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A B S T R A C T

The thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) is widely applied in the biomedical field partic-
ularly as thermoresponsive substrate for culture of cells. To be used as a stimuli-responsive coating for cell culture,
combining PNIPAM with glycosaminoglycans might be an effective approach to improve its bioactivity. In this
study, chitosan is grafted with PNIPAM moieties (PCHI) possessing a cloud point at 31 �C and used as a polycation
to fabricate thermoresponsive polyelectrolyte multilayers (PEM) with the bioactive polyanion chondroitin sulfate
(CS) at pH 4 by layer-by-layer technique. The in-situ investigation by surface plasmon resonance and quartz crystal
microbalance with dissipation monitoring confirms that the formation of PEMs with CS can be achieved despite
the bulky structure of PCHI at 25 �C. The stability of the PEMs is further improved at physiological pH 7.4 by
chemical crosslinking using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide. Moreover,
these PEMs exhibit de-swelling and swelling ability with different surface wettability in response to temperature,
which triggers the adsorption and desorption of adhesive protein vitronectin on the PEMs. At 37 �C, the PEMs
containing PNIPAM particularly associated with CS terminal layer supports protein adsorption and consequently
enhances cell adhesion using multipotent murine stem cells. Overall, due to improved stability, crosslinked
PNIPAM-modified biogenic multilayers are cytocompatible and hold great potential as culture substrate for
different tissue cells and application in tissue engineering.
1. Introduction

The interaction between biomaterial surfaces and biomolecules like
proteins is considered a key factor for subsequent regulation of cell
adhesion, proliferation and differentiation and thus relevant for biomed-
ical applications [1]. Surface properties of biomaterials including wetta-
bility, charge density, topography, and mechanical properties play
profound roles for these biological responses [2–6]. In recent years, func-
tionalization of biomaterials with smart polymers has become an attractive
strategy to modulate the surface properties in response to environmental
cues such as pH, temperature, light, and others [7]. Among them, poly(-
N-isopropylacrylamide) (PNIPAM) with a lower critical solution temper-
ature (LCST) around 32 �C close to physiological temperature has been
cal Materials, Institute of Pharm

lle.de (T. Groth).
regarding as the first author.

form 22 November 2022; Accept

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
applied as a thermoresponsive and biocompatible surface coating used for
the application in tissue engineering, drug delivery and protein separation
[8,9]. Below LCST, the hydrated feature is attributed to the dominance of
hydrophilic amide groups of PNIPAMwhich are protein repellent and thus
anti-cell adhesive. Above LCST, PNIPAM undergoes coil-to-globular tran-
sition dominated by its hydrophobic isopropyl groups leading to dehy-
dration of the polymer that favors protein adsorption and promotes cell
adhesion [10]. With this advantage, cell sheet engineering has become a
major application to detach complete cell sheets below LCST without using
harmful enzymatic digestion that destroy cell-cell and cell-matrix adhe-
sions [9]. Therefore, PNIPAM coated substrata have been used for culture
and temperature-based harvesting of stem cells maintaining their differ-
entiation ability for tissue regeneration [11–13].
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However, immobilization of PNIPAM on surface requires a certain
thickness to permit cell adhesion at temperatures above LCST (e.g. during
cell culture in incubators) [8]. Functionalization of surfaces with PNI-
PAM can be done by grafting-to or direct synthesis on the surfaces among
other techniques, which requires costly equipment, sophisticated chem-
ical processes to activate surfaces and use of cytotoxic chemicals (e.g.
photo initiators) [8,9]. In the last decades, layer-by-layer (LbL) technique
has been established for surface modification based on physical adsorp-
tion of polyelectrolytes (PEL) and other macromolecular entities as a
straightforward approach to precisely control the thickness of surface
coatings. Mostly film formation is driven by the electrostatic interaction
between oppositely charged PEL [14]. The physiochemical properties of
such polyelectrolyte multilayers (PEMs) can be tuned by the nature of
selected polymers and environmental conditions such as temperature, pH
and ionic strength [15].

The use of polysaccharides as PEL is typically more preferable for
biomedical application because of their high biocompatibility, biode-
gradability, and can represent or mimic components of human tissue
[15]. For example, glycosaminoglycans (GAGs) with numerous nega-
tively charged groups are polysaccharide-based components of extra-
cellular matrix (ECM) and cells. They are perfect candidates for natural
and biocompatible PELs [15]. Specially, they are highly bioactive,
interacting with ECM proteins and growth factors that play important
roles in cell adhesion, and regulation of cell growth and differentiation
[16]. Among them, chondroitin sulfate (CS) is frequently used as poly-
anion for PEM formation to make biomimetic surfaces promoting several
cell functions. For instance, the expression of adhesive proteins (e.g.
fibronectin) secreted from cells was enhanced during culture on CS
containing PEM, along with an enhanced osteogenic and chondrogenic
differentiation by controlled release of different morphogens from
CS-based PEM [17–19]. Chitosan (CHI) as further example, which is
derived from the polysaccharide chitin, is one of the mostly chosen
polycations for PEM formation due to its abundancy, biocompatibility
and antibacterial properties [20]. However, the highly hydrated char-
acteristics and fact that its charge density depends on pH is related to
lower cell adhesion when CHI as weak PEL is used for PEM formation
[21,22]. Improvement of cell adhesion and bioactivity of such PEM can
be achieved by chemical crosslinking processes [17,22].

Since PNIPAM is uncharged, a conjugation of PNIPAM with PELs is
required for deposition on the surface through LbL processes. The
inherent thermoresponsive property of PNIPAM-modified PEMs has been
used for stimuli-responsive controlled release of drugs such as EGF re-
ceptor inhibitor or anti COVID-19 drug Favipiravir [23,24]. On the other
hand, studies on the use of PNIPAM-modified PEM for tissue engineering
are rarely found. A first study on PNIPAM-modified PEM to control cell
adhesion/detachment was reported by Liao et al. [25]. They prepared
PNIPAM film by assembling PNIPAM copolymers with cationic allyl-
amine hydrochloride segment and with anionic styrene sulfonic acid
segment. The cationic moiety on the outermost surface seemed to pro-
mote FN adsorption that was secreted from cells and further cell adhe-
sion. Although there are a few studies about protein adsorption on
PNIPAM-based PEMs using ovalbumin, structure and properties of
PNIPAM-modified PEM related to protein adsorption and cell behavior
remain still to be further elucidated [26,27].

