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Abstract
Cell sheet technology aims at replacement of artificial extracellular matrix (ECM) or scaffolds, popular in tissue engineering,
with natural cell derived ECM. Adipose tissue mesenchymal stem cells (ASCs) have the ability of ECM secretion and
presented promising outcomes in clinical trials. As well, different studies found that secretome of ASCs could be suitable for
triggering cell free regeneration induction. The aim of this study was to investigate the effect of using two bio-factors:
secretome of ASCs (SE) and vitamin C (VC) for cell sheet engineering on a thermosensitive poly N-isopropyl acryl amide-
Methacrylic acid (P(NIPAAm-MAA)) hydrogel. The results revealed that using thermosensitive P(NIPAAm-MAA)
copolymer as matrix for cell sheet engineering lead to a rapid ON⁄OFF adhesion/deadhesion system by reducing temperature
without enzymatic treatment (complete cell sheet release takes just 6 min). In addition, our study showed the potential of SE
for inducing ASCs sheet formation. H&E staining exhibited the properties of a well-formed tissue layer with a dense ECM in
sheets prepared by both SE and VC factors, as compared to those of VC or SE alone. Functional synergism of SE and VC
exhibited statistically significant enhanced functionality regarding up-regulation of stemness genes expression, reduced β-
galactosidase associated senescence, and facilitated sheet release. Additionally, alkaline phosphatase activity (ALP),
mineralized deposits and osteoblast matrix around cells confirmed a better performance of ostogenic differentiation of ASCs
induced by VC and SE. It was concluded that SE of ASCs and VC could be outstanding biofactors applicable for cell sheet
technology.
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Graphical Abstract

1 Introduction

Restoring physiological function of damaged tissues
requires the establishment of bio-mimetic substitutes. Cur-
rent studies directed onto in vitro bioengineering of tissues
provided new hopes for patients suffering from organ fail-
ure/injuries [1, 2]. In this regard, cell sheet technology has
emerged as a novel method for replacement therapy. A
number of cells have been used in terms of sheet fabrication
studies including osteoblastic [3], epithelial [4], endolthlial/
hepatocyte [5], muscle cells [6], induced pluripotent stem
cells [7], and others. Mesenchymal stem cells (MSCs) from
different origins or species are ideal cell types for sheet
engineering, since MSCs can secret ECM in ex vivo cul-
turing conditions [8]. Adipose tissue derived mesenchymal
stem cells (ASCs) have been used as an optimal source for
different cell sheet engineering projects [9, 10] regarding
their availability during life, ECM secreting, pro-angio-
genic, and many other desired properties.

Enzymatic digestion is a method commonly used to
dissociate monolayer cell sheet to single cells, as membrane
proteins and extracellular matrices are susceptible to
destruct by usual enzymatic digestion [11–13]. Therefore,
cell sheet technology based on temporary substrates/poly-
mers exhibiting temperature-responsive properties seems to
be promising technology in regenerative medicine [14].
After recapture from temperature-responsive polymers, cells
retain their cellular structure, functions, as well as retain
their ECM network [11, 12]. Temperature-responsive
polymers present an inverse dissolution performance and
their phase diagrams exhibited a LCST. The LCST is the
lowermost cloud point of the polymer solution that is the
lowest amount of the phase diagram.

The aqueous solutions of such polymers showed a
LCST. The polymer aqueous solutions are homogenous at
temperature below LCST and a sol to gel phase separation
started when the temperature raise above LCST and exceeds
a critical value called the cloud point [15]. A well-
characterized themoresponsive polymer is PNIPAAm
which has cloudy point at around 32 ˚C in water [16]. At
temperatures higher than the LCST, the amphiphilic PNI-
PAAm chains hide the amide groups (hydrophilic part), and
consequently the hydrophobic isopropyl groups are expose
[17]. Below the LCST polymer shows extended hydrated
form and hydrophilic interactions become dominant [4, 18].
Co-polymerization or adding salt can change the LCST of
PNIPAAm. For establishing a process of sheet engineering,
adhesion of cells to thermosensitive substrate is a perquisite.
Surfaces representing a slight hydrophobic properties can
support cell adhesion [19]. Cells can attach on PNIPAAm
and PNIPAAm-based co-polymers above LCST [20] or
recover with temperature lowering (by gel to sol transition),
maintaining the intact deposited ECM without using pro-
teases or enzymatic treatment [21]. Rapid detachment of
cell sheets from polymer is important for maintaining via-
bility, bio-functions and their proper in vitro assembly [11].
After designing proper polymer substrate, the desired cells
for sheet engineering must be specified. Many efforts were
done to polymerized PNIPAAm monomer on culture
polystyrene (TCPS) dish like UV irradiation, electron beam
(EB), plasma activation and plasma-polymerization. The
thickness of grafted PNIPAAm on TCPS severely affected
the detachment time of the cell sheet. Consequently,
enhanced technologies and methods have been developed to
control the thickness of PNIPAAm graft layer on TCPS
[12]. Cell sheet detachment times from surfaces of TCPS
grafted with PNIPAAm is slow, when cooled below LCST,
often 30–60 min depending on the detachment protocols
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detected [22–24]. Cell sheet detachment occurs gradually
from the sheet periphery toward the interior. Thus, sig-
nificant time at reduced temperature is extremely important
to recover an intact cell sheet completely. Rapid detachment
of cultured cell sheets is a very important factor in terms of
retaining the biological functions of released cell sheets and
for constructing tissue-mimicking structures, which often
require the assembly of numerous cultured cell sheets.
When adhered cells are kept at 20 °C or below for duration
of time, the cooler environment may damage cells and their
functions. Several attempts have been carried out to accel-
erate cell sheet detachment and recovery from TCPs to
prevent damage from cooler temperatures [18]. The rate-
limiting step to cell sheet recovery is the hydration of the
underlying PNIPAAm grafted surface. Previous studies
reported that copolymerization of NIPAAm with hydro-
philic monomers such as HEMA lead to rapid cell sheet
detachment due to the excellent role of PHEMA section to
permit rapid re-hydration of PNIPAAm moiety of copoly-
mer. The cell detachment from PNIPAAm-PHEMA-TCPS
dish occurred at 20 °C after 13 min in comparison to
PNIPAAm-TCPS dish which lasted 75 min at the same
temperature [11]. In another study, P(NIPAAm-AA) copo-
lymer was used as substrate for cell sheet study. The result
indicated that the hydrophilic carboxylic group presented in
the AA section of the thermos-responsive copolymer lead to
accelerate surface hydration below the LCST and to accel-
erate cell detachment. Cells were spontaneously detached
from the copolymer surfaces by reducing the temperature
below the LCST (20 °C) after 30 min [12]. The introduction
of polar functional groups (like OH, COOH, NH2 and
epoxy) into PNIPAAm as copolymers increases the func-
tionality of the surface of thermoresponsive culture surface
to immobilize various bioactive peptides and proteins such
as synthetic cell adhesive peptides and growth factors on the
surface to control cell proliferation and differentiation by
temperature changes [22, 25, 26].

