% stacking and 5% resolving components were 
used. Collagen bands were stained using Silver Quest kit 
(Invitrogen) according to manufacturer’s protocol. For 
this experiment, type I collagen α1 and α2 chains were 
quantified. Densitometric analysis was performed to 
quantify collagen bands in wet gels. The amount of each 
collagen band was calculated using a rectangular tool 
with background subtraction provided by Image J soft-
ware (NIH, Bethesda, MD, USA).

Statistical analysis
Statistical analysis was performed using Statistica 8.0 

software. Values are expressed as mean ± Standard Devi-

Ethidium homodimer stained dead cells red. The control 
dead cells were prepared by the treatment of cultured 
cells with cell death inducing agent, Dimethyl Sulfoxide 
(DMSO), for 20 min.

AlamarBlue® assay was used to examine metabolic ac-
tivity. Cell metabolism was expressed as the fluorescence 
per cell after the fluorescence was divided by the number 
of vital cells in a sample.

All assays were performed following the manufacturer’s 
instructions before and after cell sheet detachment and after 
reattachment. AlamarBlue and PicoGreen fluorescence was 
measured using a Thermo Scientific Varioskan Flash Multi-
mode plate reader. The fluorescent staining of live and dead 
cells was observed using an Olympus IX81 fluorescence 
microscope (Olympus) and images were captured using a 
DP72 CCD camera (Olympus) linked to cellSens Dimen-
sion software (Olympus). Each assay was repeated three 
times on independent days.

Immunofluorescent staining and image analysis
The MS-5 and HCEC cell sheets were fixed with 4% 

paraformaldehyde and then permeabilized with Triton 
X-100 (0.1%). Afterwards, the cell sheets were incubat-
ed with 3% goat normal serum for 1 h at 37 °C to block 
non-specific binding. Cell sheets were then incubated 
with rabbit monoclonal anti-paxillin antibody at 1: 250 
dilution or rabbit polyclonal anti-pan cadherin antibody 
at 1: 100 dilution at 37 °C for 1 hr. The slides were washed 
with HBSS followed by incubation for 1 h with a 1: 1000 
dilution of Alexa Fluor® 488 nm goat anti-rabbit second-
ary antibody at 37 °C. Actin stress fibers were detected 
using Phalloidin eFluor 660 at 1: 500 dilutions. After 
rinsing with HBSS, the samples were mounted with Ultra 
Cruz TM mounting medium containing 1.5 µg/ml DAPI 
for nuclear counter staining. All stained slides were ob-
served using Andor spinning disc confocal microscope.

To quantify actin or cadherin levels in cells, an out-
line of 30 × 30 pixels was drawn around each cell junc-
tion region (n > 10), and the area, integrated density 
along with mean fluorescence of background readings 
were measured using Image J software (NIH, Bethesda, 
USA). The calculation of Total Corrected Cellular Fluo-
rescence (TCCF) was performed according to formula, 
TCCF = integrated density - (area of selected cell x mean 
fluorescence of background readings) [46]. Relative actin 
or cadherin intensity levels at cell junctions in lifted cell 
sheets were normalized to unlifted cell sheet controls. 
For nuclear quantification, images from 10 independent 
fields per slide and 50-200 cells per image excluding 
those crossing the right and the bottom boundary were 
counted. All images were analyzed as Tiff files. The ab-
sence of nonspecific binding was confirmed by the use 
of appropriate primary and secondary antibody controls.
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Results
Generation and morphology of MS-5 and HCEC 
sheets

The morphology and size of cell sheets, cell num-
bers and time required for detachment of intact MS-5 
and HCECs sheets were compared (Table 1). Microsco-
py analysis showed that the cells, when initially seeded 

ation (SD). If normal distribution was confirmed using 
Kolmogorov-Smirnov test and Shapiro-Wilk’s W test, stu-
dent t-test were conducted to compare independent groups 
and multiple comparisons were made using one-way ANO-
VA test. Otherwise, non-parametric Kruskal-Wallis test for 
multiple comparisons and Mann-Whitney test for two in-
dependent groups were carried out. Statistical significance 
was defined as p-value < 0.05.

