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Abstract 25 

Polyelectrolyte multilayers (PEM) consisting of the polysaccharides hyaluronic acid (HA) as 26 

polyanion and chitosan (Chi) as polycation were prepared by the layer-by-layer technique 27 

(LbL). The [Chi/HA]5 multilayers were cross-linked by metal ions (Ca2+, Co2+, Cu2+ and Fe3+). 28 

Binding of metal ions to [Chi/HA]5 multilayers can cause coordination-based intrinsic cross-29 

linking of functional groups of polysaccharides, which modulated physical properties and 30 

bioactivity of PEM with regard to the adhesion and function of multipotent murine C3H10T1/2 31 

embryonic fibroblasts. Characterization of multilayer formation and surface properties using 32 

different analytical methods demonstrated changes in wetting, thickness and mechanical 33 

properties of multilayers depending on the concentration and type of metal ion. Most 34 

interestingly, we found that Fe3+ metal ions promoted adhesion and spreading of C3H10T1/2 35 

cells greatly on the low adhesive [Chi/HA]5 PEM system. The intrinsic cross-linking by 36 

intermediate concentrations of Cu2+, Ca2+ and Co2+ as well as low concentrations of Fe3+ also 37 

resulted in increased cell spreading. Moreover, it was shown that cross-linking of multilayers 38 

with Cu2+ and Fe3+ ions led to increased metabolic activity in cells after 24 h and induced cell 39 

differentiation towards adipocytes in the absence of any additional adipogenic media 40 

supplements. Overall, cross-linking of [Chi/HA]5 PEM with metal ions represents an interesting 41 

and cheap alternative to the use of growth factors for making cell-adhesive coatings and guide 42 

stem cell differentiation on implants and scaffolds to regenerate connective type of tissue.  43 
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1. Introduction 53 

Chemical and physical surface modifications are frequently utilized to adapt biomaterials to 54 

specific medical applications such as blood or tissue contact to achieve the required biocom-55 

patibility and performance of a biomedical device 1. The precise control of bulk and surface 56 

properties of biomaterials at micro- or nanometer scale to direct cell fate is still a great chal-57 

lenge. Properties like wettability, surface charge and topography influence the adsorption of 58 

proteins (e.g. from blood or tissue fluid) with potential effects on their bioactivity 1 and subse-59 

quent adhesion, growth and differentiation of cells 2. Moreover, the release of bioactive mole-60 

cules from scaffolds and implants 3 or surface coatings of medical devices 4 is proposed as a 61 

tool to control cell differentiation in the desired direction.  62 

A physical surface modification widely done is the layer-by-layer (LbL) method, which is based 63 

on the alternating deposition of macromolecules of opposite net charge by electrostatic attrac-64 

tion and ion-pairing on a charged substrate 5. The generation of polyelectrolyte multilayers 65 

(PEMs) by other interactions such as van-der-Waals forces, hydrogen bonding and hydropho-66 

bic interactions are also exploited in LbL assembly 6-7. Multilayer properties like thickness, 67 

wettability, surface charge, topography and viscoelastic properties can be controlled by choice 68 

of macromolecular entities and complexation conditions 8. Recently, intrinsic cross-linking of 69 

multilayers by chemical means or coordination-based chemistry has been suggested as well 70 

with effects on stability and mechanical properties of multilayers 8-9. An interesting aspect of 71 

LbL technique is that many biomolecules such as proteins and glycosaminoglycans (GAGs) 72 

represent polyelectrolytes and can therefore be used for multilayer formation that may lead to 73 

surface coatings mimicking the microenvironment of cells 10. 74 

Cells in tissues are connected to and interact with the extracellular matrix (ECM), a well-orga-75 

nized system made of proteins and polysaccharides (e.g. collagens and proteoglycans with 76 

GAGs) that provide mechanical and chemical cues to cells 11. The interaction between cells 77 

and ECM proteins is driven mainly by integrins as cellular adhesion receptors for proteins like 78 

collagen, elastin, fibronectin and others 12, but also by cell hyaladherin receptors like CD44 for 79 



the GAG hyaluronan13. By contrast, other GAGs such as heparan sulfate or chondroitin sulfate 80 

form bridges between matrix proteins and cell receptors as part of matrix- or cell surface-81 

proteoglycans, but are also involved in storage and presentation of growth factors and other 82 

cytokines 14. Overall, the binding of these ligands to cell receptors transmits both chemical and 83 

mechanical signals that regulate adhesion, migration, growth, and differentiation of cells.  84 