Because sheet engineering is based on polymers, the
study of interaction of polymer/cells as well as optimizing
studies is crucial. Understanding which polymer combina-
tions could produce surfaces having appropriate properties
regarding sheet detachment or functionality could facilitate
substrate based functional cell sheet engineering. Besides
tissue regeneration depends on controlled delivery of sig-
naling molecules at certain concentrations and times [27].
The stem cells fate is affected by a group of external factors
in particular soluble factors and signaling molecules admi-
nistered in medium [28]. In this regard, the signaling sup-
plements have been utilized in cell sheet engineering
projects. Particularly, VC as a water soluble essential vita-
min, has shown a positive effect on collagen expression as
well as ECM biosynthesis [29]. Moreover, the study by Wei

and colleagues suggested a method for MSCs sheet engi-
neering based on VC treatment without using thermo-
sensitive polymers [30].

Previous reports stated that the human MSC growth rates
become slower as passage number increases and the cells in
the first passage have unique properties close to the in-vivo
situation [31]. During culturing step ASCs secret cytokines,
molecules [32], exosomes, vesicles [33] and a multitude of
bioactive molecules [34]. In several studies MSCs culture
supernatants or SE showed different properties such as
differentiation induction [35] or treatment of organ dys-
functions [34]. We hypothesized that using SE of ASCs
could improve the cell sheet engineering of ASCs. There-
fore, the present research was directed at design and eval-
uates of a rapid ON⁄OFF adhesion/deadhesion system by
reducing temperature without enzymatic treatment.

For this purpose, thermo-responsive PNIPAAm-co-
PMAA hydrogel was synthesized and investigate its beha-
vior in terms of supporting ASCs adhesion, ECM secretion,
cell sheet production and rapid releasing of ASCs sheet by a
quick gel to sol transition without using enzymes. Addi-
tionally, the effect of administration of SE or VC in sheet
functional properties including detachment, viability, gene
expression, differentiation, senescence, molecular and his-
tologic properties were studied.

2 Materials and methods

2.1 Fabrication of thermoresponsive co-polymer

Predetermined amount of NIPAAm (Fluka) (1.052 g) and
MAA (60 µL) were dissolved in 10 mL of deionized water
and the mixture was stirred under argon flow for 30 min.
Then ammonium persulfate (APS) (Sigma) as initiator (0.3
mol % of all the monomers) and N,N,N′,N′-tetramethyl
ethylene diamine (TEMED) (Sigma) (30 µL) as an accel-
erator were added to the mixture. The polymerization was
performed at ambient temperature for 24 h under argon
flow. Copolymer with molar ratios of NIPAAm to MAA of
93:7 was prepared. The product was purified by dialysis for
48 h utilized dialysis membrane (Cellu SepH1, with mesh of
2000 KD). The copolymer was gathered by increasing the
temperature of polymer solution above its LCST. Then
gained gels were vacuum dried at 40 °C for 1 day. The
chemical structure of PNIPAAm-co-MAA copolymer was
further characterized by 1H-NMR and FT-IR.

2.2 FT-IR of co-polymer

FT-IR analyze of co-polymer was undertaken in KBr pellet
using a Bruker (Tensor 27) spectrophotometer instrument.
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2.3 1H-NMR of co-polymer

The chemical structure of the synthesized PNIPAAm-co-
MAA copolymer was determined by 1H NMR using a
Bruker spectra spin 400MHz.

2.4 Thermosensitivity test in PBS and water

The LCSTs of the PNIPAAm-co-MAA hydrogel with
molar ratio of 93:7 was assessed by cloud point (turbidity)
measurements. The inflection point of the turbidity curves
was taken for the LCST value of the hydrogel. Different
copolymer concentrations of 1.5, 3.5 and 5.5 wt% were
prepared in PBS (Sigma) or water as solvent to investigate
the effects of polymer concentration and solvent type on
LCSTs. The optical transmittances of these solutions were
measured at 500 nm wavelength using UV-vis spectrometer
(UV-160, Shimadzu) with increasing solution temperature
(4–37 °C, 1 °C interval). At each temperature, the samples
were stabilized for 10 min before measurements. Values for
the LCST of polymeric solutions were determined at the
temperature with the optical transmittance close to zero.

2.5 Preparation of temporary substrate

Synthesized powder PNIPAAm-co-MAA copolymer, was
sterilized under UV light for 40 min and mixed with PBS in
order to make hydrogel.

The prepared hydrogel (0.5 ml) was added to each well
of 24-well plates and placed in an incubator at 37°C for 24
h. Next, 2 ml of the DMEM (Gibco) medium containing
15% Fetal bovine serum (FBS, Biosera) was added to each
well and incubated for 3 days in humidified atmosphere, 37
°C and 5% CO2.

For hydrogel thickness studies, two amounts of hydrogel
1 and 0.5 ml were transferred into each well of 12 well plate
as described above.

