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and so on, compromise the effect of as-
built artifi cial tissues. A rational approach 
is urgently needed to fabricate multifunc-
tional materials to match the complicated 
biomedical uses via architecting materials 
with hierarchic and organized structures. 
Of several available strategies, layered cel-
lular assembly approaches were developed 
to improve controlling over tissue organi-
zation. [  7,8  ]  As one of two kinds of cellular 
assembly approaches, the strategy of 
assembling cell sheets to fabricate strati-
fi ed tissues was fi rst explored by Okano 
and co-workers, [  9  ]  who employed a tem-
perature-sensitive coating on cell culture 
substrates that undergoes hydrophobicity-
hydrophilicity change under change of 
temperature. [  10  ]  Confl uent cell sheets could 

thereby be retrieved by simply cooling the substrate without 
adding enzyme. The successively sophisticated studies on tis-
sues assembling from stacking cell sheets demonstrated a suc-
cessful fashion to build up the complex tissues. [  7,11–13  ]  Despite 
many advantages of cell-sheet approaches, several challenges 
still impede its progress, for example, the lack of controlling the 
cell fate and poor mechanical stability of cell sheet. [  14  ]  

 To meet the above requirements, use of a free-standing cell 
sheet with layer-by-layer (LbL) ultrathin fi lms as “nano-clothing” 
on it may provide us a pragmatic approach. First, the synthetic 
polymers have much higher mechanical strength than pure cell 
sheets at the cost of minimal amount of polymeric scaffold to 
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  1. Introduction 

 In the last decade, lab-research achievements have been made in 
the fabricating and engineering of soft tissues. Signifi cant efforts 
have been made to fabricate numerous biomedical materials for 
this purpose including hydrogels, porous materials and nano-
particles aggregations. [  1–3  ]  A key shortcoming existed in the ini-
tial premise of the traditional approach towards scaffold design, 
which was to prepare a substrate to support cell attachment and 
growth. [  3  ]  The resulted disadvantages, for example, the poor 
ratio of functional cells to synthetic materials, [  4,5  ]  their isotropic 
nature, [  5  ]  the single function and non-uniform cell penetration, [  6  ]  

Adv. Funct. Mater. 2014, 24, 2216–2223

http://doi.wiley.com/10.1002/adfm.201302949


FU
LL P

A
P
ER

2217

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is to provide an alternative and fl exible approach to construct bio-
mimetic tissues for the application in translational medicine.   

  2. Result and Discussion 

 The developments of cell-polymeric composite materials have 
resulted in remarkable advances in tissue engineering. The 
drawbacks existing in the prevalent strategies make it an urgent 
demand to develop an effective methodology of fabricating the 
free-standing multilayered fi lms composed of desired cells and 
nanometer scaled extracellular matrix. In this study, the process 
of obtaining the free-standing nanomembrane lined with cells 
was performed according to the Figure  1 . First, we constructed 
the cell detachable surfaces following the well-established 
method devised by Okano and colleagues with minor modifi ca-
tions. [  9,12,13,16,17  ]  Poly (N-isopropylacrylamide) (PNIPAM) is a 
temperature-responsive polymer with a LCST of 32 °C. [  17–19  ]  We 
grafted temperature-responsive PNIPAM onto glass slides by a 

achieve effective structural reinforcement. Consequently the cell 
sheet is easier to be handled for favoring the stacking construc-
tion of tissues. Another signifi cant advantage in the use of LbL 
ultrathin fi lms to build tissue scaffold comes from the bottom-
up approach. [  15  ]  The mechanism of molecular self-assembling 
on the cell surfaces drives the as-built structural support with a 
maximum homogenized mechanical effect to the cells, highly 
customized for maintaining cell prototypes. The free-standing 
planar fi lms are highly amenable to surface modifi cation and 
engineering to match the various ends in specifi c tissue com-
partment. And the controlled release of desirable drugs or 
growth factors can be achieved by simply encapsulating cargos 
into the ultrathin fi lms to affect the cell fate in the cell sheet. 