Mesenchymal stem cells (MSCs) are promising candidates for tissue engineering and 85 

regenerative medicine due to their capability to differentiate into multiple cell types, such as 86 

adipocytes, chondrocytes, osteocytes and others 15-16. It was observed that the composition 87 

of substrata, degree of cell spreading and presence of ECM proteins and cytokines can control 88 

the development of these cells in specific lineages like adipocytes, osteoblasts or 89 

chondrocytes 17. Besides, these chemical cues, viscoelastic properties of substrata have been 90 

found to control their differentiation18. One obstacle for clinical application and fundamental 91 

studies of MSC is their limited proliferation capacity to only a few in vitro passages of explanted 92 

cells. Hence, multipotent cell lines like C3H10T1/2 mouse fibroblasts have attracted attention 93 

for fundamental studies, since they possess the potential to differentiate into several cell 94 

lineages in response to stimuli like growth factors, having at the same time a high proliferative 95 

capacity 19.  96 

Although multitudes of studies were done on the effect of growth factors, the effect of metal 97 

ions on growth and differentiation of MSC represents another opportunity to control their fate. 98 

Metal ions represent not only basic components of tissues like calcium in bone but play also 99 

numerous roles for the function of proteins, cells and organs that have been reviewed here 20 100 

21. Metal ions found to be an important role during different steps of bone regeneration as 101 

highlighted by Glenske et al. 22. For example, calcium ions enhance proliferation and 102 

differentiation of MSC by activation of calcium receptors 23. Cobalt ions are known to have the 103 

capacity to promote angiogenesis by activating hypoxia-inducible transcription factors (HIF-104 

1α) and subsequently the production of vascular endothelial growth factor (VEGF), which 105 

enhances the osteogenic differentiation of cells 24. Copper ions can not only inhibit the growth 106 



of bacteria and stimulate biological responses in mesenchymal stem cells (MSC) by increasing 107 

the expression of VEGF and HIF-1α 25, they are also involved in the regulation of bone 108 

metabolism 22 and are essential to stimulate collagen fiber deposition and blood vessel 109 

formation 26. Iron plays important roles in a variety of cellular processes such as the synthesis 110 

of DNA, RNA, protein functions like hemoproteins, electron transfer processes in 111 

mitochondria, cellular proliferation and osteogenic differentiation 27 28.  112 

Metal ions like calcium, copper, cobalt, iron and others can bind to proteins, polysaccharides 113 

and other organic molecules both through ionic interaction to charged groups like carboxylic 114 

functions, in addition but also coordinative bonds to nitrogen in amino, and oxygen in hydroxyl 115 

and carbonyl groups 29. Hence, metal ions may also be used for cross-linking polyelectrolytes 116 

by these type of bonds, which may affect the physical properties of multilayers, but potentially 117 

also the biological response and differentiation of cells. Hence, we studied here the effect of 118 

exposition of PEM made of hyaluronan as polyanion and chitosan as polycation to calcium, 119 

cobalt, copper and iron ions on the physical properties of multilayers and the biological 120 

response of multipotent embryonic mouse fibroblasts (C3H10T1/2) in terms of cell adhesion, 121 

growth and adipogenic differentiation.  122 

2. Materials and methods 123 

2.1 Materials 124 

Circular glass cover slides (Menzel, Bielefeld, Germany) of 12 mm in diameter and silicon 125 

wafers (Silicon materials, Kaufering, Germany) of (10x10) mm² and (37×17) mm² were used 126 

as substrata for deposition of multilayers. They were treated according to RCA clean I cleaning 127 

protocol 30, using a solution of ammonia 25% and hydrogen peroxide 35% (Roth, Karlsruhe, 128 

Germany ) and water (1:1:5, v/v/v) heated to 75 °C. All samples were immersed for 15 min in 129 

this solution, subsequently washed with ultrapure water, and dried with a stream of nitrogen. 130 

New gold-coated sensors for surface plasmon resonance studies (SPR, IBIS Technologies 131 

B.V, Enschede, Netherlands) were rinsed with ethanol (p.a., Roth) and distilled water. After 132 

drying with nitrogen, the cleaned gold sensors were incubated in 2 mM mercaptoundecanoic 133 



acid (MUDA, 95%, Sigma, Germany) in ethanol (p.a.) overnight to obtain a negatively charged 134 

surface due to presence of terminal carboxyl groups 31.  135 

A solution of chitosan (Chi, Mw = 5500 kDa, 85/500/A1, Heppe Medical Chitosan, Halle, 136 

Germany) with a deacetylation degree of 85% was prepared by dissolution in 0.15 M NaCl at 137 

a concentration of 1 mg/mL under stirring. Acetic acid (0.05 M) was added to the Chi solution, 138 

which was heated to 50 °C for 2 h, followed by adjustment of pH to 4.0 by dropwise addition 139 

of 0.1 M sodium hydroxide. Hyaluronic acid sodium salt from Streptococcus equi (HA, Mw 140 

∼1.5-1.8 MDa, Sigma, Germany ), was dissolved in 0.15 M NaCl pH 4.0 at a concentration of 141 