2.6 Cell isolation and culturing

Subcutaneous Adipose tissue was used for isolation of
ASCs as previously described in our previous studies [2,
36]. ASCs were cultured in DMEM enriched with 10%
Fetal bovine serum (FBS), 10 ng/ml basic fibroblast growth
factor (bFGF, Thermoscientific), ITS (Sigma) [1, 2]. When
passage 1 ASCs reached to 70% confluence, the culture
growth medium was aspirated, and the cultures washed
three times with DMEM-F12 (Bioidea), and then 5 times
with PBS without Mg or Ca ions. DMEM-F12 containing
1% Kanamycin (Bioidea) was added to the flasks. Then the
culture flasks were placed in a 37 °C humidified CO2
incubator (5%) for 24 h. Afterward, the supernatant medium

of ASCs was collected, centrifuged and stored at −80 °C
[37] for use as SE in this study. At 80% confluence, the
cells were sub-cultured up to passage 3 and subjected to
further experiments.

2.7 Cell viability assessment

Cell viability was determined by Trypan Blue dye (Sigma)
exclusion assay. Breifly, trypsinized ASCs cell sheets were
mixed with Trypan Blue and then counted under an inverted
microscope (HundWetzlar, Germany); cells up taking blue
dye were considered as non-viable. All the countings were
performed in triplicates [36] and presented as percentage of
viable cells.

2.8 Evaluation of cell proliferation

Passage 3 of ASCs cultures were seeded at a density of
5000 cells/well in 96-well plates. After an overnight incu-
bation, the expansion medium was replaced with different
concentrations of NIPAAm and NIPAAm for 24, 48, 72 h.
The culture media was exchanged with 20 μL of MTT
solution [3-(4,5 dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] (5 mg/ml; Sigma-Aldrich, St Louis,
MO) and incubated for 4 h. Subsequently, the MTT solution
then was removed and replaced with 200 μL dimethyl
sulfoxide (DMSO) (Sigma) and incubated for 20 min on a
shaker. The OD values of dissolved formazan crystals in
each sample were measured at a wavelength of 570 nm
using an ELISA reader.

2.9 ASCs sheet fabrication

About 250,000 cells were seeded on the hydrogels in 24-
well plate, and incubated at 37 °C and 5% CO2 at a humi-
dified atmosphere. The following day, seeded cells were
divided into 4 groups including: group VC, where the
cultivation medium was enriched with 50 µg/mL vitamin C
(Sigma), group SE, where the cultivation medium was
enriched with SE at a ratio of 1:1 SE and cultivation
medium; group VC+SE, where the cultivation medium was
enriched with VC and SE with the ratio of 1:1 simulta-
neously; and the cells cultivated in expansion medium were
used as control. The media was refreshed every 3 days.
After incubation for 14 days, sheet detachment was per-
formed by cold PBS addition and temperature reduced by
putting the plate on the ice for 1 min and immediately
incubation on room temperature for 5 min. Hydrogel was
dissolved in PBS and cell sheets were released. The sheets
were transferred to a petri dish using aspiration with a
sampler tip, and kept in a standard incubator until future
analysis.
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2.10 β-galactosidase staining

The detached sheets were fixed with a 20% formaldehyde/
2% glutaraldehyde (Sigma) fixative solution for 15 min at
room temperature. Following extensive washing with PBS,
fixed cell sheets were incubated with 930 µl of 1X staining
solution (10X solution containing 400 mM citric acid/
sodium phosphate (pH 6), 1.5 M NaCl, 20 mM MgCl2) (all
staining reagents from Sigma), 10 µl of staining supplement
and 50 µl of 20X X-gal (Sigma) prepared and pH adjusted
to 5.9. After adding final solution, the cell sheets incubated
over-night in dry incubator at 37°C. The percentage of β-
galactosidase positive cells was counted in ten random
microscopy fields (Olympus).

2.11 Histological observations

The ASC-sheets were fixed in 4% para-formaldehyde
(Merck) for 4 h at room temperature and processed by
paraffin embedding, sectioned, and subjected to H&E
staining. Separately, the surface of fixed sheets was stained
with E& H using a whole mount technique, which does not
involve paraffin embedding nor sectioning.

2.12 Scanning electron microscopy (SEM)

The harvested, cell sheets were fixed by 2.5% glutar-
aldehyde at 4 °C for 24 h. Fixed samples were dried at room
temperature. The dried samples were sputtered with gold
and the imaging was performed in a SEM system (ProX,
Phenom model, Holland).

2.13 Real time PCR

The gene expression analysis of Sox2, Oct-4, Nanog, and
the RT were performed in released sheets prepared using

VC, SE, or VC+SE. First: the isolation of the total RNA
from released sheets was directed using Trizol reagent
(Thermo scientific) according to manufacturer recommen-
dations. 1 µg of total RNAs in each sample were subjected
to cDNA synthesis using a kit from Thermoscientific
Company (Revert Aid cDNA synthesis kit). The qRT-PCR
was performed on a MicPCR system by Syber green Master
mix (Themoscientific). The GAPDH was selected as
housekeeping gene. The fold changes were calculated by
the ΔΔCT method. Primers sequences of the genes were
summarized in Table 1.

2.14 Osteogenesis in sheet

Taking into consideration that main functionality of ASCs
is their potential to differentiate into osteoblast, the 6-well
plates previously coated with PNIPAAm-co-MAA hydrogel
(explained in part 2.5.) were seeded with ASCs. The sheet
induction was conducted for 7 days with bio-factors spe-
cified in each groups (Section 2.7). Consequently, the dif-
ferentiation medium was administered to the cells for
21 days. Finally, the alizarin red (Sigma) staining was
performed as previously described [38] and the sheets
mineralization were observed under an Invert microscope
(Olympus).

2.15 Alkaline phosphatase (ALP) activity assay

The ALP activity was determined in sheet lysates using p-
nitrophenyl phosphate (Sigma-aldrich). In brief: released
sheets growing from 24-well plates were washed with PBS
prior to addition of 1% Triton X-100 (Sigma) was added.
The lysates were homogenized and incubated in the pre-
sence of substrate. Finally, the amounts of released p-
nitrophenol were assessed at 405 nm using a plate reader.