 In this perspective, we report a cell-compatible free-standing 
cell-lined layered nano-membrane. Bioactive molecules were 
mounted on a nano-membrane and later released to its lined cell 
sheet ( Figure    1  ). The cell-lined membrane can be a free-standing 
form to regulate cellular functions, and also can be assembled 
with different types of cells. The major advantage of this approach 

      Figure 1.  Schematic illustration of fabrication of free-standing cell-nanomembranes. 
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high cell viability during PE depositing on 
cell sheet. Alternate-charged PE layers of chi-
tosan and alginate with 0.1 w/v% were assem-
bled onto the gelatin-coated human myoblast 
cells C2C12 or mesenchymal stem cells on 
the PNIPAM-grafted surfaces as sketched in 
Figure  1 . The contact angles of the surfaces 
after different steps were measured to eval-
uate the layer-by-layer deposition of the var-
ious polyelectrolytes. As shown in Figure  2 A, 
the contact angle of the cell surface was about 
22°, and the contact angle increased to 25° 
after the application of a gelatin coating. The 
deposition of a chitosan layer on the gelatin 
increased the contact angle to about 45°. The 
following deposited alginate layer reduced the 
contact angle to around 20°. The fi nal contact 
angle of the assembly was about 20°. The con-
tact angle results demonstrated the successful 
deposition onto cells through layer-by-layer 
fashion. The fabrication of multilayer mem-
branes composed of ECM-related components 
on the surface of the cells provides a cell-
adhesive surface to effi ciently interact with 

the cells. [  26  ]  The charges on these components can facilitate the 
subsequent deposition of another layer of polymelectrolyte. [  22,24  ]  

 The morphology of a free-standing cell-nanomembrane is 
shown in Figure  2 B,C. In order to investigate the morphology 
of cell nanomembranes, gelatin–(rhodamine-chitosan/algi-
nate) 3  membranes were prepared on the model cells, human 
myoblast C 2 C 12 . CLSM images of the top view and cross sec-
tions of the nanomembranes show a homogeneous assembly of 
gelatin–(chitosan/alginate) 3  nanofi lms on the surface of the cell 
sheet ( Figure    3  E). The obtained homogeneous assembly was 
in accordance to many reports of layer-by-layer research, which 
indicated that the moving ability of soft polymer chains drives 
them “in and out” of the fi lms during the immersion process 
and fi nally forms the entangling and diffusion of the polyelec-
trolytes (in particular weak polyelectrolytes) in the whole as-
built multilayered fi lms. [  22,24,25  ]   

 To evaluate the compatibility of the nanomembranes on 
cells, the live/dead assay of the gelatin–(chitosan/alginate) 3  
nanofi lms on the cell surface was conducted. The result shows 
99% cell viability, revealing the important role of gelatin as the 
fi rst layer next to the cells (Figure  3 F). The immunostaining 
images also present a monolayer of healthy cells (Figure  3 A–D). 

 Despite extensive studies have been carried out on the mul-
tilayered ultrathin fi lm, the preparation of the free-standing 
ultrathin multilayered fi lms is still a great challenge for the 
researchers. The major obstacle existed in the strong adhesive 
force between the fi lms and planar substrates and the weak 
mechanical strength of the as-prepared multilayered assemblies. 
As such, several strategies have been developed in the effort to 
overcome this confl ict. One method is proposed to weaken the 
interaction between the multilayered fi lms and the substrates. 
Thereby either a dissociable layer between the substrate and 
multilayered fi lms or the removable substrate was applied as a 
sacrifi ce layer. For example, Dr. Ono and Dr. Decher depicted a 
multilayered fi lm (PAH-PSS) on top of a hydrogen-bond based 