In this study, we establish a protocol to modify CHI covalently with
PNIPAM (referred as PCHI) studying its thermoresponsive properties and
applicability to serve as polycation for making thermoresponsive PEM
with CS as bioactive polyanion. The effect of the presence of bulky
PNIPAM on growth behavior, thickness, viscoelastic and surface prop-
erties of PEM are investigated with physical methods. An attempt to in-
crease stability and cell-adhesive properties of PEM under physiological
conditions is done by covalent crosslinking. In particular, crosslinking
and terminal layer composition like CHI and PCHI versus CS are sup-
posed to affect adsorption of adhesive (extracellular matrix) proteins and
adhesion of cells. Thus, these factors are analyzed towards adsorption of
the cell-adhesive protein vitronectin, as well as cytocompatibility,
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including the study of adhesion and growth of the multipotent mouse
fibroblast cell line C3H10T1/2 as a general model for culture of stem cells
that is interesting for applications in regenerative medicine.

2. Materials and methods

2.1. Materials

Chitosan (CHI, deacetylation �92.6%, Mw ¼ 40–150 kDa) was pur-
chased from HMC Heppe Medical Chitosan GmbH (Halle, Germany).
Chondroitin sulfate A (CS) from the bovine trachea (Mw ~ 25 kDa) was
provided by Sigma-Aldrich (Steinheim, Germany). Carboxylic acid-
�terminated PNIPAM (PNIPAM-COOH, Mw ¼ 10 kDa), N-hydrox-
ysuccinimide (NHS), polyethylene imine (PEI, Mw ~ 750 kDa) and
fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich
(Steinheim, Germany). Tetrahydrofuran (THF) and n-hexane were pro-
vided by Th. Geyer GmbH& Co. KG (Renningen, Germany). 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) were obtained from Thermo
Fisher (Kandel) GmbH (Karlsruhe, Germany). Recombinant human
vitronectin (VN) was from PeproTech, Inc. (Hamburg, Germany).

2.2. Synthesis of thermoresponsive PNIPAM-grafted-CHI

PNIPAM-grafted-CHI (PCHI) synthesis has been described in more
detail elsewhere [28–30]. Briefly, a weight ratio of 1:3 of chitosan and
PNIPAM-COOH were separately dissolved in 2% acetic acid. The
PNIPAM-COOH aqueous solution was activated by EDC and NHS for 1 h
at 25 �C andmixed with the chitosan solution afterwards. The molar ratio
based on the repeating unit of chitosan/EDC/NHS molar was 1: 3: 1.5.
The mixture was left to react and stirred overnight at 25 �C. After the
reaction, precipitation of the product was obtained in a THF/hexane
solution (4:1) for 2 times. Finally, the precipitant was purified by dialysis
using a membrane with molecular weight cut off (MWCO): 12–14 kDa
against Milli-Q water followed by lyophilization with a freeze dryer
(ALPHA 1–2 LDplus, Christ, Osterode am Harz, Germany).

The zeta potential measurements were done by laser Doppler veloc-
imetry using a Zetasizer Nano ZS ZEN3600 (Malvern Instruments Ltd.,
UK) and a clear disposable folded capillary cell (DTS1060, Malvern In-
struments). Since high concentration of salt can cause degradation of the
electrodes and inaccurate measurement, CS, CHI, and PNIPAM-CHI were
prepared at low concentration of 0.5 mg mL�1 in 20 mMNaCl solution at
pH 4. Three measurements of 20 cycles were performed under the
Smoluchowski approximation with a voltage of 50 V at 25 �C (Zetasizer
software 7.12) [31]. The viscosity of 0.8872 mPa s, dielectric constant of
78.5 F/m and refractive index of 1.33 were assumed.

Dynamic light scattering (DLS) was performed with a Zetasizer Nano
ZS ZEN3600 (Zetasizer Nano ZS, Malvern Instruments Ltd., UK) using a 5
mW laser with the incident beam of 633 nm (He�Ne laser). To align the
conditions of further multilayer process, PCHI was prepared at a con-
centration of 1 mg mL�1 in 150 mM NaCl solution, pH 4. The hydrody-
namic diameter and polydispersity index (PDI) of PCHI were determined
in the temperature range of 20–38 �C. Each measurement with 15 runs
was done in triplicate and the average was calculated for plotting the
results.

2.3. Cleaning of substrates

Silicon wafers (Silicon materials, Kaufering, Germany) and round
glass cover slips (Ø 12 mm, Menzel, Braunschweig, Germany) were
cleaned using a solution of 35% H2O2, 25% NH4OH, and Milli-Q water
(1:1:5, v/v/v) at 80 �C for 15 min. Thereafter, the samples were rinsed
repetitively with Milli-Q water (6 � 5 min) and dried with a nitrogen
stream. The gold-coated glass sensors (10� 10 mm2) for surface plasmon
resonance (SPR) (IBIS Technologies B.V., Enschede, The Netherlands)
and quartz chips (Au/Ti, 10 MHz) for quartz crystal microbalance with
dissipation monitoring (QCM-D) (qCell T, 3t Analytik, Tuttlingen,



Fig. 1. (a) Molecular units of polymers used in the polyelectrolyte multilayer (PEM) buildup: chondroitin sulfate (CS) as polyanion, chitosan (CHI) and PNIPAM-
grafted-chitosan (PCHI) as polycations. (b) Schematic representation for preparation of PCHI�PEM using the layer-by-layer (LbL) technique. The substrate was coated
with positively charged polyethylene imine (PEI) as an anchoring layer followed by subsequent CS and CHI adsorption. CHI was replaced by PCHI from 7th layer. (c)
Crosslinking of the PEM using EDC/NHS to form amide bonds between CHI or PCHI and CS.
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Germany) were gently cleaned with 99% ethanol and Milli-Q water fol-
lowed by drying with nitrogen.
2.4. Preparation of multilayers with layer-by-layer technique

The PEMs were fabricated on silicon wafers, gold-coated glass sen-
sors, polystyrene well plates, or glass cover slips for SPR, QCM, ellips-
ometry, water contact angle and biological experiments. The used PELs
and assembly procedure of PEM are illustrated in Fig. 1a and b. All PELs
were dissolved in 150mMNaCl solution at a concentration of 1mgmL�1.
CHI was solubilized in 150 mM NaCl solution containing 0.05 M acetic
acid at 50 �C for 3 h and stirred overnight. The pH of all polyelectrolyte
solutions was set at pH 4. All solutions were filtered through a 0.2 μm
pore size membrane (Whatman). Considering mobility of PNIPAM chain
is restricted inside PEM in response to temperature [32,33], here PCHI
was only deposited at the outermost region of the entire PEM. An initial
anchoring layer of PEI was deposited on the substrate to obtain a posi-
tively charged surface which enables strong bonding of PEM to the
different substrates. By alternating adsorption of CS as polyanion and CHI
as polycation, the basal PEM were built up to 6 total layers. For the
PCHI�PEMs, CHI was replaced by PCHI from 7th layer for following
deposition step until reaching total number of 9 or 10 layers, where
either PCHI or CS was the final layer of PCHI�PEM, respectively. The
CHI�PEM system only composed of CHI and CS was referred as com-
parisons. PEMs with different compositions were named as B-[X/CS]1.5
(X-terminated layer) and B-[X/CS]2 (CS-terminated layer). ‘B’ refers to
basal layers from 1–6 layers and ‘X’ is CHI or PCHI.