2.16 Sheet shrinkage assay

ASC cell sheets were established in 6 well plates (Section
2.9). After release of the sheets by solubilizing of the
thermoresponsive polymer (below LCST), the cultures
diameter was measured to determine the shrinkage from the
full size. Full size was defined as the diameter of one well in
6 well: 34.8 mm.

2.17 Statistical analysis

All data were reported as mean ± SD of three replicates. The
ANOVA or student’s t-test were applied for statistical
analysis. P-values less than 0.05 were considered
significant.

Table 1 Primer nucleotide sequences used for quantitative real time
PCR

Gene Primer sequences

Nanog Forward: TTCTTCCACCAGTCCCAAAG

Reverse: TCTGCTGGAGGCTGAGGTAT

Oct-4 Forward: GGTATTCAGCCAAACGACCA

Reverse: AGCTTCCTCCACCCACTTCT

Sox-2 Forward: CAGCTCGCAGACCTACATGA

Reverse: TGGAGTGGGAGGAAGAGGTA

TERT Forward: CCGCCTGAGCTGTACTTTGT

Reverse: CAGGTGAGCCACGAACTGT

GAPDH Forward: GGGTGTGAACCATGAGAAGT

Reverse: GGCATGGACTGTGGTCATCA
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3 Results

3.1 FT-IR results

FT-IR spectrum showed all the PNIPAAm-co-MAA char-
acteristic peaks which confirmed the successful copoly-
merization process. PNIPAAm amide group bending and
stretching peaks appeared at 1550 and 1637 cm−1, respec-
tively. The aliphatic CH peak of copolymer backbone was
observed at 2926 cm−1. A small peak at 1716 cm−1 and an
intense broad peak at 3600 cm−1 related to MAA acidic
carboxylic group and OH, respectively (Fig. 1).

3.2 1H-NMR

The Fig. 2 shows the chemical structure of the copolymers
assessed by 1HNMR. The signals related to NIPAAm are
appeared in δ (ppm)= 1.60 (CH2-CH), δ (ppm)= 1.035
((CH3)2CH), δ (ppm)= 3.83((CH3)2CH) and triplicate peak
at δ(ppm)= 2.8(CH2-CH-C=O). Signals belonging to
MAA are appeared in, δ (ppm)= 1.95 (CH2-C(CH3)-
COOH). The peaks at 3.3 and 2.3 were related to DMSO
solvent and trace of D2O, respectively.

3.3 LCST test

The PNIPAAm-co-MAA hydrogel thermal behavior was
tested according to Fig. 3 diagram. The Fig. 4 demonstrates
the effect of the concentration of the polymer solution and
type of solvent on the LCSTs of the copolymers.
Decreasing the co-polymer concentration resulted in
increased LCST, in both water and PBS. These results
showed a correlation between concentration of co-polymer

and LCST point. The LCST reduces rapidly by increasing
copolymers concentration from 1.5 to 5.5 wt% in water and
PBS solvents. On the other hand, by comparing the LCSTs
values in water and PBS showed that the presence of ions
and salt can decrease LCST (Fig. 4a). The 1.5 wt% P
(NIPAAm-MAA) copolymer with an LCST point at 35 °C
was used for all subsequent cell sheets production in this
study.

3.4 Viability study (in vitro)

Both trypan blue exclusion dye and MTT assay showed that
at 72 h after incubation of the ASCs on PNIPAAm-co-
MAA no cytotoxicity was detected for PNIPAAm-co-MAA
hydrogel (Fig. 5). The cell viability ranged between 96 to
100% which was indistinguishable from the viability in
control cells grown in cultivation medium (p > 0.05). The
ASCs were cultured in the presence of PNIPAAm-co-MAA
hydrogel for 5 days showed the same morphology and cell
density of the control cells in the routine medium and on
TCPS (data were not shown). These observations suggested
that the PNIPAAm-co-MAA did not release any toxic
compounds to the media.

3.5 ASCs sheet production

Since the cyto-compatibility of the PNIPAAm-co-MAA
copolymer hydrogel was confirmed, optimized hydrogels
were assessed for feasibility of producing a harvestable
ASCs sheets. 14 days after sheet induction, the detachment
behavior of the sheet on copolymer was studied. In this
way, the lowering of temperature was performed by
removing the culture plates from the incubator and placing

Fig. 1 FT-IR spectra of
PNIPAAm-co-MAA copolymer
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them at room temperature under safety cabinet, then the
whole plate containing hydrogels with cells seeded on them
was placed on the ice bath (4 °C) for 1 min and immediately
incubated at room temperature for 5 min in order to release
the sheet.

The released sheets including those prepared with just
VC (Fig. 6a), SE (Fig. 6b), and both VC & SE (Fig. 6c)
comprehended structured monolayers of ASCs cultures,
while a confluent well of the ASCs cultivated directly on a
TCPS showed only collapsed stem cells (Fig. 6d).

The full detachment of the sheet undertook ∼6 min,
when the sheets were free-floating in the sol form of the
polymer, allowing transfer into a new sterile petri dish
(Fig. 7). Due to the tight interconnection of the ASCs, the
sheets were collected easily with a pipette without dis-
rupting the cells. Interestingly, only thick hydrogel
allowed the sheet formation. Sheets, which formed on
thin layer (0.5 mL in 12 wells) of hydrogel, were so
fragile and did not detach properly. As these sheets would
not be suitable for regenerative purposes, only sheets
from thick hydrogel (1 mL per well of 12 well) were used
in this study detached by temperature reduction below
LCST.

3.6 VC and SE improved sheet formation and
properties

In the present study, ASCs were seeded onto 6-well plates
previously coated with hydrogel and induced for sheet were
incubated in the presence of VC or SE alone, or VC+SE for
14 days (Fig. 7). Sheets formation in cultivation media
supplemented with VC or SE alone induced ASCs to reach
high confluence. Albeit, the produced sheets were fragile
and fragmented during releasing (Fig. 7a, b). However,
when treated with SE for 14 days in cultivation medium,
our ASCs become completely confluent and wrapped at the
edge of wells. In addition, the entire VC+SE induced ASCs
sheets were detached using the sub-LCST method (Figs. 6,
7). The morphology and integrity of the harvested whole
ASCs sheets from cultures supplemented with VC+SE
indicates this as an ideal supplementation for sheets for-
mation suitable for regenerative purposes (Fig. 7c).