two-step method depicted in Figure S1 (Supporting Informa-
tion): A self-assembled silane monolayer was formed by hydro-
lyzing 3-acryloxypropyltrimethoxysilane (APTES) on a clean glass 
surface. [  20  ]  Then, the graft polymerization of NIPAM was carried 
out. [  21  ]  The contact angles of the glass substrates were monitored 
during surface treatments. As shown in  Figure    2  A, the contact 
angles changed after each treatment. The contact angle was 12° 
on the whole surface, indicating that the substrate had been uni-
formly covered with hydroxyl groups after piranha solution. [  8,18  ]  
Further, the hydroxylated surface was coated with APTES for 24 h 
via the hydrolysis of the silane groups, leading to a rise in the con-
tact angle to 72°. When a PNIPAM layer was formed on the sur-
face, the contact angle decreased to 60°. Atomic force microscopy 
(AFM) was also employed to evaluate the surface morphology 
of the two substrates: APTES modifi ed and PNIPAM-modifi ed 
surfaces. Figures  2 A and B showed thedeposited silane layer and 
PNIPAM-grafted surface. Figures  2 C shows typical IR absorb-
ance bands at 1644.2 and 1539.9 for amide bond stretching and 
the band at 2971.7 for CH 3  stretching and at 3284.3 for N–H 
stretching, which presents PNIPAM grafted on the substrate.  

 LbL deposition is a well-studied method of preparing nano-
scaled fi lms on a substrate. [  22–25  ]  But only a few reports described 
using this method directed onto the surface of cells. The cells 
were fi rstly cultured on the hydrophobic PNIPAM layer on the 
petri-dishes. Once 80–90% confl uence of the cells was achieved, 
the layer-by-layer process was conducted on the surface of the 
cell sheet. A key issue is to keep cell viability during LbL depo-
sition process. Inspired by the study of Akashi et al., [  26  ]  which 
reported the preparation of a multilayered cell structure com-
bined with a multilayer membrane composed of component gel-
atin as extracellular matrix. [  1,5,27  ]  We employed gelatin as the cell-
contacting layer and chitosan-alginate as the nano-matrix. [  13,28  ]  
Gelatin is a natural biocompatible polyelectrolyte (PE) providing 
excess charges. Gelatin layer is considered a key factor for layer-
by-layer self-assembly [  29  ]  on the surface of cell sheet to keep 

      Figure 2.  A) The contact angles of various surfaces in the process of preparation of the free-
standing fi lm. B,C) AFM and SEM (scanning electron microscopy) images of the morphology of 
a free-standing nanomembrane-cell sheet. D) Photo of free-standing fi lm fl oating in a PBS buffer. 
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fi lm (PAA-PEO) in acidic medium. When 
subsequent increasing of pH value to 7, the 
sacrifi cial PAA-PEO layers dissolved to release 
the electrostatically bonded PAH-PSS multi-
layered fi lms. [  30  ]  The other approaches have 
been reported to liberate the multilayered 
fi lm by enhancing the mechanical strength 
of multilayered assemblies. These methods 
involve increasing the bilayers number, incor-
poration of inorganic composites and chem-
ical crosslinking. For example, Takeoka group 
developed the method to prepare the multi-
layered fi lms on the hydrophobic surface, 
and with the increasing of layers number, 
the multilayered fi lms became robust enough 
to be peeled off. [  31  ]  In some cases, a more 
robust sacrifi ce layer, such as PVA layer was 
cast on top of the multilayered fi lm to rapidly 
increase the mechanical strength. 