After PEM formation, the crosslinking was performed with 50 mg
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mL�1 EDC and 11 mg mL�1 NHS in 150 mM NaCl solution at pH 5
(Fig. 1c) according to the protocol described previously [4,22]. PEMs
were immersed in the crosslinking solutions and incubated at 4 �C for 18
h with gentle shaking. Afterwards, the crosslinking reaction was stopped
by washing the samples 3 times with 0.15 M NaCl, pH 8 for each 1h to
remove unreacted EDC/NHS.
2.5. Measurement of multilayer growth

The layer growth and PEM formation were studied at 25 �C using
surface plasmon resonance (SPR, IBIS Technologies B.V., Enschede, The
Netherlands) and quartz crystal microbalance with dissipation moni-
toring (QCM-D, qCell T, 3t Analytik, Tuttlingen, Germany). In SPR
measurement, a shift in the angle (m�) is observed upon the binding of
molecules at the gold–liquid interface of the gold coating sensor due to
the change of refractive index [34]. The cleaned gold senor was fixed in
the flow chamber and mounted in the SPR device. To begin the mea-
surement, PEI was first introduced to the flow cell and followed by a
rinsing step with alternating injection of CS, CHI and PCHI to achieve 10
layers. Each adsorption step of 1 mg mL�1 polyelectrolyte solution at pH
4 was 15 min and the rinsing steps using 150 mM NaCl, pH 4 to remove
unbound polyelectrolyte was 3 � 4 min. The mean angle shift (m�) was
calculated from 10 values after rinsing obtained from IBIS SPR software
2.1.21 for plotting the graph of layer growth.

QCM-D technique was performed to quantify the adsorbed ‘acoustic’
mass including solvent that is associated with the PEM as well as the
damping shift caused by the PEM on the sensor. A piezoelectric AT-cut
gold-coated quartz sensor can be excited to resonance by applying an
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alternative voltage. The resonance frequency of an oscillating quartz
crystal is correlated to the mass of the crystal and thus any mass change
from adsorbed or desorbedmass leads to a frequency shift. The Sauerbrey
model states a linear relationship between the changes in frequency and
mass estimated for a thin, rigid and evenly distributed film when there is
no change in dissipation [35]. However, when a polysaccharide-based
film with high water content is deposited on the surface, the oscillation
of resonator is damped by the adsorbed layer. The Kelvin�Voigt model
explains the frequency and energy dissipation changes (ΔF and ΔD)
related to film viscoelastic properties and thickness [36]:
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where ω ¼ 2πf is the angular frequency of oscillation, dq and ρq are the
thickness and density of the quartz crystal resonator. η0 and ρ0 are bulk
viscosity and density. While dq and ρq are known parameters in the QCM-
D device and used in the software, df, ρf, ηf, and μf are the thickness,
density, viscosity, and shear modulus of absorbed film. The viscoelastic
thickness of the film can be calculated by fitting the changes of Δf and ΔD
in the software. (qGraph Viewer 1.8). The liquid viscosity and density
were assumed to be close to water with parameter values of 0.89 Pa s and
0.997 g cm�3. The film density was fixed at 1.05 g cm�3 based on pre-
vious QCM studies on PEM made of polysaccharides [37].

To perform the LbL film build-up, the cleaned quartz gold sensor was
placed in the QCM measuring device. A continuous flow at 60 μL min�1

was used for all polyelectrolyte deposition with a concentration of 1 mg
mL�1 in 150 mM NaCl, pH 4 to reach equilibrium state for 15 min.
Rinsing steps using 150 mM NaCl solution at pH 4 were done for 12 min
after each layer deposition. The Voigt thickness was automatically
calculated from qGraph Viewer 1.8 software based on F and D shifts.
2.6. Effect of temperature on multilayer mass measured by QCM-D

Frequency shifts of the sensor coated with PEM dependent on tem-
perature were monitored using the QCM-D device equipped with a
heating chamber. The PEM-coated sensor was mounted in the device and
equilibrated with 150 Mm NaCl solution at pH 4 or 7.4 at 20 �C with a
flow rate ¼ 60 μL min�1 for 10 min. Subsequently, the heating process
was started in the device for 1 h. After the temperature reached 40 �C, the
cooling process ran for another 1 h to reach 20 �C. The heating-cooling
cycle was carried out with 0.33 �C min�1 steps.
2.7. Multilayer thickness and hydration degree

The dry thickness of uncrosslinked and crosslinked multilayers was
measured by spectroscopic ellipsometry (M � 2000V, J.A. Woollam Co.,
Lincoln, NE, USA) in the wavelength range of 375–1000 nm at 25 �C. The
spectroscopic scan was at the range of angles from 51

�
to 60

�
. A cleaned Si

wafer coated with SiO2 layer was used as the reference. In addition, the
layer thickness was used to examine the stability of PEMs by rinsing with
phosphate buffered saline (PBS, pH 7.4, Biochrom AG, Germany) fol-
lowed by Dulbecco's modified Eagle's medium (DMEM, pH 7.4, HiMedia
Laboratories Pvt. Ltd., Germany) and dried with a nitrogen stream. The
measurements were done two times on different locations of each PEM
surface with duplicate measurements. The thickness was obtained using
the WVASE32 software applying Cauchy model [38]. In addition, the
hydration degree was calculated by dry thickness and viscoelastic
thickness from ellipsometry and Voigt model using equation (3):
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Hydration % ¼ Thickness ðVoigt � EllipsometryÞ
Thickness ðVoigtÞ (3)
2.8. Surface wettability of multilayers

Static water contact angle measurement for studying surface wetta-
bility of the terminal layers was carried out by OCA 15þ system (Data-
physics GmbH, Filderstadt, Germany) with a heating element. The sessile
drop method was performed on the multilayer surfaces first at 20 �C and
then at 37 �C. The volume of 1 μL Milli-Q water was dispensed on the
surface with a flow rate of 0.5 μL s�1. Ellipse fitting was chosen as the
preferred fitting method to calculate the water contact angles (WCA).
Each sample was measured at least 10 times at different positions to
calculate average value and standard deviation.
2.9. Biological investigations