3.7 Hematoxylin and eosin staining

H&E staining of the ASCs sheets showed several layers of
cells along with properly formed ECM in the released sheet

Fig. 2 H-NMR spectra of PNIPAAm-co-MAA copolymer

Journal of Materials Science: Materials in Medicine (2018) 29:170 Page 7 of 17 170



(Fig. 8). The external layer of the sheet displayed densely
deposited by ECM while the internal sections were fully
comprehended by cells (Fig. 8a, b). In addition to being
harvested as a whole, ASCs sheets prepared by supple-
mentation with both VC and SE are 2 or 3-layered and their
spread was uniformed similar to a 2 dimensional (2D) tissue
in comparison with other sheets (Fig. 8c).

3.8 Secretome and vitamin C prevented senescent-
entering of sheets

The β-galactosidase staining was performed to identify the
effects of different treatments on β-galactosidase related
senescent activity. The results showed that passage 10 of
ASCs (Fig. 9a) has high percentage of senescent cells but

Fig. 3 Thermal behavior of
PNIPAAm-co-MAA polymer.
Below LCST hydrogel was seen
in sol form a. By increasing
temperature up to LCST opaque
appearance was observed b.
Finally, gel form become
dominant c. In PNIPAAm-co-
MAA hydrogel, gel form
showed high stability d. Gel/sol
transition can be achieved by
reducing the temperature e and
when the temperature lowers
below the LCST sol form was
observed again

Fig. 4 Cloud point measurements of PNIPAAm-co-MAA copolymer at different temperatures (4 up to 40 °C) and concentration (5.5, 3.5 and
1.5%w/v copolymer in PBS and water). By decreasing copolymer concentration LCST point increased

Fig. 5 The MTT assay was performed for ASCs in the presence of P
(NIPAAm-MAA) and P(NIPAAm) for 72 h, without any significant
effect on viability of cells (B). NS: not significant
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sheets produced by VC (Fig. 9b) and SE (Fig. 9c) showed
considerably less senescent cells. Interestingly, the sheets
produced in the presence of both VC and SE showed a very
little number of cells (Fig. 9d).

Quantitative analysis of the frequency (%) of β-galacto-
sidase positive cells in each filed of microscopy in VC, SE,
and VC+SE grown sheets (Fig. 9e) were significantly (p <
0.001) less than those cultured in a standard culture
conditions.

3.9 Improved osteogenic potential of ASCs in sheets

The osteogenic differentiation of cells in sheets was
enhanced, demonstrated by the increase in the percentage of

calcium deposits in ASCs sheets cultured in the presence of
both VC or SE (Fig. 10a, b). An increase of calcium
deposits was observed particularly in sheet cultures with VC
+SE (Fig. 10c) where the early marker of osteogenesis,
ALP activity, was significantly higher (p < 0.05 on day 7
and p < 0.01 on day 14) in cultures treated with VC+SE
(Fig. 10d).

3.10 SEM images after osteogenesis in sheet

To analyze cellular and subcellular structures, ASCs sheets
engineered with VC, SE, VC+SE on PNIPAAm-co-MAA
copolymer hydrogel. The released sheets were subjected to
SEM imaging. The SEM figures revealed that all of three

Fig. 6 Sheets in day 14 of
treatments. Sheet produced by
VC a, by SE b and by VC+SE
treatment c, are compared to
control ASCs in cultivation
medium d

Fig. 7 Images of released sheets
from plates and transferred to
Petri dishes. Sheets produced by
VC+SE a, by SE only b and
only VC treatment c are
displayed

Fig. 8 H&E staining. Sheet of VC a, SE b and SE+VC c groups were stained with histology stains. The sheet C, produced using SE+VC, have
multi-layered structure with better cross-section of the released sheet showing ∼3–5 layer of cells in a sheet with extensive secreted ECM
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Fig. 9 β-galactosidase staining was performed on passage 10 a ASC
standard cultures, or in sheet produced with VC b, SE c, and VC+SE
d. Additionally, aged (β-galactosidase-positive) cells were counted in

each filed of microscope and the frequency of aged cells were reported
as percentages e. **p < 0.01 & ***p < 0.001

Fig. 10 Osteogenic potential of
sheets produced by VC a, SE b
and VC+SE c. The cells treated
with VC+SE showed increased
osteogenic potential. ALP
activity of released sheet in
group VC+SE was significantly
higher than VC or SE grown
sheets d. *p < 0.05 & **p < 0.01
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treatments of the cells have the potential to provide an ECM
and the cells were embedded in their own ECM (Fig. 11). In
addition, mineral like nodules were observable on the sur-
face of the sheets, a sign of osteogenesis.

3.11 Quantitative real time PCR

The qRT-PCR results revealed that the VC treatment of
ASCs on PNIPAAm-co-MAA copolymer hydrogel can
increase the expression of Nanog, Oct-4, Sox-2 and TERT,
which is comparable to the results, observed after SE
treatment (Fig. 12). Albeit, the expression of these genes

were significantly, up regulated by co-exposure of VC and
SE (p < 0.01) as compared to either VC or SE.