Table 1: Summary of characteristics of lifted stromal MS-5 and epithelial HCEC sheets.

Cell type Detachment 
time (min)

Cell 
number
(× 106)

Cell sheet 
thickness 
(μm)

Cell sheet 
diameter 
(mm)

Cell sheet 
area 
(cm2)

Cell sheet 
metabolic 
activity

Stratification Paxillin Cadherin

MS-5

1 week

10 ± 3 0.8 ± 0.1 17 ± 3 12 ± 3 1.1 ± 0.6 88% Thin, 2-3 layers + +

MS-5

2 weeks

10 ± 3 4.1 ± 0.4 45 ± 5 22 ± 3 3.8 ± 1.1 84% Normal,

4-5 layers

+ +

HCEC

1 week

Impossible - - - - - - - -

HCEC

2 weeks

35 ± 5 2.2 ± 0.3 15 ± 2 23 ± 2 4.2 ± 0.8 94% Thin,

2-3 layers

+ +

+: Presence -: Absence.
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Figure 1: Morphological characteristics of MS-5 and HCEC cell sheets engineered by culturing harvested cells for one or two 
weeks A) Phase contrast images of MS-5 and HCEC growing on pNIPAm-coated surface prior to cell detachment.  Scale 
bar: 100 μm; B) The cell sheets detaching from pNIPAm-coated culture dishes after reducing the temperature to 4 °C.  Scale 
bar: 100 μm; C) MS-5 and HCEC cell sheets contracted while lifting. One-week HCEC sheets did not detach intact.  Initial 
cell-seeding density 40000 cells/cm2. Scale bar: 10 mm. The white arrow indicates a detaching cell sheet. The yellow arrow 
indicates a ruptured cell sheet.
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There was no significant difference in a cell sheet area 
or in shrinkage rate between two-week MS-5 and two-
week HCEC lifted cell sheets. One-week MS-5 sheets had 
a smaller area and a higher shrinkage rate than two-week 
MS-5 sheets (Figure 2).

Viability and metabolic activity of MS-5 and HCEC 
sheets

To ensure that long-term culture, cell sheet detach-
ment and manipulation do not affect cell behavior, vi-
ability and metabolic activity assays were applied to cell 
sheets after 2 weeks in culture under several conditions: 
prior to cell sheet detachment, immediately after cell 
sheet lifting and 48 h after reattachment of lifted cell 
sheets. Importantly, the lifted cell sheets reattached fast-
er, within around 20 min, than a single cell suspension 
that attached within 3-4 h. The viability test was done 
on detached and reattached MS-5 and HCEC sheets with 