 However, there are distinct fl aws in those 
proposed strategies: time-consuming, harsh 
chemical reactions, the compromise of the 
biocompatibility of as-prepared materials. In 
this study, the transition of surface wettability 
at a lowered temperature was exploited to 
allow cell sheet to detach spontaneously from 
the grafted surfaces. Briefl y, the free-standing 
cell–gelatin–(chitosan/alginate) 3  fi lms was 
obtained by placing the dish in a cold room 
(4 °C) for 1 h or room temperature for 2–3 h. 
The cell–gelatin–(chitosan/alginate) 3  mem-
brane was fi rst rolled up from the edge and 
then the whole fi lm was detached from the 
substrate with a PNIPAM-grafted surfaces 
with the minor use of cell lifter. The lib-
eration process of the multilayered fi lm was 
mild and physiological. With the assistance 
of the cell sheet, this multilayer assembly 
was robust to be able to be manipulated in 
the aqueous solution or even in air. Such a 
simple, mild, facile approach may provide 
us a novel methodology towards the prepa-
ration of free-standing ultrathin fi lms. Simi-
larly, the live/dead assay of the free-standing 
cell-gelatin–(chitosan/alginate) 3  multilayered 
fi lms was conducted. The lined cells main-
tained 90% viability after the detachment pro-
cedure (Figure  3 G). The results suggest that 
the developed methods are cell-compatible. 

 As discussed above, one of the key advan-
tages of the design in this study is to endow 
the free-standing stratifi ed hybrid membrane 
with the ability of regulating cell functions 
in-situ to favor tissue engineering applica-
tions. BMSCs have the capacity to differ-
entiate into a variety of cell types and have 
been widely used in tissue engineering. [  32,33  ]  
The differentiation of MSCs can be governed 
by chemical and physical cues including 

      Figure 3.  A–D) CLSM images of C2C12 cell-gelatin-(rh-chitosan/alginate) 3  nanomembranes 
and E) cross-section scanning images of the free-standing cell nanombranes. F) Live/Dead 
assay of gelatin-(chitosan/alginate) 3  deposition on the C2C12 cell surface. G) Live/Dead image 
of free-standing C2C12 cell-gelatin- (chitosan/alginate) 3  nanomembranes detached from the 
thermo responsive surface. The scale bar is 200 um. 
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that mediates cell attachment. Osteopontin is a phosphoprotein 
member of the SIBLING family that possesses several calcium- 
binding domains and is associated with cell attachment, pro-
liferation, and mineralization of extracellular matrix into bone, 
synthesized by bone-forming cells. As summarized in  Figure    4  , 
in quantitative real-time RT-PCR ( qPCR) , mRNA expression 
of Runx2, COL-I, and OPN in the TCPS + BMP2 group on 
day 7 decreased signifi cantly as compared to the TCPS + BMP2 
group on day 3. Whereas, on day 7, the expression levels of four 
genes in the cell-gelatin-(chitosan/ alginate) 3 -BMP2 group were 
signifi cantly increased than those in the cell-gelatin-(chitosan/ 
alginate) 3 -BMP2 group on day 3. Compared to the TCPS + 
BMP2 and TCPs groups on day 7, Runx2, COL-I, BSP, and 
OPN mRNA expression in the cell-gelatin-(chitosan/alginate) 3 -
BMP2 group elicited respectively an ≈14-fold, ≈13-fold, ≈3.7-
fold, and ≈19-fold increase as compared to the group of TCPS + 
BMP2, and elicited a ≈1.5-fold, ≈1.3-fold, ≈30-fold, and ≈1.9-
fold increase, respectively, as compared to the TCPS group. In 
the present study, the expression of four osteoblastic-specifi c 
genes in BMSCs in the group of TCPS + BMP2 all decreased 
except BSP. This suggests that the low concentration and one-
time administration of BMP2 protein alone provides less induc-
tion of osteogenic differentiation of BMSCs particularly for a 
long time scale, as the osteogenic effect of BMP2 has a close 
relationship with its concentration. Whilst the expression of 
these four genes in BMSCs in the group of gelatin-(chitosan/
alginate) 3 -BMP2 exhibited signifi cant increase on day 7 as 
compared to those on day 3, and the TCPS and TCPS + BMP2 
groups on day 7. Combined the in-vitro release profi le of the 
multilayered fi lms, it can be explained that sustainable release 
of the loaded BMP2 from the multilayered fi lms assisted the 
induction of osteogenic differentiation of BMSCs in a long time 
scale. At initial stage, the release amount of BMP2 from the 
multilayered fi lms was probably too less to regulate the induc-
tion of osteogenic differentiation of BMSCs especially in con-
trast to the one-time administration of 10 ng mL −1  BMP2. Nev-
ertheless, the sustainable release behavior of inappreciable dose 
of BMP2 from the multilayered fi lms exhibited the surprising 
appreciable ability of inducing the osteogenesis of BMSCs in 
a long term. In addition, our proposed cell sheets were com-
pletely upheld on the multilayered fi lms instead of the tradi-
tional cell culture dishes. This long-term ability of enhancing 
the osteogenic differentiation of mouse BMSCs and the free-
standing soft property make it very suitable for the potential 
application of tissue regeneration.  