1 mg/mL. The metal salts calcium chloride dihydrate (CaCl2, Mw = 147.03 g/mol), cobalt 142 

chloride hexahydrate 99%, p.a. (CoCl2, Mw = 237.93 g/mol) (Roth, Karlsruhe, Germany), 143 

copper (II) chloride dihydrate 99%, p.a. (CoCl2, Mw = 170.48 g/mol), and iron (III) chloride 144 

hexahydrate 99%, p.a. (FeCl3, Mw = 270.33 g/mol ) were dissolved in ultrapure water at 145 

concentrations of 5, 10 and 50 mM, while the pH was adjusted to 4.0 by dropwise addition of 146 

0.1 M hydrochloric acid. Iron (III) chloride could not be used at 50 mM because of precipitation 147 

of the salt at this high concentration, when the solution pH was adjusted to pH 4.0.  148 

2.2 Polyelectrolyte multilayer (PEM) formation. 149 

Multilayer films were fabricated on cleaned substrates (glass or silicone) by alternating 150 

adsorption of Chi and HA (concentration 1 mg/mL in 150 mM NaCl, pH 4.0) up to 5 bilayers 151 

were obtained. The multilayer system was denominated as [Chi/HA]5. Each layer was formed 152 

by immersing the substrates in 1 mL of polyelectrolyte solutions for 15 min, followed by rinsing 153 

with 1 mL 0.15 M sodium chloride solution (pH 4.0) for three times 5 min. Afterwards, the 154 

multilayers were placed in 1 mL metal ion solutions (Ca2+, Co2+, Cu2+, and Fe3+) of different 155 

concentration (5, 10, and 50 mM) for 15 min followed by three times rinsing with 0.15 M NaCl 156 

for 5 min each. The resulting multilayers are then denominated as [Chi/HA]5 -Mec, where Me 157 

stands for the type of metal ion and subscript C for its concentration.  158 

 159 



2.3 Characterization of multilayer formation, uptake of metal ions and surface properties 160 

2.3.1 Surface Plasmon Resonance (SPR) 161 

SPR was applied to study the growth behaviour of multilayer films on gold-coated glass 162 

sensors using the IBIS-iSPR equipment (IBIS Technologies B.V, Enschede, Netherlands). A 163 

change in the angle shift of the incident light (m°) of SPR is proportional to the mass (ΓSPR) of 164 

adsorbed molecules on the surface 32. A new, MUDA-modified gold sensor was placed into 165 

the iSPR the flow cell, which was equilibrated with degassed 0.15M NaCl pH 4.0 to obtain a 166 

stable baseline. Subsequently, multilayers were assembled as described above using a flow 167 

rate of 3 mL/min at 25 °C. 168 

2.3.2  Ellipsometry 169 

The thickness of PEM was determined by multispectral ellipsometry (M-2000V, J.A. Woollam 170 

Company, Lincoln, NE; USA) under dry and wet conditions. At dry conditions, PEMs were 171 

assembled separately on silicon wafers in vitro and allowed to dry in a desiccator at least 172 

overnight. Afterwards, the samples were placed in the ellipsometry and scanned with an angle 173 

range of 65° to 85°. At least three samples were studied by measuring five spots on each 174 

sample. For wet conditions, ellipsometry was equipped with a liquid cell and PEM formation 175 

was studied in situ. Therefore, the silicon slides were mounted inside the 500 μL liquid cell 176 

and polyelectrolytes Chi and HA and washing solutions were pumped subsequently through 177 

the cell. The surface was scanned at a static angle of 70°. The in situ experiments were run in 178 

triplicate. The thickness of PEM was obtained by fitting the experimental data to an additional 179 

Cauchy layer, while a refractive index of 1.4 was used for PEM thickness calculation, which is 180 

recommended for native polysaccharides 33. The experimental data were analysed by using 181 

the onboard software Wvase32.  182 

2.3.3  Inductively-coupled plasma mass spectrometry (ICP-MS) analysis 183 

To determine the metal content via ICP-MS analysis, the multilayer-coated wafers/glasses 184 

were immersed in concentrated 67% (w/v) HNO3 (trace metal grade; Normatom / ProLabo) at 185 



70 °C for 2 h. Samples were diluted to a final concentration of 5-6% (w/v) in nitric acid. Indium 186 

and germanium (VWR Merck / VWR chemicals) were added as internal standards at a final 187 

concentration of 2 / 20 ppb and 5% isopropanol (Sigma). Elemental analysis was performed 188 

via inductively-coupled plasma mass spectrometry (ICP-MS) using a Cetac ASX-560 (Tele-189 

dyne, Cetac Technologies, Omaha USA), a MicroFlow PFA-200 nebulizer and an iCAP-RQ 190 

ICP-MS instrument (Thermo Fisher Scientific, Bremen) operating with a collision/reaction cell 191 

and flow rates of 5 mL/min of He/H2 (93% / 7% [13,3:1]), with an Ar (4.8) carrier flow rate of 192 

0.72 L/min and an Ar (4.8)-plasma makeup flow rate of 15 L/min. Data acquisition for each 193 

sample was done in triplicate using Qtegra Version 2.10.3324.83 software (Thermo Fisher 194 