2.9.1. Protein adsorption and desorption
Fluorometry (FLUOstar Optima, BMG LabTech., Offenburg, Ger-

many) was used to quantify protein adsorption and desorption. FITC-
labeled VN (FITC-VN) was prepared according to the protocol for pro-
tein labelling (Sigma-Aldrich) as shown in supporting information.
Crosslinked PEMs were prepared in black 96-well tissue culture plates
(Greiner). The PEM were coated with 70 μL of 5 μg mL�1 FITC-VN and
incubated at either 25 �C or 37 �C for 1 h. Thereafter, the supernatant of
each well was transferred to a new black 96-well plate. The fluorescence
intensity of the supernatant was measured to determine the concentra-
tion of remaining FITC-VN at an excitation wavelength of 488 nm and an
emission wavelength of 530 nm. The fluorescence intensities of known
concentrations (0.005, 0.05, 0.1, 0.5 and 5 μg mL�1) of FITC-VN were
measured to generate a calibration curve for calculation of the amount of
adsorbed VN on the surface (indirect estimation).

After removal of FITC-VN supernatants, the PEMs were rinsed with
70 μL PBS (at 4 or 37 �C, pH 7.4) 3 times to remove excess of protein
solution. Desorption of VN was conducted by applying 70 μL PBS to the
samples which were incubated at 4 �C or 37 �C for 24 h, followed by
incubation with 70 μL of 200mMNaOH at 37 �C for another 2 h. The PBS
and NaOH supernatants were collected and the fluorescence intensity
measured to determine the amount of desorbed FITC-VN.

2.9.2. Cell culture
C3H10T1/2 embryonic fibroblasts (Clone 8) were purchased from

ATCC (CCL-226, LGC Standards GmbH Wesel, Germany) and cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS, Biochrom
AG, Berlin, Germany) and 1% (v/v) antibiotic solution (penicillin/
streptomycin, Biochrom AG, Berlin, Germany) at 37 �C in a humidified
5% CO2/95% air atmosphere using a NUAIRE DH Autoflow incubator
(Plymouth, Minnesota, USA). Prior to confluence, cells were harvested
from the flask using 0.25% trypsin/0.02% EDTA (Biochrom AG, Berlin,
Germany) solution for 5 min at 37 �C. The trypsin was neutralized with
DMEM containing 10% FBS þ1% Pen/strep. After centrifugation of the
cell suspension for 5 min at 500 g, the supernatant was aspirated, and the
cell pellet was resuspended in DMEM with 10% FBS þ1% Pen/strep.
Cells were counted manually using a Neubauer chamber.

2.9.3. Cell viability, adhesion, and growth
The crosslinked PEMs prepared in 24 well tissue culture polystyrenes

(TCPS, Greiner, Frickenhausen, Germany) were sterilized by ultraviolet
light at 254 nm for 30 min and rinsed twice with sterile PBS. Afterwards,
the modified substrates were pre-incubated with DMEM containing 1%
Pen/strep at 37 �C for 1 h to deactivate any unreacted EDC/NHS after
PEM crosslinking. Then, C3H10T1/2 cells were seeded on PEMs at a cell
density of 104 cells per well in serum-containing DMEM (10% FBSþ1%
Pen/strep) and incubated at 37 �C/5% CO2/95% air atmosphere.

Cell viability was determined after 24h cultivation by using a



Table 1
Zeta potentials of PEL and degree of substitution (DS) of PNIPAM-grafted-CHI.

Sample Chitosan:
PNIPAM [a]

DSPNIPAM Zeta potential
(mV) [b]

PNIPAM-grafted-chitosan
(PCHI)

1:3 0.03 30.7 � 0.5

Chitosan (CHI) 33.8 � 0.6
Chondroitin sulfate (CS) �20.1 � 1.8

a Weight ratio of chitosan and PNIPAM during synthesis.
b Measured at 0.5 mg mL�1 of PEL, at pH 4 in 20 mM NaCl.
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fluorescence-based Live/Dead assay with calcein AM and EthD-III (Bio-
tium, Hayward, CA). The cells were rinsed once briefly in Dulbecco's
phosphate-buffered saline (DPBS) containing 1 g L�1 glucose. The
staining solution containing 2 μM calcein AM (green) and 4 μM EthD-III
(red) was added into each well and incubated in the dark for 30 min at
37 �C. Subsequently, the PEM samples were washed with DPBS (Lonza
Group Ltd, Bornem, Belgium) containing 1 g L�1 glucose twice and
analyzed through a set of an Ar 488 nm laser and He–Ne 543 nm laser
using confocal laser scanning microscopy (Carl Zeiss Micro-Imaging
GmbH, Jena, Germany) at 37 �C and 5% CO2. Cell photographs were
taken with 10� objectives. Images were processed with the ZEN software
(Carl Zeiss). The quantification of cell number, area and aspect ratio were
calculated from five images per sample using software Image J.

2.10. Statistical analysis

All statistical analysis was performed with Origin 2019 software.
Mean, standard deviation, and analysis of significance were calculated
through a one-way ANOVA followed by posthoc Tukey's test (indicated as
*). A value of p < 0.05 was considered as significantly different.
Furthermore, box-whisker diagrams are shown where appropriate. The
Fig. 2. Dynamic light scattering analysis of PNIPAM-grafted-CHI at a concentration o
from 20 to 39 �C. (a) Hydrodynamic diameter (red line) and PDI (blue line). (b) Size

Fig. 3. Layer growth of B-[CHI/CS]2 and B-[PCHI/CS]2 PEMs measured from (a) a
damping shift ΔD by QCM-Dmeasurements as a function of layer number. B-[CHI/CS]
For odd numbers, the 3rd and 5th ¼ CHI while 7th and 9th ¼ PCHI.] n ¼ 20, mean
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box indicates the 25th and 75th percentiles, the median (dash), and the
mean value (black square), respectively.

