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A B S T R A C T   

Delivery of growth factors (GFs) is challenging for regulation of cell proliferation and differentiation due to their 
rapid inactivation under physiological conditions. Here, a bioactive polyelectrolyte multilayer (PEM) is engi
neered by the combination of thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) and glycosaminoglycans 
to be used as reservoir for GF storage. PNIPAM-grafted-chitosan (PChi) with two degrees of substitution (DS) are 
synthesized, namely LMW* (DS 0.14) and HMW (DS 0.03), by grafting low (2 kDa) and high (10 kDa) molecular 
weight of PNIPAM on the backbone of chitosan (Chi) to be employed as polycations to form PEM with the 
polyanion heparin (Hep) at pH 4. Subsequently, PEMs are chemically crosslinked to improve their stability at 
physiological pH 7.4. Resulting surface and mechanical properties indicate that PEM containing HMW is 
responsive to temperature at 20 ◦C and 37 ◦C, while LMW is not. More importantly, Hep as terminal layer 
combined with HMW allows not only a better retention of the adhesive protein vitronectin but also a sustained 
release of FGF-2 at 37 ◦C. With the synergistic effect of vitronectin and matrix-bound FGF-2, significant pro
motion on adhesion, proliferation, and migration of 3T3 mouse embryonic fibroblasts is achieved on HMW- 
containing PEM compared to Chi-containing PEM and exogenously added FGF-2. Thus, PEM containing PNI
PAM in combination with bioactive glycosaminoglycans like Hep represents a versatile approach to fabricate a 
GF delivery system for efficient cell culture, which can be potentially served as cell culture substrate for pro
duction of (stem) cells and bioactive wound dressing for tissue regeneration.   

1. Introduction 

Cell behaviors during medical application of implants is triggered by 
the interaction with the biomaterial surface and related protein 
adsorption, cell-cell contacts and soluble bioactive molecules [1]. The 
latter are represented for example by fibroblast growth factor-2 (FGF-2) 

that acts as stimulator to promote proliferation and migration of fibro
blasts and endothelial cells important for wound healing, and neo
vascularization, but also related to the maintenance of self-renewal and 
proliferation of human pluripotent stem cells (hPSC) [2–4]. By binding 
to transmembrane FGF receptors (FGFR), FGF-2 activates intracellular 
signaling cascades including Rho family of small GTPases, and mitogen- 
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activated protein kinase/extracellular signal-regulated kinase (MAPK/ 
ERK) [5]. Specially, these signal transductions can be activated by 
cooperation of FGFR and cell adhesion molecule integrins (e.g. αVβ3) to 
regulate cell adhesion and spreading [6,7]. FGF-2 is generally supple
mented to the culture medium to support cell growth [8]. However, the 
issues about its short half-life (22–29 h) under physiological environ
ments must be addressed and the local concentration must be well 
controlled to avoid inhibition of proliferation or differentiation of stem 
and other cells [9,10]. Sulfated glycosaminoglycans (GAGs) have high 
affinity to proteins with GAG-binding domains such as extracellular 
matrix (ECM) proteins (e.g. fibronectin, vitronectin) and GFs (e.g. FGF- 
2, TGF-β), but also act as a storage reservoir to protect GFs from pro
teolytic digestion [11,12]. GAGs like heparin (Hep) added to culture 
media have shown to improve the stability and prolong the half-life of 
FGF-2 [13]. Therefore, engineering an appropriate delivery system 
involving GAGs is attractive to prolong the activity of GF like FGF-2 to 
achieve the desired cell and tissue response. 

Layer-by-layer (LbL) assembly has emerged as a facile and cost- 
effective technique to fabricate biocompatible and bioactive surfaces 
using negatively charged GAGs for making GFs delivery systems 
[2,14,15]. By alternating deposition of materials, it is mainly depending 
on ion pairing between oppositely charged polyelectrolytes (PEs) to 
form a polyelectrolyte multilayer (PEM) [16]. The physical and me
chanical properties of the PEM are based on the nature of selected PE 
and environmental conditions (e.g., pH, ionic strength, and tempera
ture) [16]. Chitosan (Chi) is widely used as polycation regarding its 
biocompatibility, abundancy and anti-bacterial properties [17,18]. 
Multiple studies have reported the use of PEMs as reservoirs for pro
tecting GFs from degradation and prolonging their long-term presenta
tion. For example, loading FGF-2 on PEMs composed of Hep and Chi 
enhanced the mitogenic activity of mesenchymal stem cells [19]. 
Another advantage of PEM is that the locally released concentration of 
GFs can be controlled by chemical crosslinking of the PEM that also 
improves their stability and modulates their physiochemical properties. 
In this regard, it was shown previously that delivery of bone morpho
genetic protein-2 and FGF-2 from crosslinked PEMs exhibited the ability 
to induce osteogenic differentiation of myoblasts and promote migration 
and growth of fibroblasts for wound healing and culture of adipose 
derived stem cells, respectively [2,14,20]. 

Utilizing LbL technique facilitates engineering of PEMs containing 
poly(N-isopropylacrylamide) (PNIPAM) and has been demonstrated the 
ability to thermally control protein adsorption or drug delivery such as 
anti-COVID-19 drug Favipiravir [21–23]. PNIPAM is thermoresponsive 
and widely applied for drug delivery and cell sheet engineering owing to 
its lower critical solution temperature (LCST) ≈ 32 ◦C close to the 
physiological temperature [24]. Below 32 ◦C, the hydrophilic amide 
groups are dominant making the polymer highly hydrated, soluble in 
aqueous solution and repellent to proteins and cells. Its hydrophobic 
isopropyl groups govern when temperature rises above 32 ◦C, and lead 
to the dehydration of the polymer due to the hydrophobic interaction 
that aids protein adsorption and supports cell adhesion [25,26]. The 
collapsed PNIPAM becomes a gel to entrap drugs inside the matrix and 
allow their slow release through the hydrophobic interaction between 
drugs and PNIPAM [27,28]. PNIPAM has shown a great ability to retain 
GF activity and sustain their release to promote cell proliferation and 
differentiation [28–30]. However, the application of PNIPAM- 
containing PEM for GF delivery in tissue engineering is rarely found 
due to the lacking anchoring sites of PNIPAM for cells causing inferior 
cell adhesion [21,23,31]. Thus, a novel approach for enhancing the 
bioactivity of PNIPAM-containing PEM is desired to regulate cell 
behaviors. 

Our previous study has investigated the ability of a combination of 
bioactive Hep and PNIPAM-grafted-chitosan (PChi) to form a stable PEM 
upon crosslinking under physiological pH 7.4, and modulate the phys
ical properties in response to temperature (i.e. wettability) related to the 
biocompatibility and adhesion of stem cells [32]. In this current study, 

the effect of temperature on the mechanical properties of PChi- 
containing PEMs is further studied which may affect protein adsorp
tion and cell behaviors. Vitronectin (VN) as an adhesive protein can 
promote cell adhesion via the specific binding of cell integrin αVβ3 and 
αVβ5 [33]. The bioactivity of PChi or Hep terminated PEMs is interesting 
for the interaction with VN in response to temperature. FGF-2 and VN 
have been reported to regulate particularly hPSC responses coopera
tively [4,6,34]. The synergistic bioactivity of VN and FGF-2 was assessed 
here using 3T3 mouse embryonic fibroblasts regarding cell adhesion, 
migration, and growth. The final goal is to achieve a sustained bioac
tivity of FGF-2 loaded on these PEMs towards cells, important for future 
applications in effective culture and large-scale expansion of stem cells 
that may be superior to use of soluble FGF-2 supplemented in culture 
medium. 

