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polyelectrolyte multilayers promote stem cells
adhesion and proliferation†
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Ketul C. Popat, d Alessandro F. Martins *bc and Matt J. Kipper c

Modifying materials with biocompatible surface coatings is an important method for controlling cell

responses to biomaterials. In this work, tanfloc (TN), a cationic tannin-derivative polymer was assembled

with heparin (HEP) and chondroitin sulfate (CS), using the layer-by-layer (LbL) approach, to build

polyelectrolyte multilayers (PEMs) and to design cytocompatible coatings. LbL deposition was monitored

through Fourier-transform surface plasmon resonance, and characterized by X-ray photoelectron

spectroscopy, atomic force microscopy, and contact angle measurements. The response of human

adipose-derived stem cells (ADSCs) was evaluated in vitro. All of the TN-containing PEMs exhibit

cytocompatibility and support adhesion, proliferation, and the spreading of ADSCs after 7 days of culture.

HEP–TN PEM assembly with 11 layers (HEP–TN11) supports the greatest rate of cell proliferation. When

TN is the terminal layer of the PEM, the surfaces promote the spreading of ADSCs, indicating that the

surface charge and PEM terminal layer are key determinants of the microenvironmental niche that

control cellular response. The promotion of stem cell attachment and proliferation makes these surface

coatings potentially useful for biomedical implants and regenerative medicine.
Introduction

The extracellular matrix (ECM) is composed of proteins and
glycoproteins organized into hierarchical three-dimensional
surfaces with high surface area. In addition to providing
structural support for organs and tissues, the ECM provides
ligands for cell attachment and motion, organizes the spatial
relationships between cells, and potentiates cell–cell and cell–
matrix signaling. Through these important interactions, the
ECM modulates so-called “cell fate” decisions.1 Scaffolds and
coatings used in tissue engineering and regenerative medicine
must provide the structural and biochemical signals to mimic
these critical functions of the natural ECM.2 The use of naturally
derived polymers enables the introduction of biochemical
functions and biodegradability into scaffolds. Polysaccharides
possess a wide variety of properties that make them attractive
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candidate materials in tissue engineering and regenerative
medicine. These properties include capacity to bind biochem-
ical signals, tunable biodegradation, processability, and
mechanical properties. Recently, we have proposed the use of
condensed tannin polymers as potential biologically derived
biomaterials,3 demonstrating that they can be processed with
synthetic biodegradable polymers. Surface modication is an
effective approach used to improve the cell responses to the
surfaces of engineering materials and to develop surfaces with
cytocompatibility, blood compatibility, and other biological
activity.4–7 Two key challenges in tissue engineering are (1)
developing microenvironmental niches that facilitate stem cell
attachment, expansion, and self-renewal, and (2) translating
these niches to the surfaces of biomaterials, using simple,
scalable, and low-cost techniques.8 Surface chemistry and
topography of biomaterials affect cell adhesion and prolifera-
tion.9,10 Therefore, surface properties such as wettability,
roughness, surface charge, and chemical composition are
crucial to proper cell function. These surface properties can be
tuned to optimize cell responses leading to tissue
regeneration.11

The layer-by-layer (LbL) method is a self-assembly technique
used to build polyelectrolyte multilayers (PEMs). Polyelectrolyte
multilayers have received attention in biomedical applications
because they afford control over surface coatings at the nano-
scale, and offer reproducibility, uniform deposition over any
sized surface,12 control over surface chemistry,13 capacity to
This journal is © The Royal Society of Chemistry 2019
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present biomolecules,14 and they can be applied on a wide
variety of substrates such as glass,15 nano structures,4,16,17

metals,18 polymers, and composites (including bone).19,20 The
LbL assembly of PEMs is accomplished by alternating the
deposition of polycations and polyanions from solution, onto
a charged surface.21 The selection of the polycation–polyanion
pair affords a wide variety of surface chemistries to be intro-
duced to many different types of substrate surfaces. By adjust-
ing the deposition conditions,22,23 LbL assembly of PEMs has
been demonstrated on many types of biomaterials to modulate
cell responses,24 bacteria resistance,19,25–28 protein adhesion29,30