3. Results and discussion

3.1. Synthesis and thermoresponsive properties of PNIPAM-grafted-
chitosan (PCHI)

To obtain thermoresponsive PCHI, PNIPAM-COOHwas conjugated to
chitosan as presented in Fig. S1a PCHI with the degree of substitution
(DS) of 0.03 obtained when a ratio of CHI/PNIPAM-COOH of 1:3 (w/w)
was applied as listed in Table 1. Based on 1H NMR spectrum, the calcu-
lation of DS of PCHI is described in the supplementary data (Fig. S1b). A
further increase of DS of CHI was not possible by increasing PNIPAM
concentration, reaction time and temperature despite some findings of
other groups. We assume that steric hindrance by the bulky PNIPAM
molecule and CHI conformation reduces the number of amino groups
along the CHI polymer accessible for grafting-to. Because the PEM for-
mation depends on ion pairing between the oppositely charged PELs, the
charge density of PELs affects the multilayer formation, as well as the
structure and physiochemical characteristics of PEMs [14]. Zeta potential
reflects the types of ionic species and the number of charges [39]. As
shown in Table 1, CHI has a positive zeta potential value of 33.8 � 0.6
mV, while the zeta potential of PCHI is slightly lower with 30.7� 0.5mV.
The decrease in potential for PCHI is due to the modification of a part of
the primary amino groups of CHI with uncharged PNIPAM. In contrast,
the zeta potential of the strong polyanion CS is�20.1� 1.8mV (Table 1).
Overall, even though the zeta potential is slightly reduced for PCHI, it
may be possible to be used as a polycation for PEM formation with CS.

DLS technique is a representative method to analyze the hydrody-
namic diameter and polydispersity index (PDI) of thermoresponsive
polymers [40–43], here the temperature effect on PCHI was investigated
f 1 mg mL�1, pH 4 in 150 mM NaCl aqueous solution in the temperature range
distribution and status of solution below (transparent) and above (opaque) TCP.

ngle shifts by surface plasmon resonance, and (b) frequency shift –ΔF and (c)
2 composed of CS and CHI as a reference. [1–10; 1 ¼ PEI, all even numbers ¼ CS.
s � SD.



Table 2
Comparison of dry thickness (from ellipsometry) and hydrodynamic thickness (from Voigt model) of PEMs. The hydration degree was obtained according to equation
(3).

Thickness (nm) CHI/PCHI�terminated CS�terminated

Ellipsometry Voigt Hydration Ellipsometry Voigt Hydration

B-[CHI/CS] 14.8 � 0.6 17.8 � 0.3 16.9% 18.8 � 1.2 19.8 � 0.8 10.1%
B-[PCHI/CS] 16.4 � 1.1 22.9 � 3.9 28.4% 17.9 � 0.4 24.0 � 1.3 25.4%
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as shown in Fig. 2a. According to recent studies [44], the cloud point
temperature (TCP) stands for the phase transition temperature at a spe-
cific concentration, whereas the LCST is the lowest temperature in the
phase diagram with the full composition range. Therefore, the TCP of
PCHI prepared at a concentration of 1 mg mL�1, pH 4 in 150 mM NaCl
can be determined by the midpoint of the increasing hydrodynamic
diameter [20].

Starting from 20 �C, the size of PCHI dramatically changed from the
average 40–1200 nm when heating across TCP, which was confirmed at
31 �C. In addition, PDI of PCHI was close to 1.0 at lower temperature,
while the value decreased to below 0.2 above TCP. PDI measured by DLS
represents the size distribution corresponding to Fig. 1b [45]. At low
Fig. 4. Temperature dependence of frequency shift in the range of 20–40 �C for (a) B
7.4. The term m refers to the slope of frequency shift during the temperature swap pr
(c) Illustration represents the conformational change of the outmost layer at pH 7.4
temperature cycle.
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temperature, the hydrogen bonds between the hydrophilic group and
water make PCHI soluble in the aqueous solution (transparent in Fig. 2b)
[40]. The random coil-like conformation of PNIPAM chains leads to a
broad size distribution and high PDI below TCP [46]. It should be noted
that PCHI is more extended at acidic condition because the protonation
of amino groups causes intrachain charge repulsion. When heating over
the TCP, PNIPAM chain collapses from water-swollen coils to uniform
aggregates, which consists of the hydrophobic core of PNIPAM and hy-
drophilic corona of CHI [40,43]. As a result, the distribution of the size
became narrow with low value of PDI. Moreover, the inter-chain inter-
action of hydrophobic groups turns PCHI to aggregate in solution, which
causes the light scattering effect (opaque appearance in Fig. 2b).
-[CHI/CS]2 and (b) B-[PCHI/CS]2 PEM rinsing with 150 mM NaCl buffer at pH
ocess. The red and blue lines indicate heating and cooling process, respectively.
related to hydrogen bond binding to PNIPAM from 7th to 10th layers during



Fig. 5. Dry thickness of (a) uncrosslinked and (b) crosslinked of PEMs measured by ellipsometry after layer formation (deep pink), rinsing with PBS (pink) and with
DMEM (light pink). B-[X/CS]1.5 represented PEM with terminal layer X ¼ CHI or PCHI, while B-[X/CS]2 referred to PEM with terminal layer CS. Data represent mean
� SD, n ¼ 4; *p � 0.05, **p � 0.01 and ***p � 0.001.
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3.2. Multilayer formation

The layer growth of B-[CHI/CS]2 and B-[PCHI/CS]2 was monitored
by the optical SPR method. Every layer deposition increased the angle
shift corresponding to an increase in the adsorbed mass [47]. Fig. 3a
shows an exponential growth behavior for both PEMs, which exhibited
similar trends for the initial 6 basal layers based on the same type of PELs
corresponding also to findings of other groups studying PEM formation
from polysaccharides [48]. Starting from the 7th layer, the angle shift for
B-[PCHI/CS] increased stronger for the following layers leading to 500�

more than for B-[CHI/CS] at the end of complete PEM formation. Fig. S2a
elaborates the normalized angle shift where the PCHI functional layer
was added to compare the differences in both multilayers. A larger angle
shift was detected after deposition of PCHI on the 7th layer, which caused
an approximately doubled increased value compared to deposition of
CHI owing to the higher molecular weight of PCHI similar to findings in
other studies [30,49].

Different to SPR excluding solvent mass, QCM-D measurement was
employed to determine the whole PEM including the ’wet mass’with the
coupled water. According to Voigt equation (eqation1), the mass change
is proportional to the negative frequency shift –ΔF, reflecting the matter
adsorbed on the surface of gold sensor. QCM-D provided similar results to
SPR in terms of the adsorbed layer after the addition of PCHI as shown in
Fig. 3b and Fig. S2b. More frequency change was detected for B-[PCHI/
CS]2 PEM, implicating larger quantity of adsorbed PELs plus intrinsic
water than for B-[CHI/CS]2 PEM, which is comparable to findings of SPR
studies when water is not involved.