3.12 Analysis of ASCs sheets shrinkage

Shrinkage of cell sheets after release from hydrogel poly-
mers is a hinder for transplantation in regenerative medi-
cine. To determine shrinkage in ASCs sheets released from
PNIPAAm-co-MAA copolymer hydrogel the diameter of
released sheets all culture conditions (VC, SE, VC+SE)
were determined and compared to the standard diameter of a
well in 6-well plate as control (Fig. 13). The shrinkage in

Fig. 11 SEM imaging of released sheets. The detached sheets showed flat appearance of tissues surrounded by ECM VC a, SE b, VC+SE c, with
visible mineral deposits as expected from osteogenic cells

Fig. 12 The expression of
stemness marker genes Nanog a,
OCT-4 b. Sox-2 c, and TERT d
in cells treated with VC, SE, and
VC+SE. The expression of
stemness genes showed an
increase in expression upon
treatment with both SE and VC.
**p < 0.01, ***p < 0.001
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VC and SE supplemented sheets was easily observed, while
in VC+SE supplemented sheets the shrinkage is con-
siderably reduced (p < 0.05). Moreover, the diameter of VC
+SE released sheets was indistinguishable from the dia-
meter of each well in 6-well plate (Fig. 13), indicating that
no shrinkage is observable for ASCs sheets engineered in
the presence of VC+SE after release from PNIPAAm-co-
MAA copolymers.

4 Discussion

Cell sheets engineering has emerged as an innovative
approach in regenerative medicine. Consequently, the
thermo-responsive copolymers have been employed in
order to avoid using enzymatic digestion for cell sheet
release from their matrix [23, 39]. As such, engineered
tissues can be produced based on cell-cells interactions,
while simultaneously stimulating cells for ECM secretion
and organization [39]. Because, ECM proteins are reg-
ulators of proliferation, stemness and differentiation [40].
Hence, preserving an intact ECM by avoiding neither
enzymatic digestion nor employing artificial scaffolds are
remarkable points in sheet mediated tissue engineering. In
this regard, thermo-responsive polymers have facilitated
cell sheet technology by dual hydrophilic/hydrophobic
activities through manual thermal changes [15, 41]. The
detachment of the cell sheet layer without trypsinization but
rather with a simple gel to sol transition method through
lowering the temperature below the LCST is a critical
advantage of using thermos-responsive polymers. However,
the cold conditions for sheet release could influence the

authenticity and bioactivity of the engineered sheets. Quick
detachment of cell sheets excels as a harvesting method
which prevents functional damage to the cells [23]. In the
present study, optimization of cell sheet engineering was
directed from two aspects including using a new hydrogel
copolymer PNIPAAm-co-MAA substrate and utilization of
two medium enriching biofactors for treatment of ASCs.

It is of paramount importance that thermo-responsive
polymers cause no cytotoxic effects. In this study, poly
NIPAAm-based hydrogel and also in copolymer form
PNIPAAm-co-MAA were prepared, and their biocompat-
ibility, thermo-responsivity and structural properties of the
copolymers were also investigated. Both PNIPAAm and
PNIPAAm-co-MAA showed excellent biocompatibility and
the ASCs grown in the presence of the hydrogels at 37°C
showed nearly absolute viability (96–99%). These findings
are in agreement with previous reports where PNIPAAm
was characterized as cyto-compatible and has been used for
drug delivery, cell sheet technology and also tissue engi-
neering applications [42].

In several studies, PNIPAAm coated plates were used for
sheet engineering [15, 23, 41, 43] (reviewed elsewhere
[44]). Electron beam irradiation and plasma polymerization
are the two main methods that enable covalently grafting of
the PNIPAAm polymer to plates. The thickness of PNI-
PAAm layer is about 20 nm or even up to 1 mm [45].
However, the thermosensitive polymer coated plates are not
available routinely as they are not simply produced [20, 46].
Biazar et al., used gamma radiation for Chitosan-NIPAAm
polymerization [4], and NIPAAM- hydro-
xyethylmethacrylate (HEMA) was employed by Villa et al.
using free-radical polymerization method for co-polymer,
and further employed in muscle cell sheet engineering [6].
In the present study, the direct coating of plates with
PNIPAAm-co-MAA hydrogel has been employed in con-
trast to the expensive and laborious methods previously
used for production of thermos-sensitive substrates. This
was possible because the hydrogel used herein provided an
accessible/easy method for preparing substrate required for
sheet engineering. Altomare et al., used Methylcellulose
hydrogel for sheet engineering. On Methylcellulose
hydrogel, cells could attach and produce sheets [47]. In this
research, a PNIPAAm-co-MAA copolymer was synthesized
and used for coating of TCPS plates with thickness of 5–10
mm and subsequently were seeded with ASCs and induced
for sheet production. Our results showed that sheet engi-
neering by PNIPAAm-co-MAA hydrogel is feasible.
Although, according to Haraguchi et al.; employing differ-
ent thicknesses of hydrogel film for cell sheet formation did
not affected the sheet formation [48]. In this report, thick-
ness was observed as important, since the sheet produced on
thin gels (5 mm) showed a weak sheet formation that easily
ruptured. This result could be associated with less

Fig. 13 Shrinkage assay by diameter measurements. Cell sheets were
prepared in and released from 6-well plates. Released sheets’ diameter
was measured and compared to the diameter of one well (dashed red
line). The sheets prepared with VC or SE showed shrinkage, while the
sheets prepared in the presence of VC+SE represented excellent sta-
bility, mechanical properties, and without (or ignorable) shrinkage. *p
< 0.05
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supportive effect of thin PNIPAAm-co-MAA copolymer for
adhesion and proliferation of ASCs.

Consequently, the PNIPAAm-co-MAA copolymer
hydrogel was studied for sheet engineering which pre-
viously has not been described in this field.