2. Materials and methods 

2.1. Materials 

Chitosan (deacetylation degree ≥92.6 %, 40–150 kDa) was pur
chased from HMC Heppe Medical Chitosan GmbH (Halle, Germany). 
Heparin sodium salt (sulfation degree = 1.06, 8–25 kDa) and 1-ethyl-3- 
(3-dimethylaminopropyl) carbodiimide (EDC) was obtained from 
Thermo Fisher (Kandel) GmbH (Karlsruhe, Germany). Poly
ethyleneimine (PEI, 750 kDa), N-hydroxysuccinimide (NHS), carboxylic 
acid− terminated PNIPAM (PNIPAM-COOH, 2 and 10 kDa) and fluo
rescein isothiocyanate (FITC) were provided by Sigma-Aldrich Chemie 
GmbH (Steinheim, Germany). n-Hexane and tetrahydrofuran (THF) 
were derived from Th. Geyer GmbH & Co. KG (Renningen, Germany). 
Recombinant human vitronectin (VN) was purchased from PeproTech, 
Inc. (Hamburg, Germany). FGF-2 (recombinant human FGF-basic FGF) 
and ELISA kit were obtained from PeproTech, Inc. (New Jersey, USA). 

2.2. Synthesis and characterization of PNIPAM-grafted-chitosan 

PNIPAM-grafted-chitosan (PChi) was synthesized as described pre
viously [32]. Briefly, at 25 ◦C, the carboxylic groups of PNIPAM-COOH 
was activated by EDC/NHS to form amide bond with the amino groups 
located at C2 − position of Chi. Initially, Chi and PNIPAM-COOH (2 or 
10 kDa) were separately dissolved in 2 % acetic acid solution. The 
PNIPAM-COOH solution was reacted for 1 h by adding EDC and NHS 
followed by mixing with Chi solution to steadily stir overnight at 25 ◦C. 
Afterwards, the mixed solution was precipitated in a THF/n-hexane 
solution (4:1) and purified with dialysis membrane (MWCO: 12,000 −
14,000) against Milli-Q water for one week. Finally, the pure PChi was 
lyophilized by freeze dryer (ALPHA 1–2 LDplus, Christ, Osterode am 
Harz, Germany). Using weight ratio of Chi/PNIPAM = 1:3 and the molar 
ratio of repeating unit of Chi/EDC/NHS = 1:3:1.5, the degrees of sub
stitution (DS) of PNIPAM grafted to Chi were characterized by 1H NMR 
in our previous study [32]. PChi with DS of 0.14 and 0.03 achieved from 
2 kDa and 10 kDa of PNIPAM-COOH were named as LMW* and HMW, 
respectively. 

2.3. Multilayer formation by layer-by-layer technique 

Glass cover slips (Ø 12 mm, Menzel, Braunschweig, Germany) were 
cleaned with 25 % NH4OH, 35 % H2O2, and micropure water (1:1:5, v/ 
v/v) at 80 ◦C for 15 min. Afterwards, the samples were washed with 
micropure water for 6 × 5 min and dried with nitrogen stream. 

The PEM were assembled manually by pipetting solutions of PE 
applying the same procedure as in previous studies of our and other 
groups [35,36], for cleaned glass cover slips and tissue culture poly
styrene (TCPS) as substrates used for atomic force microscopy and 
biological investigations, respectively. PEI as the first anchoring layer 
was coated to achieve a positive charge on the substrate. The following 
layers were deposited with two bilayers of polyanion Hep and 
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polycation Chi to achieve a basal multilayer without PNIPAM. Subse
quently, PChi replaced Chi from the 7th layer for additional deposition 
of layers with Hep to form 9 or 10 layers, where PChi or Hep were the 
final layer of PChi-containing PEM, respectively. PE solution was added 
on the substrate to prepare every layer and was discarded after 15 min 
incubation. Subsequently, 0.15 M NaCl solution was used to rinse the 
surface for 3 × 4 min to remove unbound PE for 3 × 4 min. All PE were 
prepared at 1 mg mL− 1 in 0.15 M NaCl solution and adjusted their final 
pH to 4. Chi was dissolved in 0.05 mol L− 1 acetic acid solution at 50 ◦C 
for 3 h and stirred overnight. Chi-containing PEMs as comparison were 
based on the assembly of Chi and Hep. The PEMs with X terminal layer 
were referred as B-[X/H]1.5 and with Hep terminal layer were defined as 
B-[X/H]2, where the term ‘B’ referred to basal layers comprised of 1− 6 
layers and LMW*, HMW, or Chi were represented as ‘X’. 

EDC and NHS were used to covalently crosslink the multilayer based 
on the protocol established earlier in our group [18,37]. The crosslinked 
solution was prepared by 50 mg mL− 1 EDC and 11 mg mL− 1 NHS in 0.15 
M, pH 5 NaCl solution and subsequently added to PEMs to react at 4 ◦C 
for 18 h under gentle shaking. The solution was discarded from the 
crosslinked PEM followed by 3 time rinsing of samples with 0.15 M, pH 8 
NaCl solution for 1 h to remove unreacted cross-linker. 

2.4. Atomic force microscopy measurement 

The investigation of roughness and stiffness of PEMs was carried out 
by atomic force microscope (AFM, Nanowizard IV, JPK-Instruments, 
Berlin, Germany) in Quantitative Imaging Mode (QI). Samples were 
first measured in 0.15 M, pH 7.4 NaCl solution at 20 ◦C using silicon 
cantilever (qp-BioT, Nanosensors) in a standard liquid cell (JPK-In
struments). Further topographic and spectroscopic measurements were 
performed in the liquid cell with temperature stabilization at 37 ◦C. The 
analysis of roughness and stiffness were calculated by the software JKP 
Data Processing V5.0.85 and Gwyddion (Gwyddion V2.49, 64-bit). 

2.5. Protein adsorption and release studies 

2.5.1. Vitronectin adsorption and desorption 
VN was labelled with FITC (referred to as FITC-VN) based on the 

protocol (Sigma-Aldrich) shown in supporting information. The cross
linked PEMs were fabricated in black 96-well tissue culture plates 
(TCPS, Greiner). FITC-VN at a concentration of 5 μg mL− 1 dissolved in 
phosphate-buffered saline (PBS, pH 7.4) was used for incubating sam
ples at either 25 ◦C or 37 ◦C for 1 h. Subsequently, the supernatant was 
aspirated and transferred to a new black 96-well TCPS. The fluorescence 
intensity (FI) of the supernatants was measured by fluorometry 
(FLUOstar Optima, BMG LabTech., Offenburg, Germany) at an excita
tion wavelength of 488 nm and an emission wavelength of 530 nm to 
determine the concentration of remaining VN after exposure to PEMs. 