and other biological events.31,32

Glycosaminoglycans (GAGs) are polyanionic polysaccharides
found in mammalian tissue attached to proteoglycans in the
ECM. GAGs possess attractive characteristics for biomaterials
such as non-toxicity, biodegradability, cytocompatibility, and
capacity to enhance attachment and growth of mammalian
cells.33 When used to modify biomaterials surfaces, GAGs also
impart growth factor binding capacity, which can be used to
stabilize and deliver important growth factors that regulate cell
differentiation and wound healing activities.16,34–38 These
features make GAGs excellent candidate materials to mimic the
biochemical and biomechanical properties of the ECM.
Heparin (HEP) and chondroitin sulfate (CS) are sulfated GAGs,
which play an essential role for stabilizing growth factors by
preventing enzymatic degradation and potentiating growth
factor-receptor binding.39 GAGs have been combined with pol-
ycationic chitosan-based materials to modulate biomaterials
properties.36,37,39–41 For example, Almodóvar et al. presented
a new method to functionalize electrospun chitosan nanobers
by coating with heparin and N,N,N-trimethyl chitosan PEMs
and growth factors (FGF-2) adsorbed on the PEM-coated nano-
bers.17 The combination of surface nanotopography of the
nanobers with glycosaminoglycan-based PEMs enabled
development of three-dimensional materials for stabilization of
therapeutic growth factors that could be delivered in vitro and in
vivo and enhanced cell response and tissue recovery.16,20,42 While
chitosan is a biodegradable polysaccharide, compatible with
mammalian cells, chitosan has poor solubility in aqueous
solutions at neutral pH. Furthermore, chitosan is frequently
derivatized using hazardous alkylating agents to improve its
properties.

Condensed tannins are hydrophilic, plant-derived, poly-
phenols, known for their antibacterial and antioxidant proper-
ties.43 Tanoc (TN) is a commercial amino-functionalized
tannin-derivative, that behaves as a polycation in dilute acid
aqueous solutions below pH 6.0.44 TN is synthesized from
condensed tannins in the presence of ammonium chloride and
formic acid, following a Mannich-type reaction.45 TN is biode-
gradable, and has demonstrated minimal toxicity towards
mammalian cells.3 TN has only recently been proposed for use
as a biomaterial. As such, there are no existing reports on GAG–
TN PEMs constructed by LBL destined for biomedical applica-
tions. Facchi et al. produced polyelectrolyte complexes (PECs)
based on TN/alginate.46 These PECs showed cytocompatibility,
induced proliferation of preosteoblastic mouse cells, and
exhibited antimicrobial (against S. aureus and E. coli) and
This journal is © The Royal Society of Chemistry 2019
antioxidant activities which could minimize inammatory
responses of biomaterials.46 This work suggests that TN could
be combined with other anionic polysaccharides, such as GAGs,
to develop new TN-based materials in tissue engineering.

This work reports a new class of biomaterial surfaces to
enhance biocompatibility and cell response, using HEP–TN and
CS–TN PEMs. Since the surface properties of PEMs, such as
hydrophilicity and surface charge can be dominated by the
chemistry of the terminal layer, we prepared CS-terminated CS–
TN PEMs, and both HEP-terminated and TN-terminated HEP–
TN PEMs. For the rst time, we report that TN-based PEMs can
create microenvironments that support cell function. PEM
formation was monitored by using Fourier-transform surface
plasmon resonance in situ, X-ray photoelectron spectroscopy,
atomic force microscopy, and contact angle measurements. The
TN–GAG-rich PEMs are highly hydrophilic, exhibit cyto-
compatibility and support the adhesion and proliferation of
human adipose-derived stem cells (ADSCs). We propose that TN
may serve as a replacement polycation for chitosan in
polysaccharide-based biomaterials. The capacity to promote cell
attachment combining the PEM nanoscale structure allows the
development of surface coatings for biomaterials that can
enhance tissue healing for tissue engineering and regenerative
medicine.
Materials and methods

The amino-functionalized tannin, commercially marketed as
tanoc (TN) was donated by Tanac SA Company (Montenegro-
RS, Brazil). TN has been synthetized from condensed tannins
extracted from the black wattle in Brazil.46 TN is a moderate-to-
high molecular weight polymer (�600 000 g mol�1).44 Sodium
chondroitin sulfate (CS) (from shark cartilage, containing 6%
sulfur, 6-sulfate/4-sulfate ratio ¼ 1.24, Mw ¼ 84.3 kDa; PDI ¼
1.94), 11-mercaptoundecanoic acid (MUA, 95%), and
membranes for dialysis (7.0 kDa) were purchased from Sigma-
Aldrich (USA). Sodium heparin (HEP) from porcine intestinal
mucosa, containing 12.5% sulfur was purchased from Celsus
Laboratories (USA). Glacial acetic acid and ethanol (>98 vol%)
were purchased from Acros Organics (USA). Sodium acetate was
purchased from Fisher Scientic (USA). Phosphate buffered
saline solution (PBS) without calcium and magnesium was
purchased from Gibco (USA). A Millipore water purication unit
was used to obtain 18.2 MU cm water, used for making all
aqueous solutions (Millipore, Billerica, MA).
Purication of the amino-functionalized tannin (TN)

The purication of the TN is carried out following a previously
reported procedure3 with alterations. A TN solution (50 mL at
10% wt/vol) was prepared in ultrapure water, ltered and dia-
lyzed for two days against ultrapure water, exchanging the water
once per day. Aer dialysis, the polymer solution was frozen and
lyophilized for 72 h.
RSC Adv., 2019, 9, 25836–25846 | 25837
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Construction of polyelectrolyte multilayers (PEMs)