Scientific). An external calibration curve was recorded with ICP-multi-element standard solu-195 

tion XVI (Merck) or ICP-single-element standards (Merck / Perkin Elmer) in 5% nitric acid. The 196 

sample was introduced via a peristaltic pump and analysed for calcium (Ca43), iron (Fe56) 197 

cobalt (Co59), copper (Cu63) and other element contaminations in triplicates. For blank meas-198 

urement and quality/quantity threshold calculation based on clean substances (glass) and 199 

original multilayers were used. The results were transformed from ppb sample volume-de-200 

pendent into ng metal per area (cm2). By means of the molecular mass of the measured ele-201 

ments a conversion to molar quantities (µmol) was done as well. 202 

2.3.4  FTIR Spectroscopy 203 

The chemical composition of polysaccharides contained in a 100 bilayers of Chi and HA mul-204 

tilayer with metal ions (at highest concentrations used here) were analysed by Fourier trans-205 

form infrared (FTIR) spectroscopy (IFS 28, Bruker, Germany) after freeze-drying of PEMs. 206 

Data from 24 scans with resolution of 4 cm−1 were collected in the mid-IR region (4000–400 207 

cm−1). Details of the preparation of freestanding films that were prepared by detachment of 208 

PEM from glass substrata can be found in the Supporting Information. 209 

2.3.5  Water contact angle studies 210 

Static contact angle (CA) measurements were used to determine the wettability of multilayer 211 

surfaces using an OCA15+ device (Dataphysics, Filderstadt, Germany). Here, the captive 212 



bubble technique was used to determine the contact angle of an air bubble on the PEM sur-213 

faces. The samples were immersed in a deionised water filled glass chamber and an air vol-214 

ume of 3 µL was dispensed with a flow rate of 1 µL/ s, while the ellipse-fitting method was 215 

used to fitting approximation. The experiments were run in triplicate and five bubbles per sam-216 

ple were measured.  217 

2.3.6  Streaming potential measurements  218 

The zeta (ζ) potential of multilayer surfaces was measured with a SurPASS device (Anton 219 

Paar, Graz, Austria). Glass coverslips with specific dimensions were used as substrata for 220 

multilayer formation that was done by dip-coating before the zeta potential studies as de-221 

scribed in section 2.2. Two identical PEM-modified glass coverslips were fixed on stamps and 222 

placed oppositely into the adjustable flow cell. The gap was adjusted to a distance where a 223 

flow rate of 100-150 mL/min was achieved at a maximum pressure of 300 mbar. Potassium 224 

chloride (1 mM) was used as an electrolyte and 1 M sodium hydroxide was used for pH titra-225 

tion. The measurements were performed by an automated titration program from pH 2.5 to 226 

10.0 using volume increments of 20 µL for adjustment of pH values in 0.25 pH steps. Nitrogen 227 

was used to purge the buffer solution during measurement. All experiments were run in dupli-228 

cate. 229 

2.3.7  Atomic force microscopy and nanoindentation  230 

The surface morphology of PEM prepared on cleaned silicon wafers was investigated by 231 

atomic force microscopy (AFM). A Nanowizard® IV (JPK/Bruker, Berlin, Germany) was used 232 

to determine topography in ambient air using fast nanoindentation (Quantitative Imaging™- 233 

Mode), and mechanical properties in intermittent contact mode in a standard liquid cell 234 

(JPK/Bruker) with 150 mmol L−1 NaCl (pH 4). Here the AFM investigations were carried out to 235 

measure a section of 2.5 x 2.5 µm2 with a resolution of 512 x 512 pixel2 to represent 236 

morphological nature of the layers as well as the elastic modulus. The force constant 237 

calibration of used standard silicon cantilevers was performed by using the thermal noise 238 

method 34. The AFM probe tip was verified twice-using scanning electron microscopy. First to 239 



measure the radius of the indenter and second to prove tip geometry consistency after 240 

completing all measurements. In the post-processing procedure Young´s moduli were 241 

calculated from the indentation curves using the advanced Hertzian model 35. 242 

2.4 Biological investigations 243 

2.4.1 Measurement of serum protein adsorption 244 

The capability of PEM to bind serum proteins was quantified by a bicinchoninic acid assay 245 

(BCA) (Pierce, ThermoFisher Scientific, Germany). Briefly, PEMs were fabricated in 96 well 246 

plates (Greiner Bio-One) according to the protocol described in section 2.2. Then, 250 µL of 247 

Eagle’s Basal Medium (EBM) supplemented with 10% fetal bovine serum (FBS, Biochrom, 248 

Berlin, Germany) were added to the PEM, which were then incubated at 37 °C for 4h. After 249 

incubation, the medium was aspirated, and the wells were washed twice with phosphate 250 

buffered saline (PBS) pH 7.4. Thereafter, 250 µL of BCA working reagent was added to each 251 

well and allowed to react at 37 °C for 30 min. Afterwards, 225 μL of supernatant were 252 

transferred from each well into a new 96-well plate, followed by measuring the absorbance at 253 