After transferring FITC-VN supernatants, PBS (at 4 or 37 ◦C, pH 7.4) 
with an amount of 70 μL was used to rinse the PEMs 3 times for removal 
of excessive VN solution. VN desorption was performed by adding 70 μL 
PBS to the samples for incubation at 4 ◦C or 37 ◦C for 24 h and then 
transferred to a new black 96 well plate. Then 70 μL 0.2 M NaOH was 
added and incubated for another 2 h. The amount of desorbed VN from 
PEMs was determined by collecting supernatants of PBS and NaOH for 
the measurement of FI. A calibration curve was made from the FI of 
known concentrations (0.005, 0.05, 0.1, 0.5 and 5 μg mL− 1) of FITC-VN 
for calculation of the amount of adsorbed and desorbed VN. 

2.5.2. Release of fibroblast growth factor 2 (FGF-2) 
The crosslinked PEMs were prepared in the 96-well plate followed by 

washing with sterile PBS once. All the surfaces were pre-treated with 
Dulbecco’s modified Eagle’s medium (DMEM, Lonza, Walkersville, 
USA) containing 1 % pen/strep/amphotericin B at 37 ◦C for 1 h to 
deactivate unreacted EDC/NHS ester that might be reactive during the 
following VN adsorption and FGF-2 loading. After DMEM was aspirated, 

PEMs were incubated in solutions of 5 μg mL− 1 FGF-2 mixed with 2 μg 
mL− 1 VN in 0.15 M, pH 7.4 NaCl at 37 ◦C for 1 h to allow the loading of 
FGF-2. Thereafter, the supernatants of FGF-2/VN solutions were 
collected, and the samples were rinsed once with PBS. Thereafter, 70 μL 
PBS corresponding to physiological fluids regarding ionic strength and 
pH value was immediately added to study the release of FGF-2. Half of 
the supernatant was collected and replaced by fresh PBS after incubation 
for 2, 4, 6, 8 h at the first day and the following 1–7 days. All the su
pernatants were stored at − 80 ◦C for further quantification of FGF-2 
using a human FGF-basic standard ABTS enzyme-linked immunosor
bent assay (ELISA, Peprotech, New Jersey, USA) development kit and 
ABTS ELISA buffer kit (Peprotech, New Jersey, USA). The use of PBS for 
release and quantification of FGF-2 was favored for the ELISA assay to 
avoid any cross-reactivity of antibodies with proteins contained in 
serum (e.g. growth factors). It was assumed that the PEMs structure is 
not affected by changing the medium due to the covalent crosslinking 
and similar ionic strength and same pH of DMEM and PBS to NaCl [32]. 

2.6. Studies with cells 

2.6.1. Cell culture 
3T3 mouse embryonic fibroblasts was provided by DSMZ (Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunsch
weig, Germany) and cultured in DMEM supplemented with 10 % fetal 
bovine serum (FBS, Biochrom AG, Berlin, Germany) and 1 % pen/strep/ 
amphotericin B (BioWhittaker, Lonza, Walkserville, USA) at 37 ◦C in a 
humidified 5 % CO2/95 % air atmosphere using a NuAire DH Autoflow 
incubator (NuAire Corp., Plymouth, Minnesota, USA). At 80 % conflu
ence, cells were trypsinized by 0.25 % trypsin/0.02 % EDTA (Biochrom 
AG, Berlin, Germany) solution for 5 min at 37 ◦C followed by inactiva
tion of trypsin with DMEM containing serum. After the cell suspension 
was obtained by centrifugation at 500g for 5 min, the supernatant was 
aspirated. The cell pellet was resuspended in DMEM containing 10 % 
FBS and 1 % pen/strep/amphotericin B. Cell number was manually 
counted using a Neubauer chamber. 

2.6.2. Optimization of VN concentration 
The crosslinked PEMs were prepared in the 48-well plate followed by 

washing with sterile PBS once. All the surfaces were pre-treated with 
DMEM containing 1 % pen/strep/amphotericin B at 37 ◦C for 1 h to 
deactivate unreacted EDC/NHS ester. After aspirating DMEM, 250 μL of 
VN (at a concentration of 2 or 5 μg mL− 1 mixed with or without 5 μg 
mL− 1 FGF-2 in 0.15 M, pH 7.4 NaCl solution) were coated on PEMs to 
incubate at 37 ◦C for 1 h. Thereafter, the FGF-2/VN solutions were 
discarded, and the surfaces were rinsed with PBS once. 3T3 cells were 
seeded on the substrates coated with crosslinked PEMs loaded with VN/ 
FGF-2 at a density of 5000 cells per well in 300 μL of DMEM supple
mented with low serum (2.5 % FBS). Cells cultured on TCPS in DMEM 
containing 10 % FBS were used as positive control. On the other hand, 
soluble FGF-2 at a concentration of 10 ng mL− 1 in low-serum DMEM 
(2.5 % FBS) was applied for cells seeded on TCPS coated with VN to 
compare with PEMs loaded with FGF-2. After 2 days culture, the cell 
metabolic activity and growth were quantified using Qblue assay (Bio
Chain, Newark, CA, USA). The 10 % of Qblue reagent was added to the 
medium for reaction at 37 ◦C for 2 h. After incubation, the 100 μL of 
supernatant with duplicate were transferred from each sample to the 
black 96-well plate. The FI of supernatants was measured by fluorometry 
at a wavelength of 544 nm for excitation and 590 nm for emission. 

2.6.3. Cell adhesion studies 
After determination of VN concentration, a density of 20,000 cells 

mL− 1 of 3 T3 cells were seed on the PEM-coated Nunc Thermanox™ 
slides (13 mm, Thermo Fisher, NY, USA) pre-adsorbed with VN/FGF-2 
that were placed in the 24-well plate in DMEM supplemented with 
2.5 % FBS. Cells were incubated for 1 day and fixed with 4 % para
formaldehyde (RotiHistofix, Carl Roth GmbH, Karlsruhe, Germany) 
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solution for 15 min followed by rinsing PBS twice. Afterwards, cell 
permeabilization was done using 0.1 % Triton X-100 (Sigma-Aldrich 
Chemie GmbH, Taufkirchen, Germany) in PBS (v/v) for 10 min. The 
samples were washed with PBS and blocked the non-specific sites by 
incubation with 1 % (w/v) bovine serum albumin (BSA, Merck, Darm
stadt, Germany)/ 1 % (w/v) glycine (ROTH, Carl Roth GmbH, Karlsruhe, 
Germany) in PBS at room temperature for 1 h. Focal adhesion was 
stained with the primary mouse antibody (1:100, Sigma) against vin
culin and the secondary Cy2-conjugated goat anti-mouse antibody 
(1:100, Dianova). Phalloidin CruzFluor 555 (1:1000, Santa Cruz 
Biotechnology, Heidelberg, Germany) was used to visualize actin cyto
skeleton. Cell nuclei were stained with TO-PRO3 (1:500, Invitrogen, 
Darmstadt, Germany). All the staining on the samples were incubated at 
room temperature for 30 min followed by 3 times PBS washing. Finally, 
the samples were mounted on the object slides with Roti-Mount Fluo
rCare (Carl Roth GmbH, Karlsruhe, Germany). Confocal laser scanning 
microscopy (CLSM 701, Carl Zeiss Micro-Imaging GmbH, Jena, Ger
many) were used for the measurement of cell number with the 10×
objective, cell area with 20× objective, and visualization of focal ad
hesions, actin and nuclei with 63× oil immersion objective. The images 
were processed by the ZEN2012 software (Carl Zeiss) and analyzed the 
cell number and area by ImageJ. 