TN, HEP, and CS solutions at 1.0 mg mL�1 were prepared in
0.2 M acetate buffer solution (pH 5.0). A rinse solution was
prepared from aqueous acetic acid at pH 4.0. All solutions were
ltered with 0.22 mm polyvinylidene uoride (PVDF) syringe
lters (Fisher Scientic). The LbL deposition was carried out on
the oxidized glass surface (substrate disks of 8 mm diameter
and 0.15 mm thickness). First, the glass surfaces were deposited
inside sterile Nuclon D TCPS 24-well plates, Nunc ALS (Ros-
kilde, Denmark) and then modied (oxidized using oxygen
plasma) for promoting polycation deposition (TN). Before PEM
deposition, the oxidized glass surfaces were rinsed by adding
1 mL rinse solution under shaking (100 rpm) for 6 min. Then,
the rinse solution was aspirated and 1 mL TN (polycation)
solution was added to the oxidized glass surface. Aer 6 min,
the polycation solution was aspirated and the surface was
rinsed (under shaking for 6 min) and aspirated. Then, CS or
HEP (polyanion) solutions (1.0 mL) were deposited onto the
oxidized glass surface containing one layer of TN (polycation).
Aer assembling the second layer (polyanion), the process of
deposition was repeated to achieve 10-layer (polyanion-
terminated) or 11-layer (TN-terminated) PEMs. Polyanion-
terminated (HEP–TN10 or CS–TN10) and polycation-terminated
(HEP–TN11) PEMs were constructed using 10 and 11 layers,
respectively. Fig. 1 shows a schematic representation of the PEM
preparation and chemical structures of the polyelectrolytes.
Fig. 1 Schematic representation for the PEM construction and chemica

25838 | RSC Adv., 2019, 9, 25836–25846
Characterization

In situ Fourier-transform surface plasmon resonance (FT-
SPR). Construction of PEMs on gold-coated glass chips with
47 nm thickness (NanoSPR LLC, Chicago, IL) has been previ-
ously studied in our laboratory.47 Gold-coated SF-10 glass chips
were rinsed exhaustively in ethanol, then modied with a self-
assembled monolayer of MUA by soaking the gold-coated
glass chips in a 1 mM MUA solution in ethanol for 24 h. The
intensity of polarized light reected from the back side of the
gold lm on which the PEMs were assembled was measured as
a function of wavenumber. Through the changes in the refrac-
tive index, associated with polyelectrolyte adsorption events, it
is possible to monitor the LbL assembly of the PEM in situ. LBL
assembly of PEM was conducted in the ow cell of an SPR-100
module coupled to a Nicolet 8700 FT-IR spectrometer
(Thermo-Electron, Madison, WI). A Masterex peristaltic pump
was used to ow polycation, polyanion and rinse solutions
through the ow cell at 1 mL min�1

ow rate. FT-SPR was
performed using a white light/near-infrared source with a CaF2
beam splitter at the interferometer and an InGaS detector. Data
were collected using the Omnic 7.3 soware (Thermo Electron),
at 8 cm�1 resolution over the range from 6000 cm�1 to
12 000 cm�1. The center of gravity method provided in OMNIC
was used to determine SPR peak position at each time point.
PEMs were assembled by successively owing solutions through
the ow cell, for six minutes each, in the following sequence:
l structures of the polyelectrolytes.

This journal is © The Royal Society of Chemistry 2019
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polycation, rinse, and polyanion, rinse, until 11 layers had been
deposited.

X-ray photoelectron spectroscopy (XPS). Surface chemistry of
the PEMs was assessed via XPS using a Physical Electronics 5800
spectrometer (Chanhassen, MN). This system has a mono-
chromatic Al Ka X-ray source (hn ¼ 1486.6 eV), hemispherical
analyzer, and multichannel detector. The C 1s peak at 284.8 eV
was used as reference for the samples. High-resolution spectra
were obtained using a 23.5 eV analyzer pass energy with 0.1 eV
steps and an X-ray spot of 800 mm. All spectra were obtained
with a photoelectron take-off angle of 45�. A low-energy electron
gun was used for charge neutralization. Spectral curve tting
using Guassian curves was done using Origin version 8.5 and
Multipak (version 9.3.0.3, Ulvac-Phi, Inc.) soware with a Shir-
ley background correction.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM). AFM was performed to evaluate surface
topography and roughness of the PEMs, on a Bioscope Resolve
AFM (Bruker) with ScanAsyst Air probes. The measurements
were performed under ambient conditions, room temperature
in air at 1 Hz line rate. AFM images were obtained using tapping
mode from a scanning image probe processor version 4.2.2.0
soware. For SEM, the samples were coated with palladium–

gold alloy (Polaron SC 7620 Sputter Coater, Quorum Technol-
ogies, Newhaven, UK) at a thickness of 10 nm (10–15 mA, under
a vacuum of 130 mTorr). The SEM (JSM-6500F, eld emission
scanning electron microscope, JEOL, Japan) was operated at an
accelerating voltage of 5 kV.