562 nm with a plate reader (FLUOstar, BMG LabTech, Ortenberg, Germany). The amount of 254 

adsorbed protein was calculated from a calibration curve obtained with bovine serum albumin 255 

(BSA, Roth). 256 

2.4.2 Cell Culture 257 

Cryopreserved embryonic mouse mesenchymal stem cells (C3H10T1/2, clone 8, ATCC, USA) 258 

were thawed and grown in Eagle's Basal medium (EBM ) supplemented with 2 mM L-gluta-259 

mine, 1.5 g/L sodium bicarbonate, Earle's salts, 10% FBS and 1% penicillin/streptomycin 260 

(pen/strep, Promocell, Germany) at 37 °C in a humidified 5% CO2/ 95% air atmosphere. Cells 261 

of almost confluent cultures were washed once with sterile PBS pH 7.4 followed by treatment 262 

with 0.25% trypsin/0.02% EDTA (Biochrom, Berlin, Germany) at 37 °C for a maximum of 5 min 263 

to detach the cells. Trypsin was neutralized with EBM containing 10% FBS, and the cells were 264 

resuspended in EBM after centrifugation at 250 g for 5 min. Afterward, the cells were seeded 265 

on plain and PEM-modified round glass coverslips at a density of 5 × 104 cells/mL. 266 



2.4.3 Immunostaining of cells  267 

C3H10T1/2 cells cultured in the presence of 10% FBS in EBM were cultured on sterilized PEM 268 

at 37 °C in a humidified 5% CO2/ 95% air atmosphere for 4 and 24 h. Adherent cells were fixed 269 

with 4% paraformaldehyde solution (Roti® Histofix, Roth) at room temperature for 15 min and 270 

washed briefly with PBS, pH 7.4. Then, cells were permeabilized with 0.1% (v/v) Triton X-100 271 

(Sigma) for 10 min. After rinsing twice with PBS, nonspecific binding sites were blocked with 272 

1% BSA in PBS. Focal adhesions were visualized by incubation with a mouse monoclonal 273 

antibody raised against vinculin (7F9) (1:50, Santacruz Biotechnology). CD44; the cell-surface 274 

receptor of HA, was stained by incubation with a mouse monoclonal antibody raised against 275 

CD44 (Dianova, Hamburg, Germany). Specific monoclonal antibody binding was detected by 276 

incubation with a goat Cy2-conjugated anti-mouse secondary antibody (1:100, Dianova, Ham-277 

burg, Germany). The actin cytoskeleton was visualized by incubating with BODIPY® -phal-278 

loidin (1:1000, Invitrogen, Germany) while the nucleus was visualized with TO-PRO 3 (1: 500 279 

Invitrogen). All incubations were performed at room temperature for 30 min followed by exten-280 

sive washing with PBS three times. The samples were finally mounted to object holders using 281 

Mowiol (Calbiochem, Germany) and examined by confocal laser scanning microscopy (CLSM 282 

710, Carl Zeiss Micro-Imaging GmbH, Jena, Germany) using a 10X, 20X, 40X and a 63X oil 283 

immersion objective. CLSM images 710 (Carl Zeiss) were used to determine the cell count 284 

and cell morphology in terms of cell area and aspect ratio of cells stretching. All data were 285 

calculated by Fiji ImageJ. 286 

2.4.4 Cell Growth 287 

For cell growth studies, PEMs were also assembled in 96-well tissue culture plates. Before 288 

cell culture, the PEM were sterilized in a UV chamber (Bio-Link BLX, LTF Labortechnik, Ger-289 

many) at 254 nm (50 J/cm) for 30 min. C3H10T1/2 cells were seeded on PEM at a density of 290 

5 × 104 cells/mL in EBM supplemented with 10% FBS and 1% pen/strep and incubated at 37 291 

°C in a humidified 5% CO2/95% air atmosphere for 24 and 72 h. The cell morphology and 292 

growth was visualized by phase contrast microscopy with an Axiovert 100 (Zeiss) equipped 293 



with a CCD camera (AVT HORN). The quantity of viable cells was measured using the non-294 

toxic QBlue® assay (BioChain, Newark, CA, USA), which is related to the metabolic activity of 295 

living cells. The old medium was carefully aspirated and 200 μL of pre-warmed EBM contain-296 

ing the QBlue reagent (ratio 1:10) was added. After additional incubation at 37 °C for 3 h, 100 297 

μL supernatant from each well were transferred to a black 96-well plate (Greiner bio-one, Ger-298 

many). The fluorescence intensity was measured at an excitation wavelength of 544 nm, while 299 

an emission wavelength of 590 nm was used in a plate reader (FLUOstar, BMG LabTech, 300 