2.6.4. Cell growth 
Cell growth was performed by Qblue assay. 3T3 cells were seed on 

48-well plated coated with VN/FGF-2-loaded PEMs at a density of 5000 
cells per well in DMEM supplemented with 2.5 % FBS and incubated at 
37 ◦C in a 5 % CO2/95 % air atmosphere. The 10 % of Qblue reagent was 
added to the medium on day 2 and 4 for reaction at 37 ◦C for 2 h. After 
incubation, the 100 μL of supernatant with duplicate were transferred 
from each sample to the black 96-well plate. The FI of supernatants was 
measured by fluorometry at a wavelength of 544 nm for excitation and 
590 nm for emission. 

2.6.5. Cell migration 
The sterilized cell migration fences (Aix Scientifics CRO, Aachen, 

Germany) were inserted into the 24-well plate coated with pre-adsorbed 
VN/FGF-2 PEMs at 37 ◦C for 30 min to ensure the attachment of the 
silicone ring on the surface. 150 μL of 3T3 cell suspension in DMEM 
supplemented with 2.5 % FBS were seeded in the internal channel of the 
fence at a density of 20,000 cells per well. The external channel was 
filled with only DMDM. After 24 h incubation at 37 ◦C, 5 % CO2/95 % air 
atmosphere, the fences were removed. The old medium was removed, 
and cells were rinsed once with DPBS. Additional 5 μg mL− 1 of mito
mycin C (abcr GmbH, Karlsruhe, Germany) was included in DMEM 
supplemented with 2.5 % FBS and add to each condition to inhibit cell 
proliferation for migration study. Cells were incubated for another 24 h 
and 72 h and washed once with DPBS for fixation using methanol (Carl 
Roth GmbH, Karlsruhe, Germany). The samples were stained with 10 % 
(v/v) Giemsa (Merck KgaA, Darmstadt, Germany) solution in Milli-Q 
water for 10 min and subsequently washed with PBS and Milli-Q 
water. A series of image were photographed along the diameter of the 
stained area of a cell layer using transmitted light microscope (Nikon 
ECLIPSE Ti2, Tokyo, Japan). The images were processed using stitching 
plugin from ImageJ to measure the length of the diameter of the cell 
layer [38]. 

2.7. Statistical analysis 

All data were performed by Origin Pro 2019 software to obtain a 
mean value ± standard deviations (SD). The statistical calculation was 
carried out using a one-way ANOVA with posthoc Turkey’s test. The 
significant difference is indicated as the asterisk when the p value ≤0.05. 
Additionally, the box-whisker plots are presented where applicable. The 
25th and 75th percentile, the median (dash) and mean value (empty 
circle) are illustrated by the box. 

3. Results and discussion 

3.1. Surface and mechanical properties of multilayers 

Since all the PEMs were fabricated and chemically crosslinked at 
20 ◦C, it is important to investigate the effect of size and DS of PNIPAM 
grafting on Chi during the temperature change from 20 ◦C to 37 ◦C on 
surface properties, like topography and mechanical properties, which 
are related to protein adsorption, cell adhesion and spreading [39]. 
Fig. 1A and B represent the wet topography of B-[Chi/H], B-[LMW*/H], 
and B-[HMW/H] PEMs with either Chi-/LMW*-/HMW- or Hep terminal 
layers studied by AFM depending on the temperature, respectively. All 
the PEMs showed an island-like morphology with a roughness (root 
mean square, Rq) of 1.24–2.46 nm as evaluated in Fig. 1C and Table 1. 
At 20 ◦C, the native B-[Chi/H]1.5 exhibited the roughest surface while 
other surfaces were smoother and less granular, which can be explained 
by the compaction upon addition of smaller molecule of Hep for PEMs 
with Hep terminal layers and the grafting of PNIPAM for B-[LMW*/H] 
and B-[HMW/H] PEMs [40,41]. In comparison to the more homoge
neous surface of B-[Chi/H], B-[LMW*/H] and B-[HMW/H] PEMs were 
more inhomogeneous probably due to the bulky structure of LMW* and 
HMW, which is evident by the rougher and more granular surfaces of 
their Hep terminal layer also corresponding to their higher dry thickness 
(Table 1). When PEMs were incubated at 37 ◦C, surfaces of B-[Chi/H]2 
and B-[HMW/H]2 were smoother than at 20 ◦C. It has been reported that 
increasing temperature promotes the interdiffusion of polymers and 
rearrangement of PEMs by breaking the intermolecular interaction (e.g., 
ionic bonds) between polymers that become more mobile. As a result, a 
favorable conformation of PEM is reached with a more compact and 
smoother surface [23,42]. It should be noted that these PEMs were 
chemically crosslinked with around 40–60 % crosslinking degree that 
should still permit a certain degree of polymer diffusion (Table 1). In 
addition, PNIPAM undergoes conformational changes with rising tem
perature and aggregates resulting in tighter packing and a smoother 
surface, which is also observed in other PNIPAM-containing PEMs 
[23,43]. However, B-[LMW*/H] PEMs did not show an alteration of 
their surface topography during temperature change, probably due to 
steric hindrance caused by the higher crosslinking degree (54 %) in B- 
[LMW*/H] PEMs that limits the mobility of PNIPAM chains and other 
components [44]. 

To investigate the temperature effect on the mechanical properties of 
PEM, Young’s modulus was measured for different terminal layers as 
shown in Fig. 1D and Table 1. At 20 ◦C, the Young’s modulus shows a 
peak of 23 MPa and 24 MPa for B-[Chi/H]1.5 and B-[Chi/H]2, respec
tively, which indicates the stiffest surfaces. The peaks shifted to around 
17 MPa for PEMs with LMW* and HMW terminal layers, suggesting PEM 
involving PNIPAM makes the surface softer because of its higher hy
dration below LCST [45,46]. The addition of Hep to PEMs indeed stiff
ened the surfaces, which is correlated to their compact morphology due 
to diffusion of H inside the PEM increasing ion pairing [41]. Note
worthy, the stiffness is significantly lower for B-[LMW*/H]2 compared 
to B-[Chi/H]2 and B-[HMW/H]2 (p ≤ 0.05). This is consistent to the 
finding that B-[LMW*/H]2 has the most hydrophilic surface of as found 
by WCA indicating a higher water content of this system. As temperature 
increased to 37 ◦C, the stiffness decreased and the peaks of all the sur
faces shifted to <10 MPa, indicating overall softer surfaces. Such soft
ening effect on PEMs with elevated temperature was also reported in 
previous studies [42,47]. Köhler and co-workers suggested a “melting” 
behavior of the more mobile polymers leading to a softer surface 
investigating the PSS/PDADMAC multilayer capsules [48,49]. On the 
other hand, since PNIPAM chains dehydrate and collapse above LCST, 
the hydrophobic interaction and formation of intramolecular hydrogen 
bonds of PNIPAM should lead to a stiffer surface [46,50]. Here the 
LMW* and HMW layers only existed in the terminal bilayers, causing 
probably only minor effects indicated by relatively stiffer surfaces for B- 
[LMW*/H] and B-[HMW/H] PEMs compared to B-[Chi/H] PEMs at 
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37 ◦C. These observations are related to results of wetting studies in 
Table S1 showing that PEMs containing PNIPAM have higher water 
contact angles at 37 ◦C than at 20 ◦C. Combining these results, it 

confirms that HMW is more mobile and able to change its conformation 
within the B-[HMW/H] PEMs resulting in stiffer surfaces compared to 
slightly softer surfaces for B-[LMW*/H] PEMs at 37 ◦C. 