Water contact angle (WCA) measurements.Wettability of the
PEMs was assessed through static contact angle measurements
by the sessile drop method with a contact angle goniometer
(Krüss DSA 10, Hamburg, Germany), equipped with video
capture. The automatic dosing feature of the DSA 10 dispenses
a water drop on the PEMsmembrane surfaces, and the needle is
manually withdrawn. Images were captured aer 5 s of contact
of the droplet with the sample using a camera leveled with the
surface. Using the circle tting prole in the DSA 10 imaging
soware, WCAs were estimated. Three separate measurements
were made on each sample at different locations.
Cytocompatibility assays

Cell culture. Dr Kimberly Cox-York from the Department of
Food Science and Human Nutrition at Colorado State University
kindly donated adult human adipose-derived stem cells. They
were cultured at 37 �C in a 5% CO2 atmosphere in 175 cm2

surface area tissue-culture polystyrene asks. Before cell seed-
ing, samples were rinsed 3 times using PBS and then exposed to
UV light for 30 min. Cells were seeded onto PEM-modied glass
surfaces (substrate disks, 8 mm diameter and 0.15 mm thick-
ness) at 5000 cells per well in 48-well plates, and were cultured
at 37 �C in a 5%CO2. Cells were cultured in Dulbecco's Modied
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. HEP–TN10, CS–TN10

and HEP–TN11 PEMs samples were used in triplicate (n ¼ 3).
Cell viability assay. Cell viability was determined by a Cell-

Titer-Blue® cell viability assay (Promega G808A, Madison, WI),
This journal is © The Royal Society of Chemistry 2019
following the manufacturer's instructions. Aer 1, 4 and 7 days
50 mL of CellTiter-Blue dye were added to each experimental
well, containing 500 mL culture media. Aer 6 h incubation at
37 �C in 5% CO2 atmosphere, the absorbance of the samples
were read in a microplate reader (Molecular Devices Spectra
Max M3, Sunnyvale, CA) at 570 nm and 600 nm.

Adhesion and proliferation tests. The ADSC cell response on
PEMs during 1, 4 and 7 days of cell culture was investigated
using uorescence microscopy. Cell adhesion and proliferation
were characterized by uorescence microscopy (Zeiss Axioskop
2 epiuorescence microscope). The cell cytoplasm was stained
with 5-chloromethyluorescein diacetate (CMFDA, Life Tech-
nologies), the cytoskeleton was stained using rhodamine phal-
loidin, and the cell nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI, Invitrogen). Prior to staining, the unad-
hered cells were aspirated, and substrates were gently rinsed
with PBS (twice), and then transferred to a new 48-well plate
before staining. Samples were then incubated at 37 �C in 5%
CO2 in a 10 mmol L�1 solution of CMFDA in PBS for 45 min.
Aer incubation, the CMFDA solution was aspirated and
substrates were incubated in a growth media (37 �C at 5% CO2)
for 30 min. The growth media solution was aspirated and the
surfaces were again rinsed using PBS, before being transferred
to a new 48-well plate. An aqueous 3.7% wt/vol formaldehyde
solution (15 min at room temperature) was used to x the cells.
Fixative solution was then aspirated and substrates were rinsed
with PBS (thrice), for 5 min per rinse, and transferred to a new
48-well plate. The cells were permeabilized in an aqueous 1.0%
vol/vol Triton-X solution (3 min and room temperature). Aer
aspirating the Triton-X solution, the surfaces were rinsed with
PBS and transferred to a new 48-well plate. Samples were then
incubated (at 37 �C, 5% CO2) with 5 mL mL�1 rhodamine–
phalloidin solution in deionized water for 25 min. Next, a solu-
tion of 1 mL mL�1 of DAPI was added, and the samples were
incubated for an additional 5 min at room temperature. The
solution was aspirated, substrates were rinsed twice with PBS,
and kept in a light-resistant container at 20 �C until imaging.
Fluorescence images were analyzed and processed with ImageJ
soware.