Germany). The EBM/QBlue solution without cell contact was used as a blank. 301 

2.4.5 Cell differentiation 302 

C3H10T1/2 cells were seeded on original [Chi/HA]5 multilayers and cross-linked metal ions 303 

high concentration and cultured with and Dulbecco’s Modified Eagle’s Medium (DMEM; low-304 

glucose concentration) (Sigma-Aldrich, Germany) supplemented with 10% FBS and 1 % 305 

pen/strep at a density of 50 000 cell mL−1 for 48 h to obtain a certain degree of confluency. 306 

Cells were then incubated for 21 days, while the media were changed twice per week. Adipo-307 

genic differentiation efficacy was determined by staining the cells with oil red to estimate the 308 

formation of neutral fats in the cytoplasm. Oil red stock solution was prepared by dissolving oil 309 

red powder (Sigma-Aldrich, Germany) in isopropanol (Roth, Germany) to achieve a concen-310 

tration of 0.5% (w/v) during gentle heating. Oil red working solution was prepared by diluting 311 

the stock solution with PBS pH 7.4 at a ratio of 3:2. Fixed cells were incubated with filtered oil 312 

red working solution in the dark for 30 min. Thereafter, cells were rinsed three times with dis-313 

tilled water and dried in air. All cells were imaged using bright-field microscopy (Leica, Ger-314 

many). Finally, the cells were stained for specific markers for of adipogenic (perilipin and 315 

GLUT4). Later, the cells were rinsed with PBS and fixed with 4% paraformaldehyde (Roti® 316 

Histofix, Roth) solution at room temperature for 15 min and washed with PBS. After permea-317 

bilization using 0.1% (v/v) Triton X-100 (Sigma- Aldrich) for 10 min, the non-specific binding 318 

sites were blocked with a 1% bovine serum albumin solution (BSA; Roth, Germany) in PBS at 319 

room temperature for 1 h. For visualization of adipogenic markers, the cells were incubated 320 



with primary monoclonal antibodies raised against perilipin (rabbit) and glucose transporter 4 321 

(GLUT4, mouse) (1:100, sc-biotechnology, Germany) and conjugated secondary anti-mouse 322 

(CY2) and anti-rabbit (CY3) antibodies respectively. The actin cytoskeleton was visualized by 323 

incubating with BODIPY®-phalloidin (1:1000, Invitrogen, Germany). The samples were exam-324 

ined with confocal laser scanning microscopy (CLSM 710, Carl Zeiss Micro-Imaging GmbH, 325 

Jena, Germany) using 40x oil immersion objective. CLSM images 710 (Carl Zeiss).  326 

2.5 Statistics 327 

All data were expressed as mean values ± standard deviations (SD). Statistical analysis was 328 

carried out using Origin 8 software. A one-way ANOVA followed by posthoc Tukey’s test was 329 

performed to estimate the statistical significance of results for p ≤ 0.05, which is indicated with 330 

an asterisk in the respective figures where applicable. Further, the box-whisker plots in panels 331 

(b) and (c) indicate the 25th and 75th percentile, the median (dash) and mean values (black 332 

square), respectively, whereas the 95%-1% confidence interval is represented by the whisk-333 

ers. 334 

 335 

3. Results and Discussion  336 

3.1. Characterization of multilayer formation and uptake of metal ions 337 

Characterization of multilayer formation and surface properties were performed to study the 338 

effects of exposure of [Chi/HA]5 multilayers to metal ions on physical properties of multilayers 339 

and to understand whether such changes can explain differences in behavior of cells. The 340 

surface sensitive analytical techniques SPR and ellipsometry were used here to monitor the 341 

multilayer growth and thickness of [Chi/HA]5 as shown in Figure 1. There was a nearly linear 342 

increase in SPR angle shift (m°) with the addition of each layer of polyelectrolytes (Figure 1a). 343 

In situ ellipsometry studies with the flow cell shown in Figure 1b indicate that the layer 344 

thickness of PEM increased linearly similar to SPR studies. Moreover, ellipsometry data show 345 

that equilibrium adsorption states of polyelectrolytes were reached rather quickly. The overall 346 

thickness of multilayers at dry condition was ~8.9 nm (Figure S1), while that at wet condition 347 



was ~18 nm (see Figure 1b). The growth of multilayers studied by SPR and ellipsometry 348 

expressed a linear behavior as it has been observed for similar multilayer systems made of 349 

Chi and HA 36.  350 

Figure 1: Multilayer growth and thickness. (a) angle shifts during multilayer formation 352 

measured with surface plasmon resonance (SPR). Odd layers: polycation (Chi); even layers: 353 

polyanion (HA). Results represent means ± SD, n = 3. (b) In situ thickness measurement of 354 