Fig. 1. Surface topography of PEMs with (A) Chi/LMW*/HMW terminal layers and (B) Hep terminal layers at 20 ◦C (upper row) and 37 ◦C (bottom row) by atomic 
force microscopy with 0.5 × 0.5 μm2 of scan size. (C) Roughness (Ra: average, deep color, Rq: root mean square, light color) of PEMs at 20 ◦C (blue bar) and 37 ◦C 
(red bar). Data represent means ± SD from ten separated lines, *p ≤ 0.05. (D) Distribution curves of Young’s modulus for different PEMs at 20 ◦C (solid line) and 
37 ◦C (dot line) with 1 × 1 μm2 of scan size. All the measurements were done under exposure to 0.15 M, pH 7.4 NaCl solution. Data represent means ± SD across the 
whole scan size, p ≤ 0.05 (the symbols of *, ○, △, ⋄ indicate the significant difference at 20 ◦C and ☆, # at 37 ◦C.). 

Table 1 
Surface properties and mechanical properties for PEMs exposed to 0.15 M, pH 7.4 NaCl at 20 ◦C and 37 ◦C. Data of chemical crosslinking degree, thickness, water 
contact angle (WCA, data from previous study [32]) and AFM data such as stiffness and root mean square (Rq) after rinsing with PBS and DMEM at pH 7.4. (means ±
SD).  

Surface property Crosslinking degree (%) Thickness (nm) WCA (◦) Rq (nm) Stiffness (MPa) 

20 ◦C 37 ◦C 20 ◦C 37 ◦C 20 ◦C 37 ◦C 

B-[Chi/H]1.5  8.76 ± 1.38 37.84 ± 4.35 37.55 ± 2.32 2.54 ± 0.27 2.46 ± 0.58 23.25 ± 8.66 0.49 ± 0.08 
B-[Chi/H]2 59 10.53 ± 0.79 29.98 ± 7.81 30.76 ± 8.13 1.92 ± 0.23 1.25 ± 0.15 24.23 ± 12.39 0.46 ± 0.15 
B-[LMW*/H]1.5  8.40 ± 0.39 27.78 ± 1.96 32.77 ± 3.63 1.61 ± 0.22 1.62 ± 0.30 17.82 ± 8.48 6.61 ± 2.98 
B-[LMW*/H]2 54 11.66 ± 0.96 10.51 14.48 ± 4.10 1.92 ± 0.25 1.74 ± 0.22 19.96 ± 6.67 7.23 ± 2.73 
B-[HMW/H]1.5  9.67 ± 0.25 33.60 ± 1.18 37.48 ± 1.65 1.72 ± 0.42 1.54 ± 0.18 17.50 ± 7.57 7.35 ± 2.30 
B-[HMW/H]2 39 11.38 ± 0.50 27.12 ± 1.45 29.56 ± 1.90 1.95 ± 0.18 1.24 ± 0.17 24.83 ± 20.64 8.61 ± 4.00  
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3.2. Effect of temperature on vitronectin adsorption and desorption 

VN is a plasma protein important for blood coagulation after injury, 
cell adhesion and tissue remodeling [51]. VN has been used for coating 
substrata playing a dominant role in maintaining self-renewal and pro
moting adhesion and proliferation of hPSC in vitro via the specific 
ligation of αvβ3 and αVβ5 integrins [33]. The conformational change of 
PNIPAM with temperature leading to changes of wettability may pro
mote protein adsorption and subsequent cell adhesion [26,52]. Here 
FITC-labelled VN (named as FITC-VN) was used to study its adsorption 
on PEMs with different terminal layers and compared to the control 
surface TCPS at 20 ◦C and 37 ◦C as shown in Fig. 2A and B. The amount 
of adsorbed VN was calculated based on the calibration curve shown in 
Fig. S1. It was observed that substantially higher quantities of VN 
adsorbed on all PEMs with about 275–300 ng cm− 2 at 37 ◦C in com
parison to <100 ng cm− 2 at 20 ◦C. At 20 ◦C, the lowest amount of VN 
was found on B-[LMW*/H]2, corresponding to the most hydrophilic 
surface (WCA ≈ 10◦, see Table 1) due to prominent hydration effect of 
LMW* and H. As the temperature increased to 37 ◦C, the amount of 
adsorbed VN on B-[LMW*/H] and B-[HMW/H] PEMs was similar to B- 
[Chi/H] PEMs, which is related to the dehydrated state of PNIPAM 
leading to less hydrophilic surfaces (Table 1), and thus promoting pro
tein adsorption [53]. Here the temperature plays a key role in protein 
adsorption as an external factor. Hydrophobic interaction is likely to 
promote protein adsorption due to the release of water from the inter
face at higher temperature causing an entropy gain [54]. Jackler et al. 
observed not only higher adsorption but also more penetration of pro
tein on/into the PEM of Si-PEI-PSS-[PAH-PSS]5 at 42 ◦C than at 22 ◦C 
using staphylococcal nuclease with a MW of 17 kDa [55]. They attrib
uted higher protein adsorption at higher temperature to the entropy gain 
by the release of counterions and the complexation between proteins 
and polymer chains. In our case, large Chi or PChi might allow the 
interpenetration of VN with a MW of about 52 kDa accompanied by the 
complexation with the polymers in the PEMs regarding higher mobility 
of molecules at higher temperature. In addition, the amount of around 
300 ng cm− 2 of VN adsorbed on TCPS was found in another study [56]. 

According to the higher amount of adsorbed VN at 37 ◦C, VN pre- 
adsorbed on PEMs at 37 ◦C was selected to determine the protein 
desorption at 4 ◦C and 37 ◦C as shown in Fig. 2C. After 24 h desorption in 

PBS, a higher amount of 6–12 ng cm− 2 of VN was released from PEMs at 
37 ◦C compared to negligible release at 4 ◦C correlated to the mobility of 
protein at different temperatures, which means that lower temperature 
stabilizes adsorption of VN. Following the extraction by NaOH at 37 ◦C 
to hydrolyze FITC-VN remained on the surfaces, higher cumulative 
amount of desorbed VN was found at 37 ◦C than at 4 ◦C. Considering 
physiological condition at 37 ◦C, it is important to know how much VN 
can be retained on the surfaces at 37 ◦C to support cell adhesion. B- 
[LMW*/H]1.5 and B-[HMW/H]1.5 released the highest amount of VN 
around 30 ng cm− 2. By contrast, only 10–15 ng cm− 2 was desorbed from 
their Hep terminal layers. Although protein adsorption and desorption 
can also be thermally controlled by PNIPAM surface, it seems that Hep 
plays a dominant role in the association with VN through the specific 
Hep-binding domain of VN [57]. It should be noted that not all the 
amount of protein could be depleted from the surface by NaOH 
regarding the specific binding affinity to Hep that also explains almost 
95 % desorbed quantity of VN from TCPS having no specific interaction 
with VN (Fig. S1B) [58]. B-[HMW/H]2 retained more VN on the surface 
compared to B-[LMW*/H]2 possibly due to higher amount of Hep 
remained in B-[HMW/H]2 to binding with VN as confirmed in the pre
vious study by washing step with physiological buffers at pH 7.4 [32]. As 
mentioned in our previous study, the binding of Hep and protein with 
Hep-binding domains requires their steric interaction [59]. However, a 
higher density of PNIPAM in B-[LMW*/H]2 PEM may cause a steric 
hindrance against change of its conformation as indicated by the AFM 
studies. This could block some binding sites of Hep that hinder its 
interaction with VN. As 250 ng cm− 2 of VN has shown to be the minimal 
surface density required for hPSC adhesion and growth, B-[HMW/H]2 is 
preferable for long-term cell culture as a bioactive surface [60]. 