 In summary, a novel strategy to fabricate a free-standing 
multilayer nanomembrane lined with a cell sheet was devel-
oped in the present work. The complex fi lm could be peeled 
from the substrate upon temperature changes to form a free-
standing planar cell-nanomembrane. The architecture was 
well organized, even after the complex was peeled off the 
substrate. The scaffold mechanically supported the cell sheets 
and maintained the cell proliferation at the minimal cost of 
adding extra polymer components on the cells. This feature 
may point out the way out of the dilemma existing in the tra-
ditional scaffold, minimizing the ratio of the functional cells to 
the synthetic materials to obtain the greater overall functions. 
The gelatin–(chitosan/alginate) 3  assemblies exhibited good cell 
compatibility to meet the fundamental requirement for the 

micro- and nano-topography, and even rigidity of the substrate, 
as the differentiation of MSCs usually is in vivo when MSCs 
are embedded in the ECMS. [  34,35  ]  Bone morphogenetic proteins 
(BMPs) play a key role in osteogenic differentiation and bone 
development and can drive uncommitted mesenchymal pre-
cursor cells toward the osteoblast lineage. [  36,37  ]  The concentra-
tion of BMP2 usually used for inducing MSCs or preosteoblasts 
differentiation in vitro is 50–200 ng mL −1 . During the inducing 
process, some other inducer (including dexamethasone, 
ascorbic acid, or  β -glycerol phosphate, etc.) were added into the 
basic media to help the inducing effect of BMP2. [  36  ]  

 To investigate the effects of regulator-loaded membranes 
on the osteogenic differentiation of stem cells, a free-standing 
membrane composed of BMP2-loaded gelatin-(chitosan/algi-
nate) 3  membranes lined with mouse BMSCs was fabricated uti-
lizing electrostatic interactions between the protein and poly mer 
to mediate assembly and characterized. In this study, we used 
a low concentration of BMP2 (10 ng mL −1 ) and basic media to 
investigate the effect of gelatin-(chitosan/alginate) 3  fi lm on the 
osteogenic differentiation of BMSCs. Prior to this investigation, 
the in-vitro release profi les of a model protein FITC-BSA from 
PEI/alginate-gelatin-(chitosan/alginate) 3  and PEI/alginate-gel-
atin-(chitosan/alginate) 6  on the substrate was fi rstly investigated 
by monitoring fl uorescein conjugated BSA. We prepared PEM 
fi lms on glass slides utilizing electrostatic interactions between 
the protein and polymer to mediate assembly as the method 
introduced above. As shown in Figure S3 (Supporting Informa-
tion), the release of protein exhibited a slow and long-period 
protein-release mode for the two samples. A slight increase of 
protein release and similar release behavior from PEI/alginate-
gelatin-(chitosan/alginate)6 was found in the 7-day release 
course as compared to the PEI/alginate-gelatin-(chitosan/algi-
nate)3. The superior feature of polyelectrolytes layer-by-layer 
multilayered fi lms is to provide great promise for the release 
of laden cargos in a controllable manner. Diverse multilayered 
fi lms have been investigated for the controlled release of encap-
sulated agents relying on the disassembly of the fi lms. [  24,38,39  ]  
In this study, the disassembly of the multilayered fi lms was 
dominated mostly by the slow degradation of chitosan and 
alginate, which led to the slow and long-period protein release 
behavior. In addition, the strong hydration nature of the com-
ponent polymers in the fi lms, like chitosan and alginate, could 
be potentially advantageous for loosing association of the fi lms 
by extending the distance between charges thus weakening the 
electrostatic interaction strength. [  38  ]  This effect is believed to be 
a cumulative process with the layer number increasing, which 
may result in the slight release increase of protein from PEI/
alginate-gelatin-(chitosan/alginate)6. 