PEM by ellipsometry at wet conditions. Results represent means ± SD, n = 3.  355 

 356 

Multilayers were then exposed to solutions of metal ions to achieve intrinsic cross-linking by 357 

ionic interaction or complex formation between metal ions and functional groups of both 358 

polysaccharides. First, an elemental analysis was performed using ICP-MS to determine the 359 

quantity of incorporated metal ions. Here [Chi/HA]5 were loaded with the highest concentration 360 

of metal ions, such as 50 mM of Ca2+, Co2+, Cu2+ and 10 mM of Fe3+ respectively. In general, 361 

concentrations of metal ions detected in [Chi/HA]5 multilayers were rather low, which is 362 

important when judging a potential cytotoxicity of metal ions like Co2+ and Cu2+. Table 1 shows 363 

the highest concentration for Fe3+, followed by Ca2+ and Cu2+ having one order of magnitude 364 

lower concentration and then Co2+ with two orders of magnitude lower concentration than Fe3+. 365 

We expected a cross-linking process of functional groups of both polysaccharides, particularly 366 

amino and hydroxyl groups of Chi and functional groups of HA (hydroxyl groups and carboxylic 367 



groups) by coordinative bond formation. Hence, the Lewis acid/base character of the metal 368 

ions and functional groups should be considered. While amino groups, hydroxyl groups and 369 

carboxylic groups represent strong Lewis bases 37,38, the metal ions applied here belong to 370 

different categories of Lewis acids. Iron and copper ions represent strong Lewis acids, cobalt 371 

is of intermediate strength, while calcium is a weak Lewis acid. Pairing of strong Lewis acids 372 

with strong bases leads to stronger coordinative bond formation than strong with weak, which 373 

may explain the differences in the quantities of metal ions found in the PEM 39,. In addition, we 374 

should also consider Coulomb interactions between metal ions and charged functional groups 375 

of polysaccharides, which would also indicate that the valency of metal ions plays a role for 376 

the uptake by [Chi/HA]5 multilayers. Hence, the highest concentration of iron can be explained 377 

by both the strong Lewis acid character and higher valency compared to the other metal ions. 378 

Also higher concentration of copper ions should be related to its property being a strong Lewis 379 

acid. On the other hand, calcium as weak Lewis acid should be characterized by lower 380 

concentration than cobalt ions, which was not the case. Hence, we expect that calcium ions 381 

cross-link carboxylic groups of HA by Coulomb interaction. 382 

Table 1: Amounts of metal ions absorbed in [Chi/HA]5 multilayers prepared on glass. 

Quantities of metal ions on multilayers were determined by ICP-MS. 

Quantity of metal ions on 
multilayers (µM and ng/cm2) 

 

[Chi-HA]5Ca2+ [Chi-HA]5Co2+ [Chi-HA]5Cu2+ [Chi-HA]5Fe3+ 

[µM] 
 

0.37 
 

0.013 
 

0.1 
 

19 
 

[ng/cm2] 13.3 0.69 4.87 926 

 383 

FTIR spectroscopy was used to investigate which functional groups of both polysaccharides 384 

were involved in either ionic or coordinative bond formation with metal ions. Hence spectra of 385 

pure chitosan (Chi), hyaluronic acid (HA), and [Chi/HA]100 prepared as freestanding films were 386 

studied with FTIR spectroscopy (see supplemental information for details of freestanding film 387 

formation (Figure S2)). The multilayer system was then exposed to highest concentrations of 388 

metal ions and FTIR spectra were recorded. Figure 2a shows that the spectrum of pure Chi 389 



presents a broad absorbance band at about 3275 cm-1 related to the corresponding amine N–390 

H and hydroxyl group O–H, including those from residual water. Furthermore two bands at 391 

2980 and 2881 cm-1 caused by stretching of C-H; the absorption band of amide I stretching at 392 

1651 cm-1, and bending vibrations of the N-H (N-acetylated residues, amide II band) at 1587 393 

cm-1 were found 40. Amine deformation vibrations usually produce strong bands in the range 394 

of 1638-1575 cm-1. Hence, the peak at 1587 cm-1 can be also a contribution of the N-H bending 395 

of the amine, as previously discussed 41. The peaks at 1419 and 1377 cm-1 belong to the 396 

deformation of C-H and the stretching of C-N, respectively 42-43. The absortion bands at 1150 397 

cm-1 (anti-symmetric stretching of the C-O-C bridge and C-N stretch), 1075 cm-1, 1050 cm-1 398 

and 1030 cm-1 (skeletal vibrations involving the C-O stretching) are characteristics of its 399 

saccharide structure 40, 41.  400 

The spectrum of HA (see Figure 2a as well) shows an intense band that has its maximum at 401 

about 3275 cm-1 attributed to N-H and O-H groups engaged in hydrogen bond formation and 402 

some residual water after drying of free-standing films. The band at around 2900 cm-1 can be 403 

referred to stretching vibration of the C-H bonds. The carbonyl band νC=O of the (protonated) 404 

carboxylic group COOH appears at 1730 cm-1; this group has also been assigned to the peak 405 

at 1608 cm-1 44 . This zone is where amide I and amide II are expected and probably their 406 

contributions superpose, the peak at 1555 cm-1 attributed to the amide II vibration 45. The 407 

bands at about 1400 cm-1 are also characteristic of hyaluronic acid and correspond to C=O 408 

and C-O bonds in the carboxylate46. The intense band extending between 1200 and 900 cm-1 409 

corresponds to  the saccharide unit C-O-C stretching vibration (1150 cm-1 O-bridge, 1070 cm-410 