3.3. Optimization of VN concentration for FGF-2 loading regarding cell 
reactions 

Both VN and FGF-2 possess a high affinity to Hep due to the presence 
of Hep-binding domains [6]. Thus, the amount of VN should be 
controlled to avoid the competition between them to bind to heparin 
that may affect the activity of immobilized FGF-2 and thus cell adhesion, 
migration, and growth. Fig. 3A illustrates simultaneous incubation of 
PEM in VN and FGF-2 solutions to immobilize FGF-2 named as iFGF-2. 
Low serum medium containing 2.5 % FBS was used for iFGF-2-loaded 
PEMs during cell culture [19]. Here incubation of 2 or 5 μg mL− 1 VN 
on B-[Chi/H]2 was studied using 3T3 cells for mitogenic activity that can 
be promoted by FGF-2. For comparison as a control, the soluble form of 
FGF-2 (sFGF-2) was added exogenously in low-serum medium to VN- 
adsorbed TCPS. The growth of 3T3 cells on the surfaces after 2 days of 
cultivation was detected with Qblue assay that measures FI for the 
metabolic activity of viable cells as shown in Fig. 3B. Stronger FI was 
observed for all VN-adsorbed surfaces compared to weaker FI for plain 
TCPS using 10 % FBS in the medium. Increasing concentration of VN 
from 2 to 5 μg mL− 1 slightly decreased FI on B-[Chi/H]2. When B-[Chi/ 
H]2 was loaded with iFGF-2, the FI was visibly higher than non-loaded 
B-[Chi/H]2, corresponding to denser population of cells observed from 
the phase contrast images in Fig. 3C, indicating promoting effect of 
iFGF-2 on cell growth. The concentration of VN did not significantly 
affect FI of cells on TCPS cultured with sFGF-2. However, slightly higher 
FI is observed for iFGF-2-loaded B-[Chi/H]2 when adsorbed with 2 μg 
mL− 1 VN than with 5 μg mL− 1 VN, implicating some competition be
tween VN and iFGF-2 binding to H. 

This study is the first report to explore the potential of VN involved in 
PEM for cell culture. Our study confirmed that the amount of VN 
adsorbed on the PEMs was around 250–275 ng cm− 2 from 5 μg mL− 1 of 
VN, similar to a study that demonstrates VN could also increase the 
expression of FGF2 receptor [34]. Although the activation of integrin is 
thought to be necessary for sustained activity of FGFR-2, an early study 
has argued that high concentration (> 5 μg mL− 1) of VN might inhibit 
cell adhesion and growth when FGF-2 was immobilized on the surface 

Fig. 2. Amount of FITC-VN adsorbed on Chi/LMW*/HMW or Hep terminated 
PEMs at (A) 20 ◦C and (B) 37 ◦C. (C) Desorption of FITC-VN pre-adsorbed on 
PEMs at 37 ◦C in PBS for 24 h at 4 ◦C (left) and 37 ◦C (right), succeeded by 2 h 
extraction in 0.2 M NaOH solution for obtaining cumulative amount of des
orbed VN. The unit of VN concentration was transferred from μg mL− 1 to ng 
cm− 2 (= 1000× 70/0.34) using the volume (70 μL) of the solution added in the 
96 well plate with the surface area of 0.34 cm− 2. 
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[6]. This study also shows 5 μg mL− 1 VN seemed to compete with iFGF-2 
to bind Hep in some but not substantial extent. Therefore, a concen
tration of 2 μg mL− 1 VN adsorbed on PEMs is more suitable for this study 
to promotes iFGF-2 activity in a matrix-bound manner that even sur
passes the effect of sFGF-2 on cell growth. 

3.4. Release of FGF-2 

After optimization of the VN concentration, the ability of FGF-2 
uptake and release in B-[Chi/H]2 and B-[HMW/H]2 was studied by 
ELISA. The calibration curve of the FGF-2 concentration at 10–1000 pg 
mL− 1 presents a logarithmic relationship to the absorbance at the 
wavelength of 405 nm in Fig. 4A. The percentage of cumulative release 
of FGF-2 from both PEMs at 37 ◦C was calculated over 7 days as shown in 
Fig. 4B. For both of PEMs, a high-level release of nearly 20 % was 
observed for the first 16 h, followed by a slower release at different rates. 
Notably, the release was faster from B-[Chi/H]2 and reached 40 % of the 
initial loaded FGF-2 (609 ng mL− 1) at day 4 compared to about 30 % 

release of initial loaded amount (707 ng mL− 1) from B-[HMW/H]2. 
From day 5 to 7, <5 % of FGF-2 was released from both the PEMs. 

It was found previously that thicker, more swollen and less cross
linked PEM can take up more FGF-2 [2,61]. Our previous study has 
shown that B-[HMW/H]2 is slightly thicker and more hydrated than B- 
[Chi/H]2 at 20 ◦C. Nevertheless, the thickness and hydration of B- 
[HMW/H]2 is supposed to be decreased based on the collapsed PNIPAM 
chains at 37 ◦C. The hydrophobic interaction between PNIPAM and FGF- 
2 might account for the higher uptake of FGF-2 in B-[HMW/H]2 [26]. 
Additionally, Hep has high affinity to FGF-2 mainly mediated by 
iduronate-2-sulfates and N-sulfate groups while marginally by carbox
ylic groups and hydroxyl groups in H through ionic interaction and 
hydrogen bonding [11]. Since the chemical crosslinking is higher for B- 
[Chi/H]2 (60 %) than B-[HMW/H]2 (40 %) according to our previous 
study [32], less free carboxylic groups and a more restricted mobility are 
reducing the capability to bind FGF-2 for B-[Chi/H]2. In contrast, a 
lower crosslinked B-[HMW/H]2 allows FGF-2 to access Hep and pene
trate inside the PEM [2]. On the other hand, Table S1 estimates that the 

Fig. 3. (A) Illustration of adsorption process of VN on PEMs accompanying (a) with or (b) without immobilization of FGF-2 (iFGF-2) for 1 h at 37 ◦C. 3T3 cells were 
seeded on the surfaces after removing FGF-2/VN solution in culture medium DMEM supplemented with 2.5 % FBS. Cells seeded on TCPS in DMEM containing 10 % 
FBS or on TCPS pre-adsorbed with VN in DMEM containing 2.5 % FBS and 10 ng mL− 1 of soluble FGF-2 (sFGF2) were compared as control. (B) The intensity of cell 
growth detected using Qblue assay and (C) the cell morphology for PEMs pre-adsorbed with 2 (b − d) or 5 (e − g) μg mL− 1 of VN and loaded with or without FGF-2 
after 2-day culture. Data represent means ± SD, n = 4, *p ≤ 0.05. 