Cell morphology. Scanning electron microscopy (SEM) was
used to access ADSC cell morphologies on the PEMs. Aer 7
days of cell culture, the samples containing the ADSC cells were
xed in 3% vol/vol glutaraldehyde, 0.1 M sodium cacodylate and
0.1 M sucrose solution for 45 min. Samples were soaked in
a buffer solution of 0.1 M sodium cacodylate and 0.1 M of
sucrose for 10 min. The xed samples were processed in serial
ethanol dehydrations (10 min each) followed by immersion in
hexamethyldisilazane (10 min) before being stored until SEM
analysis. Samples were sputter-coated with palladium–gold
alloy at a thickness of 10 nm (10–15 mA, under a vacuum of 130
mTorr). The SEM was operated at an accelerating voltage of 15
kV.
Statistical analysis

Values are expressed as mean � standard deviation. Compari-
sons between groups were performed using ANOVA and with
RSC Adv., 2019, 9, 25836–25846 | 25839
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Tukey's multiple comparison test, performed with Graph Prism
7.0, GraphPad Soware Inc., La Jolla, CA, USA.
Results and discussion
Layer-by-layer assembly and characterization of PEMs

The layer-by-layer assembly of the TN–HEP was monitored by in
situ Fourier-transform surface plasmon resonance (FT-SPR).
Fig. 2 shows a representative results obtained during layer-by-
layer by assembly of TN (polycation) and HEP (polyanion)
PEM. We have previously shown that HEP and CS result in
similar thicknesses for PEMs when paired with the weak,
amine-containing polycation, chitosan.13 The rst 6 min (blue
arrow) represents rinse on the gold-coated glass chip modied
with MUA. The red arrow indicates the beginning of the next
6 min interval when the polycation solution (TN) is introduced
into the ow cell. The large drop in the FT-SPR peak position
during this adsorption step is due to the adsorption of poly-
cation to the surface and to the difference in refractive index
between the rinse and polycation solutions as we reported
previously.47 Aer the initial TN adsorption, the surface was
rinsed for 6 min; during this rinse the FT-SPR peak returns to
a higher peak position. The net change in peak position before
and aer the TN adsorption step is due to the irreversible
adsorption of positively charged polyelectrolyte. The green
arrow indicates the beginning of the next 6 min interval when
the polyanion solution (HEP) is introduced into the ow cell.
This sequence was repeated until an 11-layer PEM was
constructed.

The adsorption of each bilayer is characterized by a relatively
large change in the SPR peak position following TN deposition
(>200 cm�1), compared to the change associated with the HEP
deposition (>50 cm�1). This could be due to the much higher
molecular weight of the TN, compared to the HEP. The results
observed here are consistent with the observations of Boddohi
et al. who attributed relatively thin layers of HEP to an extended
conformation adopted by HEP in solution, whereas weak
Fig. 2 PEM assembly monitored by in situ FT-SPR. Arrows represent
the beginning of acidified water rinse (blue), TN deposition layers (red),
and HEP deposition layers (green).

25840 | RSC Adv., 2019, 9, 25836–25846
polycations, like TN, adopt a coil conformation in solution, and
adsorb in thicker layers.13,47

Previous work from our group has shown, using a combina-
tion of experiment and theory, that these polysaccharide-based
PEMs are very thin, only a few nanometers. We used different
polyanion–polycation pairs (chitosan (CHI)–hyaluronic acid
(HA), CHI–CS, CHI–HEP and N,N,N-trimethyl chitosan (TMC)–
HA, TMC–CS, TMC–HEP) and thickness values varied in a range
from 10 nm to 27 nm for 10 layers, depending on the interac-
tions between strong and weak polyelectrolyte pairing. In this
work, we showed that a strong polycation (TMC) results in
thinner layers, whereas weak and a strong polyelectrolyte pair-
ing (CHI–CS, CHI–HEP, and TMC–HA) result in thicker PEMs.
The thickness of the adsorbed PEM also depends on pH
conditions and ionic strength. Lower pH tends to increase PEM
thickness values, probably associated with the increase of
ammonium ionized groups in the weak polycation, as the pH is
reduced. We also found that higher concentrations of sodium
and acetate ions (in the buffer solution) lead to a signicant
screening of the electrostatic charges along polymer chains,
resulting in thicker PEM lms.13,15

The wettability of the TN–GAG PEM lms was investigated
through water contact angle (WCA) measurements. PEMs in
this work are assembled under acid conditions, imparting
ionized groups on the polyelectrolytes. The pKa of the amine
groups (–NH2) in TN is approximately 6.0 and the pKa of the
carboxylate groups (–COO�) and sulfate groups (–SO3

�) in the
GAGs are 2–3 and 0.5–1.5, respectively.31,44 PEMs are very
hydrophilic (WCAs of 28.6� � 4.4�, 26.3� � 2.9� and 38.3� � 1.8�

for CS–TN10, HEP–TN10 and HEP–TN11, respectively). WCAs can
also be correlated with the swelling capacity. Low WCAs are
associated with high swelling ratios, since hydrophilic PEMs
absorb more water, increasing thickness in solution. The WCA
results here are in agreement with other reports of LbL
assembly by using polysaccharide-based PEMs.5,26 Hydrophilic
or high-surface energy substrates may improve cell adhesion
and cell spreading.48–50
X-ray photoelectron spectroscopy (XPS)