 We compared the gene expressions of bone sialoprotein 
(BSP), runt-related transcription factor 2(Runx2), collagen 
type I(COL-I), osteopontin(OPN) in cells grown on tissue cul-
ture polystyrene (TCPS), TCPS + BMP2 and free-standing 
cell-gelatin-(chitosan/alginate) 3 -BMP2 (fi lm). These proteins 
are considered lineage-specifi c markers of osteoblastic differ-
entiation. [  32,34,40  ]  Runx2 is essential for osteoblastic differentia-
tion and bone formation. COL-I is the major organic compo-
nent of bone matrix produced by osteoblasts. It functions as 
a scaffold of mineralization in bone. Bone sialoprotein (BSP) 
is a highly sulfated, phosphorylated, and glycosylated protein 
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  Silane Modifi cation on the Glass Surface : Hydroxylated glass wafers 
were placed into a 3 wt% toluene solution of APTES and refl uxed under 
nitrogen atmosphere for 24 h. After the hydrolysis, the glass slides were 
ultra-sonicated in toluene for 5 min. Then they were rinsed with acetone 
and ethanol and then dried in a vacuum. 

  Surface-Initiated Graft Polymerization of NIPAM : For the surface-
initiated graft polymerization with NIPAM, the slides were 
immersed in a solution of 2% (v/v) photo-initiator (1,1′-Azobis 
(cyclohexanecarbonitrile)). NIPAM was spin-coated onto the 
3-acryloxypropyltrimethoxysilane-modifi ed glass wafers at 800 rpm for 
30 s. The slides were irradiated through a photomask for 5 min by a 
365 nm-UV light source (80mW/cm 2 ). After the reaction, the PNIPAM-
grafted glass wafers were rinsed thoroughly under ultrasonic bath of 
ethanol and distilled water and then dried in a vacuum. 

  Characterization of the Surface Modifi ed Glass Wafers : The graft 
modifi ed glass surface was characterized by contact angle, ATR and 
AFM. The water contact angles of the slide and thereafter the coatings 
of cells and nanomembrane were measured in the ambient air using a 
CA-A contact angle measuring system. Each value reported in this work 
is the averaged value of four measurements on different locations of the 
same surface. Tapping-mode AFM analysis was carried out using the 
microscope system. The image was acquired by using standard silicon 
TESP probes (their nominal spring constant and resonance frequency 
are 50 N m −1  and 300 kHz, respectively). 

  Cell Culture : Human C2C12 cells (gifted from Dr. K Wrogemann, 
University of Manitoba) were seeded onto the PNIPAM-grafted slides 
and cultured with a Dulbecco’s modifi ed Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 100 units mL −1  
penicillin. Mouse bone marrow mesenchymal Stem Cells (BMSCs) were 
purchased from the American Type Culture Collection (ATCC, USA). 

consecutive application of the tissue construction. Most signifi -
cantly, the ability of nanomembrane to control the release of 
loading drugs and growth factors provided us a potent approach 
to control the cell differentiation in the scaffold. To the best of 
our knowledge, this is the fi rst effort to fabricate free-standing, 
cell-lined, and multilayered membrane via layer-by-layer deposi-
tion as an ECM to regulate cell differentiation. The planar free-
standing nanomembranes can be potentially used as “bricks” 
and “concrete” at same time to fabricate various layered com-
plex assembly with target cells and regulators to prepare the 
complex soft tissues.  