on pNIPAm-coated surface, attached, expanded and 
reached confluence after 24 hrs. MS-5 cells were fully 
spread and had spindle-shaped morphology and HCEC 
displayed normal cobblestone-like cell morphology (Fig-
ure 1A). During and immediately after low temperature 
treatment, the cells became less spread and flattened 
and started to detach (Figure 1B). The visual tracking 
revealed that one-week and two-week MS-5 started to 
detach as a contiguous cell sheet first from the dish edg-
es only, followed by the complete detachment from the 
substrate within around 10 min. In contrast, one-week 
HCEC did not detach as an intact cell sheet, and only 
those HCEC cultured on pNIPAm surface for 2 weeks 
were able to detach as an intact sheet within around 40 
min. Moreover, in order to facilitate cell sheet recovery, 
the partly lifted premature one-week HCEC sheets had 
to be gently rinsed with culture medium against the de-
tached part of the cell sheets (Figure 1C).
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Figure 2: Intact MS-5 and HCEC sheets contracted after detachment from pNIPAm films. During and immediately after 
lifting, one-week MS-5, two-week MS-5 and two-week HCEC sheets shrunk to 11%, 40% and 44% of their original area, 
respectively. *p < 0.05, **p < 0.01. Data are expressed as the mean ± Standard Deviation (SD).
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Figure 3: Live/Dead fluorescent staining of two-week MS-5 and two-week HCEC sheets before detachment, immediately after 
detachment and 48 h after reattachment to TCPS. Red fluorescence indicates the dead cells. Alive cells with intact cell mem-
branes fluoresce green. The control for each cell type was treated with cell death-inducing agent DMSO. Scale bar 100 μm.
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the cell membrane. The detached HCEC sheets also dis-
played stronger cortical fluorescent ring of filamentous 
act in (Figure 5A). DAPI nuclear staining showed that 
lifted MS-5 and HCEC cell sheets exhibited significant 
increase in nuclear density (Figure 5B). The cell sheet 
detachment resulted in cell sheet contraction and signif-
icant increase of cell-cell contact area. The quantitative 
analysis of fluorescence signal at cell-cell junctions con-
firmed that the level of cortical actin was significantly in-
creased in around 2.8 times and 1.5 times for MS-5 and 
HCEC sheets, respectively (Figure 5C). The analysis of 
cell-cell adhesion protein cadherins revealed the pres-
ervation of adherence junctions after cell sheet detach-
ment. Moreover, the lifted MS-5 and HCEC cells showed 
enhanced junctional localization of cadherins. The level 
of cadherins at cell-cell junctions was increased in 2.5 
and 1.6 times for lifted MS-5 and HCEC sheets, respec-
tively (Figure 5D). Results demonstrated that both actin 
filaments and cell adhesion proteins cadherins were rein-
forced at cell-cell junctions in lifted cell sheets indicating 
their cooperative roles during and immediately after cell 
sheet detachment.

ECM deposition and focal adhesion analysis in MS-5 
and HCEC cell sheets

ECM deposition and focal adhesion analysis was per-
formed to assess their contribution to cell sheet remod-
eling during cell sheet detachment and reattachment. 
Paxillin is a key component of focal adhesion network, 
found in regions closely adherent to the substratum and 

similar results. The percentage of viable cells stained with 
calcein AM reached almost 100% on all tested samples, 
indicating that the manipulation with cell sheets such 
as harvesting from pNIPAm-coated substrate, cell sheet 
transfer and further reattachment did not significantly 
damage the cells (Figure 3).

To examine the quality of fabricated cell sheets, the 
metabolic activity was assessed after cell sheet detach-
ment and reattachment (Figure 4). The results showed 
that MS-5 and HCEC sheets have lower metabolic ac-
tivity than control cells, but the difference was not sta-
tistically significant. Therefore, the results indicate that 
both MS-5 and HCEC sheets remained viable and meta-
bolically active at all processing steps, with no significant 
differences among tested groups and controls.

Act in distribution and intercellular junction anal-
ysis

The cell-cell adhesion and act in distribution in cell 
sheets were next examined for analysis of cell sheet in-
tegrity. The lifted MS-5 and HCEC cell sheets shrunk 
significantly and changed in shape and size (Table 1). 
The comparison of distribution of act in filaments and 
cadherins indicated a structural difference between at-
tached and lifted cell sheets. In particular, the attached 
MS-5 span abundant thin and parallel filamentous act 
in bundles extended through the cell cytoplasm. After 
detachment, the lifted MS-5 cell sheet shrunk, lost cy-
toplasm act in and formed cortical act in fibers along 
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Figure 5: Cell sheet contraction induces the coordinated reorganization of the cytoskeleton of two-week MS-5 and two-week 
HCEC lifted cell sheets A) Fluorescence images of F-actin (red), cadherins (green), DAPI nuclear staining (blue) in control 
and lifted cell sheets show the spatial rearrangement of actin filaments and cadherins. Scale bar: 20 μm; B) Both MS-5 and 
HCEC lifted cell sheets showed significant increase in nuclei density indicating cell sheet contraction. *p < 0.05 compared 
with unlifted control. **p < 0.05 for lifted MS-5 versus lifted HCEC; C,D) Quantitative analysis of actin and cadherins at cell-cell 
junctions showed the increase of both cortical actin and cadherins in lifted MS-5 and HCEC sheets. *p < 0.05 compared with 
unlifted control. **p < 0.05 for lifted MS-5 versus lifted HCEC. Data are expressed as the mean ± Standard Deviation (SD).
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MS-5 sheets which were absent in cell extract samples 
from two-week HCEC sheets (Figure 7C and Figure 7D).