Fig. 4. (A) Calibration curve for FGF-2 at the concentration of 10–4000 pg mL− 1 with a logarithmic relationship to the absorbance at the wavelength of 405 nm. (A1 
= − 53.64, A2 = 2.20, R2 = 0.99) (B) Percentage of cumulative release of FGF-2 from PEMs of B-[Chi/H]2 and B-[HMW/H]2 over the 7 days. Data represent means ±
SD, n = 4, *p ≤ 0.05. 
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release profiles were fit the most accordingly to Higuchi model with the 
highest correlation coefficient (R2), suggesting the release mechanism 
was governed by the diffusion of entrapped FGF-2 out of these PEM that 
is in well agreement with other studies [2,19]. The release rate of FGF-2 
is slower from B-[HMW/H]2 (2.43 ng/day) and faster from B-[Chi/H]2 
(3.27 ng/day). Principally, a higher crosslinking degree of the polymer 
network should delay the release [61]. Our findings show opposite re
sults that could be explained by the hydrophobic effect of PNIPAM at 
37 ◦C to bind FGF-2 in B-[HMW/H]2. Thus, the release of FGF-2 can be 
sustained by presence of PNIPAM in PEM. 

3.5. Cell adhesion studies 

The cell adhesion process involves focal adhesion formation where 
the networks of actin cytoskeleton is connected to ECM proteins through 
integrins that results in biochemical and mechanical signal transduction 
into the cell and consequently regulating cell spreading, migration, 
growth and differentiation [62]. In addition, FGF-2 also promotes these 
processes through the crosstalk between FGFR and integrins since they 
co-localize in the focal adhesion contacts [63]. Here, the impact of iFGF- 
2 loading on VN-adsorbed PEMs for adhesion and spreading of 3T3 cells 
after 1 day culture was studied by staining nuclei for quantification of 

cell number, vinculin for formation of focal adhesion and actin cyto
skeleton for cell spreading. Thermanox as cell culture-treated plastic 
slides was used as a positive control for cell culture in medium supple
mented with 10 % FBS. The low-serum medium containing sFGF2 for 
VN-adsorbed Thermanox was used for another comparison. In the 
absence of iFGF-2, Fig. 5A shows the lowest cell number on VN-adsorbed 
B-[Chi/H]2, while cell number was higher on B-[HMW/H]2 and both 
Thermanox surfaces. The average cell area was similar on both PEMs as 
presented in Fig. 5B. CLSM images shown in Fig. 5C visualize that the 
formation of actin cytoskeleton is observed in cells, indicating good 
attachments of cells to all the surfaces. For PEMs, a rich formation of 
focal adhesions was observed at the cell periphery where vinculin is 
located at the end of actin fibers, however, lesser actin fiber formation 
was present in cells on B-[Chi/H]2 than on B-[HMW/H]2. 

The presence of vinculin-positive focal adhesions and actin stress 
fiber formation on all VN-adsorbed surfaces indicate the ligation be
tween VN and integrins like αVβ3, which activates the intracellular 
signaling pathway and thereby regulating cell adhesion and spreading 
[52]. Confirmed by the results of VN adsorption/desorption, both B- 
[Chi/H]2 and B-[HMW/H]2 have high binding affinity to VN at 37 ◦C 
resulting in similar cell spreading. In addition, the higher cell number on 
B-[HMW/H]2 might be attributed to less wettable surface and increased 

Fig. 5. Quantification of 3T3 cell (A) number and (B) area on different VN-adsorbed PEMs loaded with or without iFGF-2 after 1-day incubation. (C) Confocal laser 
scanning microscopy images of staining of vinculin (green, 1a− 1f), phalloidin (red, 2a− 2f) and nuclei (blue, 3a− 3f) of cells. Cells seeded on Thermanox in DMEM 
containing 10 % FBS or on Thermanox pre-adsorbed with VN in DMEM containing 2.5 % FBS and 10 ng mL− 1 sFGF-2 were compared as control. Scale bar: 20 μm. 
Data represent means ± SD, n = 4, *p ≤ 0.05. 
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stiffness at 37 ◦C compared to B-[Chi/H]2. Mechanical properties of 
biomaterials such as stiffness play an important role in cell adhesion and 
spreading through mechano-sensing by integrins that regulate RhoA/ 
ROCK signaling pathway for cell adhesion and spreading [64]. Stiffer 
surfaces induce assembly of actin fiber and formation of focal adhesion, 
which is displayed by more cell adhesion and spreading on B-[HMW/ 
H]2 than on the softer surface of B-[Chi/H]2 [65]. 

Loading iFGF-2 on PEMs did not result in any significant difference in 
quantity of cell adhesion. Notably, cells became larger on B-[HMW/H]2 
comparable to fibroblasts on VN-adsorbed Thermanox in the presence of 
sFGF2, which is indicated by more pronounced actin networks at the 
leading edge of cells and reveals the formation of well-defined lamelli
podium also as a sign of cell migration [66]. This is attributed to more 
active iFGF-2 within the B-[HMW/H]2 than B-[Chi/H]2 at day 1, where 
reorganization of actin cytoskeleton can be induced by FGF-2 through 
the activation of Rho GTPases family like Rac and Cdc42 [67]. In 
addition, FGFR-2 and VN integrins αVβ3 and αVβ5 have been reported to 
regulate cooperatively through many convergent signaling pathways 
such as MAPK/ERK pathway for cell spreading [6,68]. In comparison, 
more actin fibers and vinculin distributed across the ventral cell side on 
VN-adsorbed Thermanox that links to firmly attached and less mobile 
cells even in the presence of sFGF-2, probably due to stiffer surface than 
PEMs and lower efficacy of soluble compared to immobilized FGF-2. 

3.6. Cell proliferation and migration 

The mitogenic activity of iFGF-2 loaded PEMs for the proliferation of 
3T3 cells was visualized in Fig. 6A and investigated by FI of Qblue assay 
for evaluation of metabolic activity after 2- and 4-day cultivation as 
shown in Fig. 6B. The trend of cell proliferation on day 2 roughly cor
responded to cell number counted at day 1. Likewise, B-[Chi/H]2 PEMs 

showed the lowest cell number and FI while no significant difference 
was observed between B-[HMW/H]2 PEMs and TCPS. On day 4, more 
cells were observed on all the surfaces. Remarkedly, loading iFGF-2 on 
B-[HMW/H]2 exhibited the most pronounced cell proliferation 
compared to non-loaded B-[HMW/H]2 and both B-[Chi/H]2 PEMs. It 
was surprising to observe that cell growth is slightly better on non- 
loaded B-[Chi/H]2 than iFGF-2-loaded one. Cell growth did not take 
advantage of the sFGF-2 supplemented in low-serum medium for VN- 
adsorbed TCPS in contrast to significantly more cell growth on plain 
TCPS supplemented with 10 % FBS. 