MSCs represent a noteworthy cell source for tissue
engineering. In particular, ASCs are ideal for cell sheet
engineering due to the in vitro ECM spattering and plasti-
city for conversion into a number of lineages [3, 15, 36]. In
this study, PNIPAAm-co-MAA hydrogel was used to coat
TCPS plastic prior to ASCs seeding. Subsequently, the
sheet inducing media was administered. Cell sheets can be
forced for spontaneous detaching by decreasing the tem-
perature [4]. A challenging point related to existing cell
sheet technology is the long time for cell detachment when
sheet cooled below LCST. Quick detachment is vital for
retaining the biological roles of detached cell sheets for
constructing tissue-mimicking structures. When adhered
cells are kept at 20 °C or below for a lengthy time, the
cooler environment may damage cells and their functions.
Several attempts have been carried out to accelerate cell
sheet detachment to prevent damage from cooler tempera-
tures. In a study reported by Kwon and coworkers, ∼75
min, 35 min and 19 min incubation at 20 °C (below the
LCST of polymer around 32 °C) was required to completely
detach cell sheets from PNIPAAm-TCPS, PNIPAAm-PM
(porous membrane) and PNIPAAm(PEG0.5%)-PM sur-
faces, respectively in a static condition. The introduction of
PEG-grafted chains onto PNIPAAm grafted surfaces could
lead to more rapid hydration of the cell culture surfaces due
to the formation of water releasing channels with the grafted
PEG chains [24, 49]. Wang et al. developed a semi-
interpenetrating nanocomposite hydrogel containing poly-
saccharide alginate and PNIPAAm containing laponite.
Rough surface textures of nanocomposite allow faster water
penetration, leading to quicker fibroblast cell sheet detach-
ment (15 to 20 min) by lowering the temperature to 10–20 °
C [50]. In another study, a new thermoresponsive cell cul-
ture surfaces with terminal carboxylation of PNIPAAm
chains on glass substrates was designed that cause rapid
harvesting of complete smooth muscle cells (SMCs) sheets
by low-temperature culturing to 20 °C after 30 min, while
the SMCs were unable to be harvested as a monolithic cell
sheet from PNIPAAm surfaces on glass substrates without
terminal carboxy groups. A number of research groups have
reported the effect of terminal groups on protein adsorption
and cell adhesion onto self-assembled monolayer surfaces
and concluded that carboxyl-terminated self-assembled
monolayer surfaces allowed cells to adhere strongly on the
surfaces [22].

Takahashi and coworkers fabricated thermoresponsive
polymer brush surface of PNIPAAm immobilized glass
substrates with varying chain length and PNIPAAm graft

density. PNIPAAm brush surfaces were successfully opti-
mized to recover the cell sheets of bovine carotid artery
endothelial cells with their intact extracellular matrix
(ECM). The results indicated that harvesting time (by
lowering the temperature to 20 °C) decreased from 24 h to
30 min with increasing the polymer chain length and graft
density [51]. Ebara and co-workers have co-grafted PNI-
PAAm and hydrophilic poly(2-carboxylisopropyl-acryla-
mide)) onto tissue culture polystyrene (TCPS) dishes by
electron beam irradiation, and created surfaces containing
carboxylic acid groups to accelerate water penetration and
hydration of the PNIPAAm layer upon cooling. This sur-
faces facilitates rapid cell recovery (by lowering the tem-
perature below 20 °C, and duration time of 60 min) that
local influences of polar group water interaction are likely
responsible for this behavior [26]. Tang et al., fabricated
comb-type grafted PNIPAAm gel modified TCPS (GG-
TCPS) by electron beam irradiation. This improved cell
culture surface could accelerate the detachment of bovine
aortic endothelial cell sheet effectively (cell detachmented
was happened by lowereing the temperature to 20 °C for 25
min) [52]. Madathil and coworkers developed a novel Poly
(N-Isopropylacrylamide-co-glycidylmethacrylate) (NGMA)
as a thermoresponsive substrate for corneal endothelial cell
sheet engineering. Cells sheets with intact ECM were har-
vested by lowering the temperature to 10 °C for 1 min and
then at 20–23 °C for 5 min (below the LCST of NGMA (28
°C)) and by swirling movement or mechanically with the
help of a sterile polyethylene terephthalate sheet [25]. In a
study, Kim and coworkers grafted poly (2-hydroxyethyl
methacrylate) (PHEMA) and poly (N-isopropylacrylamide)
(PNIPAAm) successively onto TCPS dishes (PNIPAAm-
PHEMA-TCPS dish) by electron beam irradiation. By
lowering the temperature to 20 °C, ∼75 min was required to
completely detach cell sheets from PNIPAAm-TCPS
dishes. While only 13 min to detach cell sheets from
PNIPAAm-PHEMA-TCPS dishes, PHEMA layer acted as a
water pool to accelerate the hydration of PNIPAAm layer
due to the effective and simultaneous water supply to
PNIPAAm layer, resulting in rapid hydration of grafted
PNIPAAm molecules and detachment of cell sheet compare
to PNIPAAm-TCPS dishes [11]. Sudo et al., fabricated poly
(N-isopropylacrylamide) (PNIPAM)-immobilized Petri
dishes functionalized with polar groups like carboxylic acid
and dimethylamino groups by drop-casting to tune the cell
adhesion and detachment properties. Successful cell sheet
harvesting was demonstrated by lowering the temperature to
20 °C for 15 min [53]. In a study published by Nash and co-
workers spin-coated PNIPAM into thin films on Thermanox
disks, and the resulting films exhibited a rapid (mostly 5 to
10 min, in some cases 60 min, in a 4 °C medium) cell sheet
detachment for various cell types [54]. Patel et al., devel-
oped a simple spin-coating technique, thermoresponsive
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thin films were deposited on glass slides or silicon wafers
using PNIPAAm blended with a small amount of 3-
aminopropyltriethoxysilane (APTES). Cell sheet detach-
ment happened within 2.5 min after adding cold medium.
Under the same conditions, it took nearly 3 h for the cells to
completely detach from the commercial thermoresponsive
cell culture surface (UpCell®) [18]. In spite of using different
high tech methods to produce thermoresponsive surface of
TCPs, the detachment time lasted still more than 15 min in
most of the studies. Therefore, in the present study we tried
to address the aforementioned weak point. In this study we
fabricated a thermosensitive culture surface composed of
PNIPAAm-co-PMAA by simple and cost effective method
and with very rapid ON⁄OFF adhesion/deadhesion system
for cell sheet engineering lead (complete cell sheet release
occurred by incubation at 4 °C for just 6 min).