The damping shift measured by QCM-D was monitored to evaluate
the mechanical properties of PEMs on the sensor surface after each
adsorption step (Fig. 3c). The presence of damping shift ΔD indicated that
the absorbed PEM has viscoelastic properties with higher values associ-
ated to a softer film, whereas a dissipation is not seen in rigid films [48].
There was an increase in ΔD upon addition of the CS and CHI for the basal
layer due to the existence of amino groups, sulfate groups, carboxyl
groups, and hydroxyl groups to couple with more water and remained
stable to the 6th layers, which seems to form intermingling layers.
Strikingly, the measured ΔD increased sharply after PCHI adsorption
from the 7th layer compared to CHI adsorption but decreased for the next
CS deposition followed by similar trends for both PEMs until the process
was completed. Our recent study on PCHI-containing multilayers using
heparin as polyanion demonstrated that PNIPAM chains extended at 25
�C coupled more water molecules leading to the remarked swelling of the
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PEM and increased ΔD [30]. It has been suggested in previous studies that
the added PEL with smaller molecular weight displace small counter ions
and water molecules to ionically pair with the prior adsorbed PEL,
resulting in denser and more rigid multilayers [18,50]. The hydrogen
bonds between PCHI and water were interrupted by following CS
deposition bringing out a drop in dissipation values and de-swelling of
the film [30]. Overall, despite potential steric hindrance effect of bulky
PNIPAM as side chains on and the slightly reduced charge density of CHI,
PCHI permits formation of PEM with CS.

Dry thickness could not be calculated with the results of SPR mea-
surement due to unknown changes of refractive index during layer
deposition. Hence, in order to know the effect of PNIPAM on water
content of PEM, the hydration degree of the terminal CHI/PCHI and CS
layers was calculated by comparison of the dry and hydrodynamic
thickness obtained from ellipsometry and QCM-D, respectively (Table 2).
In general, multilayers composed of polysaccharides or GAGs are soft and
hydrated attributed to the presence of hydrophilic functional groups [51,
52]. Here Voigt model was applied to estimate the viscoelastic thickness
of the PEMs. Indeed, the hydrodynamic thickness is larger than the dry
thickness particularly around 7 nm more in B-[PCHI/CS] PEM, which
shows the remarkable hydration degree of 25–28% compared to less than
20% in B-[CHI/CS] PEM.When applying the following CS layer, it caused
dehydration in both PEM that is in line with the decreasing dampening
shifts. Although the stretched conformation of PNIPAM coupled with
more water below LCST seems to reduce the extent of dehydration in
CS-terminated PEM, lesser ion pairing due to occupation of a part of
amino groups in CHI should also be considered as a reason.

3.3. Temperature-dependent change of PEM mass

To study if conformational changes of PNIPAM bound to CHI during
changes of temperature are related to swelling and shrinking of PEM,
studies with QCM-D were carried out. Because the PEMs will be further
studied in cell experiments, the measurements were carried out with
NaCl solution at physiological pH 7.4 in the temperature range of 20–40
�C. Fig. 4a and b depict the temperature effect on the B-[CHI/CS]2 and B-
[PCHI/CS]2 PEMs at pH 7.4. During the heating process, �ΔF decreased
with the increasing temperature in both cases, indicating that the mass of
the multilayer decreased on the resonator surface. Oppositely, �ΔF
increased upon cooling process. It should be noted that the changes in
viscosity and density of the running buffer with rising temperature
contribute to the decrease in –ΔF [53]. Thus, NaCl buffer at 7.4 were



Fig. 6. Static water contact angle measurements of (a) uncrosslinked and (b) crosslinked PEMs with CHI/PCHI or CS terminal layer at 20 �C (blue bar) and 37 �C (red
bar). Data represent mean � SD, n ¼ 5; *p � 0.05.
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applied to the bare gold sensor and ensured no substantial differences in
�ΔF during temperature swaps in supporting information Fig. S3. It can
be also assumed that no change in PEM mass adsorbed on the surface
occurred during the experiment. Hence, the variation in the amount of
water molecules present in the PEM must account for the change in ΔF
[54]. Interestingly, when NaCl solution was flushed into the dry sensors
to achieve a wet state at 20 �C in the beginning, higher �ΔF in
B-[PCHI/CS]2 PEM (200 Hz more) than B-[CHI/CS]2 indicates higher
water uptake due to the presence of PNIPAM. Another important
observation is that the slope (m) of �ΔF was �39.2 below 31 �C and
decreased to�20.8 above this temperature for B-[PCHI/CS]2 PEM during
heating cycle, while B-[CHI/CS]2 PEM showed a constant slope of �27.1
in �ΔF. The reason for the significantly steeper slope of B-[PCHI/CS]2
PEM is that the water could be released during the heating process as
PNIPAM gradually collapsed and underwent the coil-globular transition
at 31 �C leading to the dehydration of the film. The slope became flatter
above 31 �C because low quantity of water diffused out from PNIPAM
film [54].

It was observed that both PEM systems showed two different paths
during the cooling and heating cycles meaning a hysteresis effect. Upon
heating, interdigitation between adjacent layers becomes stronger
restricting the mobility of the polymer chains [33]. In other words,
polymer layers undergo a rearrangement leading to the irreversible
swelling after cooling [27,53]. In addition, hysteresis behavior is more
obvious in B-[PCHI/CS]2 PEM. The reason could be the additional
hydrogen bonds formed between the collapsed PNIPAM chains upon
heating across the coil-to-globular transition, consequently hindering the
rehydration of the chains when cooling back to 20 �C (Fig. 4c) [55]. The
behavior at pH 4 in Fig. S4 shows less pronounced temperature-induced
change of PNIPAM in multilayer due to stronger ion pairing. Overall,
despite less mobility of PNIPAM in the multilayer, the findings demon-
strates that PEM with PCI as polycation respond to temperature.

3.4. Stability of PEMs

Since the integrity and poor cell adhesive surface of PEMs composed
of polysaccharide PELs have been often a main issue under physiological
conditions, covalent cross-linking was introduced between carboxylic
groups of CS and amino groups of CHI or PCHI [22,30,56]. Fig. 5 depicts
the measured dry thicknesses of PEMs by ellipsometry after PEM for-
mation at pH 4 followed by rinsing with PBS and cell culture medium
DMEM under physiological conditions. The overall average thickness of
uncrosslinked PEMs was around 14.7–18.8 nm depending on the
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terminal layer (Fig. 5a). After rinsing the PEMs with the two media at pH
7.4, the overall thickness was reduced to half probably due to the
deprotonation of the amino groups of CHI (pKa � 6.5) at pH 7.4 and the
different ion content of medium (phosphate and other anions) resulted in
a partial decomposition of PEMs [22]. On the other hand, crosslinked
PEMs show a lower thickness about 13.9–14.5 nm (Fig. 5b). The thick-
ness reductions after crosslinking indicates the formation of more
compact PEM which have been also observed in other PEMs based on
polysaccharides [22,57]. The difference of final average thickness be-
tween the crosslinked B-[CHI/CS] PEMs and B-[PCHI/CS] PEMs was not
significant. In general, the PEM thickness increased as the molecular
weight of the PEL increased due to more coiled conformation [15,57].
Nonetheless, the inclusion of the PCHI functional layer had no discern-
ible effect on the thickness of our systems probably because the mea-
surements were done under dehydrated states resulting in identical
values to B-[CHI/CS] PEMs. Moreover, only a decrease of less than 2 nm
of crosslinked PEMs after medium rinsing revealed that the formation of
amide bonds strengthened the stability of PEMs despite the lower charge
density of PCHI.