Our results show the surfaces coated with VN alone enhances cell 
proliferation due to integrin ligation, the activation of focal adhesion 
kinase and subsequent MAPK pathway [69]. In addition, the specific 
interaction of iFGF-2 with Hep in PEMs is supposed to be in a matrix- 
bound manner to stabilize and prolong the half-life of FGF-2 by forma
tion of a complex with FGFR-2 and integrin that induces intracellular 
signaling [12,19]. However, a burst release of about 35 % and 40 % of 
FGF-2 from B-[Chi/H]2 on day 2 and day 4 is related to lower amount of 
iFGF-2 bound on the PEM matrix and corresponds well to lower FI and 
hence proliferative effect on cells. By contrast, more iFGF-2 preserved on 
B-[HMW/H]2 exhibited an exceptional bioactivity promoting cell pro
liferation. On the other hand, due to degradation of sFGF-2, cell prolif
eration was inhibited by insufficient amount of sFGF-2 and unavailable 
crosstalk between FGFR-2 and integrin [15]. 

The migratory effect of FGF-2 on cells by activation of Rho GTPases 
family including Rac and Cdc42 is crucial for embryonic development, 
tissue regeneration and wound healing [19,67]. Here, migration of 3T3 
cells was further studied on PEMs by addition of mitomycin C to inhibit 
cell outgrowth that interferes the estimation on position of migration of 
a cell layer. Fig. 6C presents the overall large expansion of cell layers 
about 10.5–11.5 mm on all substrates compared to TCPS with migration 

Fig. 6. (A) Phase contrast images of cell morphology 
and (B) metabolic activity evaluated by Qblue assay to 
determine the proliferation of 3T3 cells on the 
different surfaces after 2- and 4- day cultivation. Data 
represent means ± SD, n = 6, *p ≤ 0.05. Scale bar: 
100 μm. Length of 3T3 cell migration on (C) VN- 
adsorbed PEMs loaded with or without iFGF-2 on 
day 2 and loaded with FGF-2 on day 4 in 2.5 % FBS 
medium containing 5 μg mL− 1 mitomycin C. Migra
tion fence was inserted for TCPS over the culture 
period to be used as control in 10 % FBS medium. (D) 
Photographs of cells stained with 10 % Giemsa on VN- 
adsorbed PEMs loaded with iFGF-2 on day 4. Scale 
bar: 1000 μm. Data represents means ± SD, n = 4, *p 
≤ 0.05.   
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fence at day 2. A slightly larger cell expansion can be observed on iFGF- 
2-loaded PEMs with 1 mm more diameter compared to unloaded PEMs. 
Considering the presentation of FGF-2 activity, cells were continuing 
cultured on iFGF-2-loaded PEMs until day 4. The migration of the cell 
layer was significantly promoted to about a diameter of 14 mm on B- 
[HMW/H]2 as shown in Fig. 6C and D. However, iFGF-2 did not show 
obvious effect on B-[Chi/H]2 where diameter of the cell layer was only 
around 12 mm. 

The synergistic effect of FGFR-2 and ligation of integrins to VN 
regulates cell migration via activation of MAPK/ERK activity [6]. The 
sign of migratory activity of iFGF-2 in the cell adhesion study after 1 day 
culture has been observed for B-[HMW/H]2. Cell migration stood out on 
B-[HMW/H]2 regarding the formation of lamellipodium at the leading 
edge and disassembly of focal adhesion at cell rear (Fig. 5C). Myosin- 
generated forces transmitted by focal adhesions from actin cytoskel
eton to ECM induce a tracking force to pull cell forward [70]. The 
disassembly of focal adhesion regulated by the inactivation of vinculin 
and depolymerization of actin filament are evident by weak signal of 
vinculin and actin at the cell rear [70,71]. During cell migration, pro
teolysis and remodeling of ECM is required mainly by proteinases like 
urokinase-type plasminogen activator that can be activated by stimu
lation of FGF-2 and regulated by VN [3,56]. The presentation of iFGF-2 
was better sustained on the surface of B-[HMW/H]2 leading to superior 
cell migration over the course of 4 days. It seems that the migration was 
limited on B-[Chi/H]2 probably due to fast release of iFGF-2. Taking all 
the results together, PEM comprised of bioactive H and HMW efficiently 
promotes not only cell proliferation but also cell migration in the pres
ence of matrix-bound FGF-2. Both processes are important in wound 
healing, but also neovascularization and show the versatility of the 
combination of these PEs with FGF-2 and VN. 

4. Conclusion 

This study demonstrates a cost-effective and facile LbL technique for 
coating biomaterials and tissue culture ware allowing the establishment 
of synergistic bioactive effects of adhesive proteins like VN and growth 
factors such as FGF-2 to direct cell behaviors when bound to multilayers 
made of thermoresponsive PNIPAM-grafted-chitosan and bioactive 
heparin. In particular, using high molecular weight of PNIPAM grafted 
on chitosan as polycation combined with polyanion heparin allows PEM 
formation and modification with thermoresponsiveness. Heparin plays 
an important role in retention of adsorbed VN layer and binding of FGF- 
2 while dehydrated PNIPAM chains at 37 ◦C enhances the stabilization 
of VN and FGF-2 in the PEM to promote cell adhesion, proliferation, and 
migration in a long-term culture of fibroblasts in this study but also 
potentially for other type of cells like hPSC. Such surface coatings might 
be interesting for application in culture and programming stem cells in 
vitro but also in applications related to wound healing when growth and 
migration of cells like endothelial cells, fibroblasts and keratinocytes is 
required for tissue regeneration. 
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mechanical properties of bioreducible multilayer films for improved cell adhesion 
and transfection activity, Biomaterials 31 (2010) 7167–7174, https://doi.org/ 
10.1016/j.biomaterials.2010.06.002. 

[66] S. Tojkander, G. Gateva, P. Lappalainen, Actin stress fibers–assembly, dynamics 
and biological roles, J. Cell Sci. 125 (2012) 1855–1864, https://doi.org/10.1242/ 
jcs.098087. 

[67] J.G. Lee, E.P. Kay, Cross-talk among Rho GTPases acting downstream of PI 3-kinase 
induces mesenchymal transformation of corneal endothelial cells mediated by FGF- 
2, Invest. Ophthalmol. Vis. Sci. 47 (2006) 2358–2368, https://doi.org/10.1167/ 
iovs.05-1490. 

[68] S. Klein, F.G. Giancotti, M. Presta, S.M. Albelda, C.A. Buck, D.B. Rifkin, Basic 
fibroblast growth factor modulates integrin expression in microvascular 
endothelial cells, Mol. Biol. Cell 4 (1993) 973–982, https://doi.org/10.1091/ 
mbc.4.10.973. 

[69] Y.-J. Jin, I. Park, I.-K. Hong, H.-J. Byun, J. Choi, Y.-M. Kim, H. Lee, Fibronectin and 
vitronectin induce AP-1-mediated matrix metalloproteinase-9 expression through 
integrin α(5)β(1)/α(v)β(3)-dependent Akt, ERK and JNK signaling pathways in 
human umbilical vein endothelial cells, Cell. Signal. 23 (2011) 125–134, https:// 
doi.org/10.1016/j.cellsig.2010.08.012. 

[70] J.L. Bays, K.A. DeMali, Vinculin in cell-cell and cell-matrix adhesions, Cell. Mol. 
Life Sci. 74 (2017) 2999–3009, https://doi.org/10.1007/s00018-017-2511-3. 
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