Discussion
Despite the wide use of pNIPAm-coated thermore-

sponsive surfaces, little is known about the main fac-
tors influencing the successful production of intact cell 
sheets. Several studies have used cell sheets as a model 
to investigate wound healing and to describe the mech-
anisms regulating cell sheet motilities during wound re-
pair. The thought-provoking study, performed by Ros-
en and Misfeldt, showed that when confluent kidney 
epithelial (MDCK) cells were wounded, they enable to 
migrate into the denuded area as a cell sheet only af-
ter a threshold density was reached [49]. The authors 
suggested that the velocity of cells as a contiguous cell 
sheet could be the result of a force generated from the 
mutual pressures caused by the crowding cells. It was 
concluded that the confluent cells can be detached as a 
cell sheet only when its density is at or above that thresh-
old density and they possess the property of motion as 

involved in attaching the act in cytoskeleton to the ECM. 
Paxillin was evenly distributed before MS-5 or HCEC 
cell sheet lifting. However, in lifted cell sheets, paxillin 
was enhanced and organized into cortical networks sim-
ilar to the arrangement of act in bundles (Figure 6).

The histological analysis of cross-sections of lifted cell 
sheets revealed that two-week MS-5 sheets were com-
posed of 4-5 well cell layers with an approximately 40 
µm in thickness, and extracellular matrix was abundant. 
In contrast, two-week HCEC sheets were composed of 
approximately 2-3 layers with 10-20 µm in thickness, 
and the extracellular matrix was undeveloped or absent 
(Figure 7A).

SEM images of decellularized MS-5 sheets confirmed 
abundant ECM depositions with three-dimensional 
tightly packed and well-organized fibrous networks. 
In contrast, ECM fibers in HCEC sheets were loosely 
packed with more spaces between fibers (Figure 7B). 
Densitometry analysis confirmed the presence of type I 
collagen main chain bands, α1 and α2, only in two-week 
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ters including reorganization of adhesion complexes 
and actomyosin-induced cell contraction to decipher 
the mechanisms of cellular motility. The study revealed 

a united cell sheet. Another study analyzed collective 
cell behavior using a computational model [50]. In this 
model, Lober and co-authors used a series of parame-
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Figure 7: H&E staining of two-week MS-5 and two-week HCEC cell sheets. MS-5 sheets were thicker and more compact 
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cell sheets exhibited changes in the distribution of actin 
cytoskeletal. It was shown that act in cytoskeleton is an 
essential contributor to cell sheet formation, its mechan-
ical strength and cohesion [31]. The actin cytoskeleton 
of neighboring cells is connected through cell-cell junc-
tions that seal cells together. Other major players in reg-
ulating tissue cohesion and homeostasis are cadherins. 
Cadherin ectodomains mediate cell-cell contacts, where-
as the intracellular region functionally links cadherins to 
the underlying actin cytoskeleton [54,55]. It was shown 
that E-cadherin is critical for collective epithelial cell 
sheet movements [56] whereas N-cadherin which is con-
sidered as a marker for the identification of bone marrow 
stromal cells [57] can also be involved in cell-cell con-
tacts during the motions of high density cultured stromal 
cell sheets [58,59]. Shih and Yamada have shown that the 
up-regulation of dynamic cadherin-actin interactions in 
MDCK epithelial cells can be essential for collective cell 
movements in a three-dimensional matrix [60]. In the 
present study, lifted MS-5 and HCEC cell sheets signifi-
cantly increased the fluorescence signal from cortical 
actin and cadherins at cell-cell junctions. Our results 
showed that lifted MS-5 and HCEC cell sheets lost cy-
toplasm actin but instead enhanced cortical actin fibers 
at cell-cell junctions. This implies that cell-cell junctions 
were sensitive to cell sheet detachment, and that the as-
sembly of cadherins and actin fibers across intercellular 
junctions may represent a major mechanism that main-
tains the integrity of lifted cell sheets. ECM is another 
important factor that may accelerate tissue maturation 
in terms of mechanical properties and structural integ-
rity. The thermoresponsive pNIPAm-coated substrates 
may offer significant advantage for cell sheet technology 
allowing for the preservation of cell-ECM contacts af-
ter detachment. Previously Cana van, et al. have shown 
that ECM remains preserved and attached to the cell 
sheets after rapid recovery from pNIPAm-coated sur-
faces [61,62]. The strong interactions between detaching 
cells and ECM might additionally facilitate rapid recov-
ery of intact cell sheets. Microscopy analysis confirmed 
that MS-5 stromal sheets composed of higher number of 
cell layers with a dense network of ECM fibers where-
as HCEC epithelial sheets revealed poor and undevel-
oped ECM formation. These data are in agreement with 
SDS-PAGE and complementary densitometric analysis 
which confirmed the deposition of type I collagen in 
MS-5 sheets. Therefore, ECM of MS-5 sheets generated a 
stronger contractile force facilitating a rapid lifting from 
a substrate by physically pulling up the shrunken cell 
sheet. This might result in a higher speed of MS-5 cell 
sheet recovery in comparison with HCEC cell sheets. In 
addition, one-week MS-5 cell sheets were stronger and 
easily manipulated. In contrast, one-week HCEC sheets 
were more fragile and partly broken in culture that might 