3.5. Temperature effect on surface wettability

Surface wettability is dependent on the surface composition and
represents a prominent factor for the interaction of materials with pro-
teins and cells [3,58]. Therefore, the wettability of the terminal layers
with and without crosslinking was investigated by static water contact
angle (WCA) measurement after rinsing PEM with PBS and DMEM
(Fig. 6a and b). In general, CS coating (WCA ~ 25� � 30�) is supposed to
increase the wettability of PEM different to the less wettable chitosan
(WCA ~ 90�) [59,60]. Here only slight differences in WCA between the
alternating layers indicate the intermingling of PEL corresponding to
QCM results and previous studies [17,61]. The average WCA in uncros-
slinked PEMs was about 55–61� compared to the noticeable 5� decrease
of WCA after crosslinking. This is well in line with previous studies using
carbodiimide chemistry for crosslinking multilayers composed of poly-
saccharides and related to the introduction of hydrophilic amides and
increasing roughness [62,63].

On the other hand, regarding the surface wettability which could be
affected by coil-to-globular transition of PNIPAM [64], the WCA of PEMs
was studied at 20 �C and 37 �C. At 20 �C, the values of WCA were slightly
lower for PCHI�PEMs than CHI-PEMs, owing to hydrophilic groups of
PNIPAM in extended state coupling water molecules below the TCP. At
37 �C, the values of WCA for uncrosslinked CHI�PEMs were found 5�



Fig. 7. (a) Temperature effect on vitronectin adsorption onto TCPS, and crosslinked PEMs with CHI/PCHI or CS terminal layer at 20 �C and 37 �C. n ¼ 4, mean � SD,
**p � 0.01 and ***p � 0.001. (b) Temperature effect on vitronectin desorption at 4 �C and 37 �C from PEMs pre-adsorbed with vitronectin at 37 �C in PBS, followed by
extraction in 200 mM NaOH for calculation of the cumulative amount of vitronectin.
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lower than 20 �C. Although the same trend was also observed for
uncrosslinked PCHI�PEMs, the change was rather limited (<5�). In
comparison, the WCA for crosslinked CHI�PEMs were lower at 37 �C
than 20 �C but less than 5� difference. Specially, the WCA for crosslinked
PCHI�PEMs were 1–3� higher at 37 �C than 20 �C, showing an opposite
trend to uncrosslinked ones. The results reveal that the temperature has
the impact on the surface wettability PCHI-PEM. The reason for lower
WCA of uncrosslinked PEMs at higher temperature is probably attributed
to thermally-induced rearrangement of PEMs and the decreased surface
tension of water upon heating [27,65]. Even though the transition tem-
perature of the uncrosslinked PCHI-PEM was found at 31 �C from QCM
results, partial decomposition of uncrosslinked PEMs after rinsing at pH
7.4 did not show visible thermal sensibility related to PNIPAM in WCA.
By contrast, the crosslinking seems to restrict some extent of rearrange-
ment and decomposition of the polymers, which is correlated to lower
WCA difference in crosslinked CHI-PEMs. Hence, with the enhanced
stability, lower wettability in crosslinked PCHI�PEMs at high tempera-
ture is mainly contributed by domination of hydrophobic groups and
collapse of PNIPAM [49].
3.6. FITC-labeled VN adsorption and desorption

Protein adsorption is dependent on surface properties of materials
and related to adhesion of cells [10,66]. Vitronectin (VN) as a major cell
adhesive protein secreted by cells or present in serum promotes cell
adhesion and spreading even at very low concentrations [67]. Here
FITC-VN adsorption was studied on TCPS as tissue culture related control
and crosslinked PEMs at different temperatures at 20 (below TCP) and 37
�C (above TCP) shown in Fig. 7a. The values of adsorbed quantities of VN
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are based on the calibration curve shown in Fig. S5a. Significantly higher
amounts of adsorbed VN with more than 178 ng/cm2 on all PEM were
detected at 37 �C in comparison to only around 36–75 ng/cm2 adsorbed
at 20 �C. A similar trend of the temperature effect was also reported in
other study but using ovalbumin on different PNIPAM-modified multi-
layers [26,64]. According to the change of Gibbs free energy (ΔG), which
is defined as

ΔG¼ΔH � TΔS (4)

(H: enthalpy; T: temperature; S: entropy), protein adsorption can
occur if ΔG < 0 [68]. When temperature is increased, entropy is gained
by the release of adsorbed water molecules from the surface and struc-
tural rearrangements within the protein [68]. Thus, this thermodynam-
ically driven process causes G of the system to decrease and promotes
protein adsorption through hydrophobic interaction between the surface
and protein. When integrating PNIPAM in PEMs, the amounts of VN were
even greater at 37 �C than B-[CHI/CS] PEMs that seem to corroborate the
findings of increased WCA for B-[PCHI/CS] PEM at 37 �C. Although the
change in WCA is not significant, several reports claimed that the protein
adsorption is mainly dependent on the hydrophobic interaction of
dehydrated PNIPAM segments [27,64,69]. On the other hand, CS as GAG
with sulfate groups has high affinity to the heparin-binding domain of VN
[16]. As a result, higher amounts of VN adsorption were observed on the
CS-terminated surfaces as shown in Fig. 7a as well.