The chemistry of PEM surfaces was characterized using survey
and high-resolution XPS spectra. All XPS survey spectra show
presence of carbon (C 1s at 287 eV), oxygen (O 1s at 534 eV)
nitrogen (N 1s at 401 eV), and sulfur (S 2p at 168.5 eV), con-
rming the assembling of GAGs and TN on oxidized glass
surfaces (Fig. 3A). No observable detection of a silicon peak
demonstrates complete coating of the substrate using 10 layers
of the polyelectrolytes. The TN-terminated PEM surface shows
a chlorine peak (Cl 1s at 200 eV), probably associated with
counter-ions of the TN. Sodium peaks also appear in some XPS
spectra due to presence of sodium in acetic acid/sodium acetate
buffer solution used to create the polyelectrolyte solutions.
Sodium ions interact with carboxylate and sulfated moieties on
GAGs by electrostatic interactions. Table S1† indicates the
atomic composition of the samples (ESI†).

Chemical characterization of TN has been described previ-
ously.3 High-resolution XPS spectra for N 1s and S 2p envelopes
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03903a


Fig. 3 Survey (A) and high-resolution X-ray spectra (B) of the N 1s, S 2p and Cl 2s envelopes determined on PEM surfaces.
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(Fig. 3B) identied characteristic chemical groups found on TN,
HEP, and CS structures. PEM surfaces exhibit amine (399.6 eV),
amide (400.7 eV) overlapping with the position of the amine,
This journal is © The Royal Society of Chemistry 2019
and ammonium peaks (402 eV). The protonated nitrogen at
higher binding energy indicates ionic interactions between the
nitrogen groups of the polyelectrolytes and small counterions in
RSC Adv., 2019, 9, 25836–25846 | 25841
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the PEM structures. Since sulfur atoms do not occur in TN
structure, the S 2p envelope is related to the sulfate groups in
the GAGs (HEP and CS), which conrm addition of HEP and CS
in the PEMs. High-resolution spectra for the C 1s envelope
(Fig. S.1, ESI†) show aliphatic carbon (�284.8 eV); alcohol,
amine and ether (at �287 eV), amide (�289 eV), and the
carboxylic acid (�289 eV).
Fig. 5 Effect of the contact with CS–TN10, HEP–TN10 and HEP–TN11

on ADSC activity normalized to the control (cell culture with standard
supplemented culture medium on TCPS). Cell viability at day 4 and day
7 were statistically different from the control on days 4 and 7 (n ¼ 5; **
indicates p < 0.01 compared to the control; *** indicates p < 0.0001
compared to the control).
Atomic force microscopy (AFM)

Surface topography plays an essential role in determining
protein adsorption and cell adhesion to biomaterials applied as
medical devices. By modulating protein and cell interactions
through surface topography, important biological responses
such as bacterial cell adhesion, stem cell adhesion, and platelet
adhesion can all be affected.5,9,10 The topological features of the
PEMs were characterized in air by AFM. The images of multi-
layer lms prepared on the glass substrate and assembled at pH
5.0 are shown in Fig. 4. The surfaces were very smooth with
roughness average of 5.7 � 1.5 nm owing to the strong associ-
ation between TN and GAGs. The CS–TN10 PEM had slightly
higher roughness (7.1 � 0.2 nm). The mean squared roughness
(RRMS) and average height value (HAV) depend on the poly-
electrolyte interactions and polymer conformation.29 Previous
reports have shown strong associations between weak poly-
cations (chitosan) with strong polyanions (HEP and CS).13 The
coiled conformation, usually adopted by weakly charged poly-
electrolytes lead to rougher surfaces, which could explain why
the CS-terminated (CS–TN10) PEM surface has higher roughness
compared to the HEP-based PEMs, since HEP has more sulfated
groups.51 The higher molecular weight of CS could also
contribute to the increased roughness. AFM images corroborate
complete surface coverage, and conrm the homogeneous
polyelectrolyte deposition and assembly of the TN–GAG multi-
layered lms.
Cell viability

Cytocompatibility of the PEMs was evaluated in vitro by using
AlamarBlue reagent through cell viability measurements
(Fig. 5). Viable cells are able to reduce the active agent of
Fig. 4 Representative 10 mm � 10 mm AFM topographic images of the
glass (non-modified), CS–TN10, HEP–TN10 and HEP–TN11 surfaces.