  3. Experimental Section 
  Materials : The glass slides, N-isopropylacrylamide (NIPAM) and 

3-acryloxypropyl- trimethoxysilane (APTES) were purchased from Aldrich 
Chemical Co. All solvents were purchased from VWR Canada Chemical 
Co. and used as received. 

  Glass Substrate Pretreatment : The glass slides were fi rst rinsed with a 
large amount of chloroform, then ethanol and fi nally distilled water. After 
that, the slides were immersed for one hour in a piranha solution, which 
is composed of a mixture of 70 v/v% concentrated sulfuric acid (98 wt%) 
and 30% volume of a hydrogen peroxide solution (30 wt%). The cleaned 
glass wafers were washed with a large amount of distilled water and 
ethanol, and then dried in a vacuum oven for 24 h. The contact angle of 
water droplets on the pretreated glass surface was about 15 ° over the 
entire surface. 

      Figure 4.  Real time-qPCR of osteogenic gene expression levels of mouse BMSCs cultured in vitro. Total RNA was prepared from BMSCs grown on 
either TCPS, TCPS + BMP2 or gelatin-(chitosan/alginate)3-BMP2 fi lm for three or seven days. A) Runx2, B) COL-I , C) BSP, and D) OPN gene expres-
sion was quantifi ed using real time-qPCR methods; GAPDH was used as an internal control. Data values are expressed as mean ± SE ( n  = 3). “*” 
means  p  < 0.05 vs the TCPS group. 

Adv. Funct. Mater. 2014, 24, 2216–2223
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 Vitality of the cells that had been coated with the LbL assembly of 
gelatin-(chitosan-alginate) 3  was investigated using the LIVE/DEAD 
Viability/Cytotoxicity Kit (Molecular Probes, L3224). With the kit, live and 
dead cells can be identifi ed on the basis of their membrane integrity and 
esterase activity. Briefl y, after removing the culture medium, the samples 
were rinsed with PBS. 2  μ  M  calcein AM and 4  μ  M  EthD-1 in PBS were 
added. The samples were incubated at 37 °C for 10 min and observed 
using the CLSM. 

  Preparation and Characterization of Free-Standing LbL Assembly of 
Cell-Gelatin-(chitosan-alginate)   3  : The fi lm was immersed in a cold PBS 
solution and kept in 4 °C for 1 h or room temperature for 2–3 h to allow 
the formation of the free-standing cell–gelatin–(chitosan/ alginate) 3 . The 
fi lm was then washed with cold PBS for three times, and cells were fi xed 
by 4% paraformaldehyde in PBS at room temperature for 15 min. After 
fi xation, the cells were permeabilized by 0.1% Triton X-100 in PBS for 
10 min; then the cells were rinsed by PBS three times. The cells were 
incubated in 10  μ  M  phallacidin/ 1% (w/v) BSA solution for 20 min 
followed by PBS rinsing three times. The cells were then incubated in 
10  μ  M  Topro-3 for 20 min, followed by PBS wash three times. The fi lm 
was set on a microscope slide and examined by CLSM. 

 Vitality of cells in the free-standing fi lm was investigated using 
the LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes, L3224). 
With this kit, live and dead cells can be identifi ed on the basis of their 
membrane integrity and esterase activity. Briefl y, after removing the 
culture medium, the samples were rinsed with PBS. 2  μ  M  calcein AM 
and 4  μ  M  EthD-1 in PBS were added. Then the samples were incubated 
at 37 °C for 10 min and observed using CLSM.  
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