that the collisions of neighboring individual cells cause 
the formation of coordinately moving high density tis-
sue-like clusters. These studies corroborated our hypoth-
esis that the trigger mechanism of cell sheet detachment 
from pNIPAm-coated substrate is closely related to the 
density-dependent forces. As temperature drops to 4 °C, 
the cells lose their contacts with a pNIPAm coated film 
which dissolves in cell culture medium. As a result of be-
ing restricted in their movements, detaching and high-
ly-packed cells release the inner pressure that promotes 
the further detachment of cells as a contiguous cell sheet. 
In other words, this might indicate that intact cell sheets 
could be detached from pNIPAm-coated substrates only 
when a confluent layer reaches the critical cell density. 
In our study, both lifted epithelial and stromal cells were 
confluent and formed multilayered sheets. Stromal MS-5 
sheets, which were compared to epithelial HCEC sheets, 
were found to be able to detach as an intact cell sheet 
faster (10 ± 3 min vs. 35 ± 5 min, respectively) and after a 
shorter period in culture (1 week vs. 2 weeks, respective-
ly). Moreover, the number of cells needed for successful 
cell sheet detachment was significantly different between 
HCEC and MS-5 cells (0.8 ± 0.1 × 106 and 2.2 ± 0.3 × 106, 
respectively; p < 0.05). Taken together, this implies that 
the trigger mechanism of cell sheet detachment from 
pNIPAm films depends on cell type and requires high 
cell density cultivation.

High cell density results in contact inhibition and 
drives the cells to enter a quiescence state. In the pres-
ent study, alamarBlue assay showed that lifted and reat-
tached cell sheet’s metabolic activity was the same as in 
control cells. Live/Dead staining revealed that the per-
centage of viable cells stained with calcein AM reached 
almost 100% on all tested samples before and after de-
tachment and after reattachment. These data indicate 
that despite the culturing of cells at high density, the 
cell sheets remained viable and highly metabolically ac-
tive. Our results corroborated the recent study showing 
that contact inhibited primary fibroblasts remain highly 
metabolically active resembling terminally differentiated 
cells like epithelial cells or cardio myocytes, which are 
characterized by very high energy consumption [51]. 
Another interesting study, published by Blagosklonny 
and co-authors, showed that contact inhibited cells did 
not undergo senescence and retained proliferative po-
tential after splitting [52]. Together, these data and our 
present findings suggest that high density cell sheets may 
retain their biological activity after detachment and re-
attachment, indicating their potential application in cell 
sheet-based tissue engineering.

Cellular movements are driven by continuous and 
dynamic reorganization of actin cytoskeleton [53]. 
Huang, et al. previously revealed that lifted keratinocyte 
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