25842 | RSC Adv., 2019, 9, 25836–25846
AlamarBlue (resazurin dye), resulting in a quantiable color
change from blue to pink.52 The number of living cells is
proportional to the absorption of the dye. Cell viability on the
PEMs was evaluated aer 1, 4 and 7 days of cell culture. The
results show an increase in cell activity from day 1 to day 7 for all
samples, indicating cell proliferation. CS–TN10 presented 144.5
� 5.4% cell viability, followed by HEP–TN11 144 � 3.8% and
HEP–TN10 135 � 8.5% at day 7 with respect to the control (cell
culture on TCPS with standard supplemented culture medium).
Signicant statistical differences were observed at day 7
between groups and control. Cell viabilities occurring at 80%
conrm suitable cytocompatibility, adhesion and proliferation
for ADSCs.40,52 ISO 10993-549 states that reduction of cell
viability by more than 30% is considered cytotoxic. Therefore all
PEMs in this work are non-cytotoxic toward ADSCs. Non-toxicity
is an essential feature of microenvironments for cell adhesion
and growth.50,53

Peniche and co-workers obtained lms of CHI–HA and CHI–
CS with very homogeneous, compact and smooth surfaces,
which were prepared by a casting method. The viability of
broblasts on these samples was evaluated using standard
biological MTT and Alamar Blue tests.40 They observed that
there is specic activation of the proliferative process in the
presence of GAGs. Wilson and co-workers used poly(styrene
sulfonate) and poly(acrylic acid) PEMs to minimize gold nano-
rods (AuNRs) cytotoxicity on broblast cells and improve
interactions with proteins found in the ECM. Both polyanion-
terminated and polycation-terminated PEM-coated AuNRs
enhanced cell viabilities. It was concluded that the PEMs
inuence cell behavior viamultiple mechanisms, depending on
This journal is © The Royal Society of Chemistry 2019
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the terminal layer, resulting from different interactions with
proteins found in the ECM.54

There are few reports of biomaterials based on TN for
biomedical applications. Recent work shows that poly(3-
caprolactone)/TN nanobers produced via electrospinning
and containing TN content (up to 22 wt%), increased the
wettability of the nanober surface, making it more favorable
for cell adhesion and proliferation.3 Also, the hydrophilic
groups in the TN structure, such as –NH2/–NH3

+ and –OH play
an essential role in cell anchorage, conferring bioadhesivity to
the nanobers and an improved microenvironment to promote
cell survival.3
Adhesion and proliferation assays

ADSC adhesion and proliferation tests were assessed aer 1, 4
and 7 days of cell culture through uorescence microscopy, by
staining cells with CMFDA, rhodamine–phalloidin, and DAPI
for imaging cytoplasm, cytoskeleton and nuclei, respectively.
Samples were seeded at a very low cell density (5000 per well).
Ten non-overlapping images were taken 20� magnication for
each surface type in triplicate (n ¼ 3) in each time point. The
microscopy images indicate cell growth during 1 to 7 days of cell
Fig. 6 Fluorescence microscopy images of ADSC cells to visualize cytop
TN10 and HEP–TN11 PEMs. The figure shows day 1, 4 and 7 of cell cultur

This journal is © The Royal Society of Chemistry 2019
culture (Fig. 6). The results showed adhesion of the ADSCs and
surface coverage for all samples. Cells are spreading out, con-
rming AlamarBlue results of cell viability and proliferation.

Scanning electron microscopy (SEM) was used to evaluate
the cell morphology. Fig. 7 shows overview and higher resolu-
tion images aer 7 days of cell culture. It underlines the former
results of uorescence microscopy and Alamar Blue test. Cells
with different morphologies are interacting with the lms and
show clear broblastic morphologies on all PEM surfaces.

DAPI binds DNA adenine–thymine regions and cell prolif-
eration can be estimated by calculating the number of nuclei
adhered to the PEM surfaces (Fig. 8). Cell count per area
corroborate the ndings obtained by analyzing the uorescence
microscopy images. All experimental surfaces have more cells
adhered than the control (unmodied glass) at day 4 and day 7.
Cells on the CS-terminated (CS–TN10) PEM were less spread
compared to the other PEM surfaces, not covering the entire
surface, leaving some unpopulated spaces. This could be due to
PEM erosion caused during the preparation of the samples for
capture of the uorescence images. The high concentration of
cells suggest formation of aggregates compensating with cell–
cell adhesion.55 HEP PEMs tend to promote more cell
lasm (green), cytoskeleton (red), and nucleus (blue) on CS–TN10, HEP–
e.

RSC Adv., 2019, 9, 25836–25846 | 25843
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Fig. 7 SEM overview and higher magnification micrographs of ADSCs
seeded on CS–TN10, HEP–TN10 and HEP–TN11 PEMs, after 7 days of
cell culture.