Regarding the temperature effect on PNIPAM conformation, VN pre-
adsorbed on PEM films at 37 �C was chosen to study the release/
desorption of the protein at either 4 �C (below TCP) or 37 �C (above TCP),
as shown in Fig. 7b. In the case of protein desorption in PBS during the
first 24 h, obviously higher amounts of VN were released at 37 �C (>30



Fig. 8. Viability test and quantification of C3H10T1/2 cells on crosslinked multilayers with PCHI/CHI or CS terminal layers. (a) Confocal images of live (green) and
dead (red) cells after 24 h and 72 h culture. Scale bar: 100 μm. Measurements of (b) cell number and viability and (c) cell area and aspect ratio after 24 h. Box plot with
whisper represents the first and third quartiles, medians and means. Cell proliferation analyzed by surface coverage after 24 h and 72 h. Cell seeded on tissue culture
polystyrene (TCPS) as a control; mean value � SD with significance level of *p � 0.05 and ***p � 0.001.
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ng/cm2) than 4 �C (<10 ng/cm2) from all PEMs. It has been already
known that the enhanced protein mobility is kinetically driven by higher
temperature [68]. To mobilize any remaining irreversibly adsorbed
FITC-VN after the desorption step in PBS, a further extraction was done
by NaOH hydrolysis as described in a previous work [70]. Here it was
found that the extracted amount was 10 ng/cm2 higher in samples pro-
cessed at 4 �C compared to 37 �C. This is related to the higher amount of
VN already released at 37 �C during incubation in PBS. Concerning the
cell environment at 37 �C, it is essential to investigate the retention of VN
on PEMs at this temperature. Slightly larger amount of VN with 10
ng/cm2 was released from B-[PCHI/CS] PEMs, which might be linked to
higher adsorption at 37 �C. Importantly, PEMs with CS terminal layers
retained more VN on the surface owing to the specific interaction be-
tween CS and heparin-binding domain of VN [16]. Compared to almost
100% amount of VN desorbed from TCPS in Fig. S5b, the results suggest
the PEM containing PNIPAM with CS terminal layer represents a prom-
ising bioactive surface.
3.7. Cytocompatibility studies

Cytocompatibility studies were done with the multipotent embryonic
mouse fibroblast cell line that can differentiate into adipocytes, chon-
drocytes and osteocytes [71]. Since the crosslinking with EDC/NHS can
exert some detrimental effects on cells, the cytotoxicity of both cross-
linked B-[CHI/CS] and B-[PCHI/CS] PEMs was studied by quantification
of the live (green fluorescence)/dead (red fluorescence) C3H10T1/2 cell
staining after 24 h and 72 h cultivation (Fig. 8). TCPS as a cell-adhesive
and biocompatible material was used as a reference. After 24 h, the CLSM
images (Fig. 8a, upper row) show a slightly denser population of viable
cells with only few dead cells on CS terminal layers particularly in the
presence of PNIPAM. Cell viability is quantified in Fig. 8b showing more
than 85% viable cells on PEMs with different terminal layers, while
around 98% cells are alive on TCPS. The cell number and area of living
cells were also quantified from the images. Notably, twice more cells
adhered on CS terminal layers than on the CHI or PCHI terminal layers
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(Fig. 8b). Likewise, cell spreading in terms of cell area and aspect ratio
indicates that cells were larger and adopted a more elongated shape on
the CS terminal layers (Fig. 8c and d). In particular, when cell were plated
on PEMs with PCHI, higher cell number and spreading are observed,
which are similar to cells cultured on TCPS. Further observations on cell
proliferation after 72 h in Fig. 8a (lower row) shows that cells grow on all
surfaces. The surface coverage of viable cells after 24 h and 72 h was
evaluated from the images. Fig. 8e shows obviously the greatest cell
expansion on the crosslinked B-[PCHI/CS]2 PEM among the other PEMs
after 72 h culture. The observation that a lower number of cells adhered
on CHI or PCHI terminal layers during the first 24 h, was in line with little
growth after 72 h.

Cell adhesion and subsequent spreading on biomaterials surfaces are
crucial to govern further cell fates like survival, growth and differentia-
tion [1]. Controlling surface properties like wettability of biocompatible
materials is important for cell adhesion on the surfaces [2]. Here we
confirmed by QCM and WCA studies that B-[PCHI/CS] PEM exhibiting a
more dehydrated and less hydrophilic surfaces at 37 �C (above TCP)
promotes cell adhesion and growth due to hydrophobic interaction [10].
This is also related to higher protein adsorption on B-[PCHI/CS] PEM
because VN is present in the serum of the culture medium and can sup-
port cell adhesion. Cell adhesion on the biomaterial surface is strongly
dependent on the specific integrin-binding with adhesive proteins like
VN, which could be attributed to ligation to αvβ3 integrin [9]. Other
studies also found that the number of adhered cells and the rates of cell
proliferation can be enhanced on surfaces modified with PNIPAM [72,
73]. Our previous study suggested that chemical crosslinking efficiently
improves the stability of PEM and cell adhesion at physiological condi-
tion [30]. One of the reasons for increased cell adhesion and spreading on
crosslinked PEM is their increased stiffness [74]. This enhances cell
mechanosensing through integrins crucial for the contractile activity of
actin-myosin cytoskeleton through RhoA/ROCK signaling pathway that
promotes focal adhesion formation and spreading of the cells [75]. On
the other hand, crosslinking stabilized the integrity of PEMs since CS
remained tightly fixed in the terminal layer. CS with sulfate groups
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provides the advantage of binding more adhesive proteins secreted by
cells (e.g., fibronectin) and from serum (e.g., vitronectin) on the surface
due to the specific interaction of protein heparin-binding domains pro-
moting cell adhesion and growth through integrin ligation related to
B-[X/CS]2 [76]. On the other hand, B-[X/CS]1.5 with either CHI or PCHI
as terminal layer does not possess such specific interaction with adhesive
proteins like fibronectin and vitronectin which is related to lower cell
adhesion. Thus, the results of cytocompatibility studies and cell adhe-
sion/growth underline that the use of CS as biogenic polyanion is crucial
for improvement of bioactivity of PCHI�PEMs.

4. Conclusion

A new kind of bioactive and thermoresponsive PEMs for cell culture
substrates based on LbL sequential assembly of PCHI and CS is explored
here. PCHI with low grafting density of PNIPAM can exhibit thermor-
esponsive properties and forms intermingling multilayer with CS at pH 4
despite its bulky structure at 25 �C (below TCP). Covalent cross-linking is
beneficial to effectively strengthen the stability of PEMs under physio-
logical condition by the amide bond formation between amino groups of
CHI and carboxylic groups of CS. Most importantly, not only less hy-
drophilicity of PNIPAM but also the terminal layer using CS for the cross-
linked PCHI/CS�PEM play vital roles in promoting VN adsorption and
stem cell adhesion at 37 �C. Overall, PEMs combined with PNIPAM and
bioactive polysaccharides like CS suggest greater bioactivity, non-
toxicity, and stimuli-responsivity for surface coatings. Hence, they are
interesting for the application as culture substrata for stem and other cells
during their in vitro culture.
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