Assembling functional constructs from layering of the
single sheets is the ultimate goal of sheet technology, while
maintaining the viability and functionality of the sheets are
fundamental. Kim et al., grafted poly(2-hydroxyethyl
methacrylate) (PHEMA) as well as PNIPAAm using elec-
tron beam, which accelerated hydration of those molecules
consequently rapid detachment of sheets [11]. Kwon et al.,
used porous culture membrane grafted PNIPAAm which
facilitated the water access to the polymer, and caused quick
hydration of polymer [23]. In this research, a new combi-
nation of polymer PNIPAAm by adding MAA was utilized,
copolymer hydrogel with higher LCST (near to 35 °C),
which could maintain the viability of the released sheets via
minimal temperature reduction necessary for sheet release.
This bioengineering guaranteed the prevention of functional
damages due to low temperature induced stress.

Interactions with soluble bio-factors and ECM define a
biochemical and biomechanical niche which dynamically
regulate the sense of stem cells [28], and consequently
enhance their responses.

Additionally, using signaling additives in the medium
could improve cell responses in terms of sheet formation.
The important criteria for producing functional ASCs sheet
are preserving their viability, differentiation potential, and
preventing aging processes.

In previous studies, presence of VC as a inducer in media
could induce cell sheet construction in different cells such
as bone marrow MSC (BM-MSC), periodontal ligament
stem cells (PDLSC) and umbilical cord mesenchymal stem
cell [30]. Our study, confirmed the perfect inducing func-
tion of VC which resulted in overall better performance of
sheet in terms of viability, anti-aging, and other functions of
ASCs. Moreover, Wei et al., showed that VC can promotes
MSC sheet formation by enhancing the activity of telo-
merase [30]. The present work is unique in the aspect that,
in addition to the newly developed thermo-sensitive poly-
mer, both VC and SE, alone or in synergism, were studied

as exogenous factors on ASCs sheet engineering. It is
noteworthy, that this is the first study of SE-mediated sheet
engineering.

The SE of ASCs has different bio-molecules, active
signaling cytokines, growth factors, exosomes and micro-
vesicles [19]. The remarkable effects of exosomes secreted
from MSCs for cell-free therapies have been reviewed by
Marote et al. [55]. Additionally, studies have shown that SE
of MSCs has increased regenerative effects. Preceding
researches reported that SE of MSCs has therapeutic
potential for treatment of heart disease [56] and liver failure
[57]. Also, MSCs SE was employed for treatment of Par-
kinson disease in a rat model [58] with beneficial effects.
The paracrine activity of MSCs is a pivotal factor for proper
engineering of MSCs subjected to therapeutic purposes
[59]. Likewise, it has been reported that SE of ASCs could
ameliorate allergic airway inflammation and lung disease
[60, 61]. In the present study, the SE of ASCs was
employed for sheet engineering. Remarkably, the adminis-
tration of both VC and SE enhanced the efficiency of sheet
engineering observable by better ECM production and
multilayered cells with well-defined histological properties.

The current study also showed reduced β-galactosidase
associated senescent in ASCs sheet by a combination of SE
and VC treatments. The study by Wang and coworkers
showed that treatment of MSCs with a SE of Fetal MSCs
significantly reduced β-galactosidase (senescence marker)
expression as well as enhanced proliferation and addition-
ally osteogenic differentiation in prolonged in vitro cultur-
ing [62]. These findinds are in agreement with the data here
presented, where the SE of passage 1 ASCs produced
similar positive effects on proliferation and osteogenesis
potential of ASCs in sheet.

In addition, the SE of the MSCs showed less inflam-
matory signs with a great osteogenisis for bone regenerative
medicine [63] while the present study shows positive
osteogenesis enhancing potential of SE of first passage
ASCs. Additionally, the study by Yu and coworkers
showed enhanced ASC sheet formation, stemness and
osteogenic transdifferentiation [64]. Similarly, herein is
presented an up-regulation of stemness genes expression
upon SE treatments. The effects of combination of VC and
SE on differentiation potential of cells in sheet were further
investigated, and an enhanced differentiation efficiency of
ASCs sheet after the synergistic administration of SE+VC
was readily observed which is in line with mentioned stu-
dies [63, 64].

The MSCs derived cell sheets prepared in different cul-
ture vessels and thermoresponsive polymers could be
employed for clinical applications, however, shrinking and
reduction of their size are often challenging [65–67].
Moreover, sheets prepared from cell types other than stem
cells showed shrinkage problems, as for example in
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harvested sheets produced from oral mucosal epithelial cells
(primary cells) that showed 50% shrinkage from the original
dimension [68]. Such aggregations might alter the size and
the quality of the sheets. Sato et al., reported that using a
novel medium mixture containing 10% fetal calf serum
(FCS) and chondrogenesis differentiation medium (serum
free) can prevent the shrinkage in harvested sheets and
produce disc-shaped sheet [69]. Accordingly, the shrinkage
should be avoided with the intention of achieving repro-
ducible therapeutic effects. Maeda et al., were employed a
cell culture insert (CCI) made of flat membrane (porosity:
12%) and defined a number of cells (18.6 × 105MSCs/well)
which enabled them to prevent shrinkage in cartilage cell
sheets derived from MSCs [70]. the present study adds the
finding that using a medium mixture of VC+SE improved
the mechanical properties of released sheets and reduced the
probability of shrinkages compared to using each of the
supplements alone. Such findings could be applicable in
sheet engineering for clinical purposes in regenerative
medicine without the shrinkage challenges in the future.

5 Conclusion

The PNIPAAm-co-MAA copolymer was synthesized by the
simple free radical polymerization method and employed
effectively for rapid releasing of ASCs sheet (averagely 6
min) by a quick gel to sol transition (LCST 35 °C) without
using enzymatic method. This intelligent hydrogel showed
no cytotoxity, supported cell attachment, proliferation, and
differentiation. Therefore, intact/functional cell sheets were
harvested. Co treatment with VC and SE in the production
of cell sheets from ASCs on PNIPAAm-co-MAA copolymer
showed increased synergistic performance as, harvested
sheets exhibited normal histological, molecular, osteogenic
and functional characteristics. Hence, SE of ASCs could be
an excellent factor for sheet bioengineering. The findings of
this study could be applicable for engineering of intact sheet-
layers with first-rate survival and therapeutic potential.
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