Fig. 8 Quantification of ADSC cells per area on control (unmodified
glass), CS–TN10, HEP–TN10 and HEP–TN11, after 1, 4 and 7 days of cell
culture. Significant differences between different surface types on the
same day are indicted (n ¼ 5; ** indicates p < 0.01).
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proliferation than CS PEMs and TN-terminated (HEP–TN11)
PEMs had signicantly higher cell density per area aer 7 days
of culture (p < 0.01), indicating that the terminal TN layer
positively inuences the cell attachment and proliferation. Also,
there is a favorable tendency of ADSCs to adhere and proliferate
25844 | RSC Adv., 2019, 9, 25836–25846
on positively charged substrates.24 Negatively charged osteo-
blasts were also reported to attach and proliferate more favor-
ably on positively charged surfaces.56 The predominance of
negatively charged species in the mammalian cell membrane
exert electrostatic attraction when the nal layer is positively
charged, which may explain why the HEP–TN11 exhibits
a signicant and greater number of cells attached to the
surface.8,57 Protonated amino groups on TN may be responsible
for a bioadhesive characteristic, enhancing the cell attachment.
Similar results were identied by Denuziere and co-workers,
using chitosan–chondroitin sulfate and chitosan–hyaluronate
polyelectrolyte complexes.41

A study of Boura and co-workers demonstrates the important
role of PEM surface charge to cell response using human
endothelial cells on LbL lms of poly(sodium-4-
styrenesulfonate)/poly(allylamine hydrochloride). They also
found that cells adhere and spread more favorably on
polycation-terminated lms.58 However, there are many aspects
involved in cell–biomaterial interactions, and studies using
other cells and different adhesion mechanisms suggests other
outcomes.59,60 This reinforces the versatility of the LbL method
of preparing thin lms, which can be used to adjust key
chemical and physical properties of the surface to inuence cell
adhesion.

Another important factor to long-term cell response is the
water content. A higher amount of water could lead to weaker
cell growth. The surface hydration makes the displacement of
water molecules to enable cell and protein adhesion thermo-
dynamically unfavourable.61 Aggarwal and co-workers using
chitosan, HEP, cellulose sulfate, and myoblast cells, observed
that CHI–HEP PEMs led to poor cell growth due to the higher
amount of coupled water in the PEM structure.39 A similar
phenomenon may be at work here. Since all PEMs studied here
are hydrophilic, the increased hydrophilicity of the GAG-
terminated PEMs (with lowest WCAs) may cause the reduced
cell adhesion and proliferation compared to TN-terminated
PEMs.

Almodóvar and co-workers used chitosan and heparin to
build polysaccharide-based polyelectrolyte multilayers to bind
and stabilize growth factors (FGF-2) for delivery to bone-marrow
derived mesenchymal stem cell (MSCs), thereby promoting cell
proliferation and differentiation.38 The ability of heparin to
bind and potentiate growth factors results in greater cell
densities. Hence GAG-containing PEMs may be valuable for
tissue engineering and surface coatings to enhance and guide
cell responses to biomaterials.

Conclusion

This is the rst report of polyelectrolyte multilayers formed
from tanoc and glycosaminoglycans through the LbL assembly
method. The interactions of ADSCs with these new biomaterial
surfaces demonstrate that these surface coatings exhibit good
cytocompatibility and that they promote cell attachment and
proliferation. These characteristics are very desirable for
biocompatible coatings for applications such as tissue engi-
neering scaffolds and orthopedic implants. The uses of tanoc,
This journal is © The Royal Society of Chemistry 2019
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instead of chitosan and its derivatives, is emerging as an
alternative to overcome chitosan limitations (such as poor
solubility in aqueous solutions) and to take advantage of the
reduced cost of obtaining natural condensed tannins. These
coatings could be used to enhance cell responses of cell resis-
tant biomaterials, using a biologically sourced tannin-
derivative, which is in the nascent stages of development for
medical devices and tissue engineering.
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18 S. Boddohi, J. Almodóvar, H. Zhang, P. A. Johnson and
M. J. Kipper, Colloids Surf., B, 2010, 77, 60–68.

19 J. Almodovar, J. Mower, A. Banerjee, A. K. Sarkar,
N. P. Ehrhart and M. J. Kipper, Biotechnol. Bioeng., 2013,
110, 609–618.

20 R. Romero, L. Chubb, J. K. Travers, T. R. Gonzales,
N. P. Ehrhart and M. J. Kipper, Carbohydr. Polym., 2015,
122, 144–151.

21 J. Huang, X. Qiu, B. Yan, L. Xie, J. Yang, H. Xu, Y. Deng,
L. Chen, X. Wang and H. Zeng, J. Mater. Chem. B, 2018, 6,
3742–3750.

22 J. J. Richardson, M. Bjornmalm and F. Caruso, Science, 2015,
348, aaa2491.

23 J. J. Richardson, J. Cui, M. Björnmalm, J. A. Braunger,
H. Ejima and F. Caruso, Chem. Rev., 2016, 116, 14828–14867.

24 A. Nolte, S. Hossfeld, B. Schroeppel, A. Mueller, D. Stoll,
T. Walker, H. P. Wendel and R. Krastev, J. Biomater. Appl.,
2013, 28, 84–99.

25 S. del Hoyo-Gallego, L. Pérez-Álvarez, F. Gómez-Galván,
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