1 and 1024 cm-1 C-O vibration). 411 

LbL assembly of [Chi/HA]100 multilayer films was not expected to produce significant changes 412 

in the FTIR spectrum of the polysaccharides, as reported previously for alginate and chitosan 413 

41. The [Chi/HA] multilayers presented a slightly sharp peak of the stretching bonds of O-H 414 

and N-H at 3275 cm-1 that shifts to 3300 cm-1; a small new band at 1317 cm-1 that can be 415 

attributed to C-O and C-N amid II bands. The bands at 1602 and 1404 cm−1 can be related to 416 

the stretching of COO- of the acid group of HA molecules. The bands corresponding to the 417 
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saccharide units between 1200 and 900 cm-1 are very similar to those found in the HA 418 

spectrum 47. Metal ions can be electrostatically bound to the multilayers by the carboxylic 419 

groups of HA (COO-) and/or be involved as coordinative bonds with hydroxyl or carbonyl 420 

oxygen of both polysaccharides or nitrogen in amino groups of Chi 29. FTIR spectra of 421 

multilayers after addition of metal ions were similar to that of [Chi/HA]100 (see Figure 2b). 422 

While previous studies reported a decrease in the intensity of the wideband at 3300 cm-1 (O–423 

H and N–H stretching) due to the participation of the hydroxyl and amine groups in the 424 

chelation with metal ions 48, in our case this band remains of the same intensity as [Chi/HA]100 425 

or has a higher intensity that becomes evident for [Chi/HA]100-Cu2+. The band at 1602 cm-1 426 

seems similar to the case of [Chi/HA]100 (Figure 2c), but a slight shift to a higher wavenumber 427 

is observed to 1605 cm-1 when Co2+ or Ca2+ were present and up to 1608 cm-1 for Fe3+ and 428 

Cu2+  (redshift)). These shifts can indicate the interaction between the carboxylic group (COO-429 

) of HA and the metal ions as reported previously 49. A slight shift of the bands to higher 430 

wavelengths is also observed in metal ion-containing [Chi/HA] multilayers for the peaks at 431 

1404 cm-1 to 1406 cm-1 for Co2+ and Cu2+ and to 1410 cm-1 for Ca2+ and Fe3+ (Figure 2c), 432 

probably also due to the interaction of metal ions with the carboxylate group. In general, the 433 

small changes of the IR spectra at a range of ~ 5 to 10 cm-1 indicate the involvement of the 434 

amino and carboxyl groups in the complex formation. A weaker intensity and slight movement 435 

to a higher wavenumber  of the C-O glycosidic bond at 1070 cm-1 was observed for the iron 436 

and cobalt-containing samples (Figure 2d), which might be attributed to the coordination of 437 

ions with adjacent monomeric units 43, 48. 438 



 439 

Figure 2: (a) FTIR spectra of pure chitosan (Chi), hyaluronic acid (HA) and dry [Chi/HA]100 440 

multilayer films. (b) FTIR spectra after cross-linking [Chi/HA]100 with metal ions applying 441 

concentrations of 50 mM Ca2+, Co2+, Cu2+ and 10 mM of Fe3+. (c) FTIR spectra after cross-442 

linking [Chi/HA]100 with metal ions in the range of 1600-1400 cm-1, (*, $ indicate slight changes 443 

of spectra). (d) FTIR spectra after cross-linking [Chi/HA]100 with metal ions in the range of 444 

1100-1030 cm-1. 445 

 446 

 447 

 448 



3.2. Characterization of surface properties  449 

Surface energy (wettability), which is dependent on the chemical composition of substrata, 450 

has an impact on cell spreading and growth 50. Static water contact angle (WCA) measurement 451 

is one of the most suitable methods for measure the wettability. The captive bubble technique 452 

was used here to evaluate the changes of wetting properties of terminal layers and after 453 

absorption of metal ions by the multilayers. Figure 3a shows the original [Chi/HA]5 multilayer 454 

as moderately wettable surfaces with WCAs in the range of 40 °C, which corresponds well to 455 

previous studies 31. HA that forms the terminal layer possesses polar hydroxyl and negatively 456 

charged carboxylic groups. Hence, it forms a wettable material surface 51 .The treatment of 457 

[Chi/HA]5 with the different metal ions resulted in slight changes of WCA. There were no 458 

significant changes in wettability as a result of adsorption of Cu2+ and Fe3+ ions of different 459 

concentrations compared to [Chi/HA]5 multilayer. By contrast, a significant decrease of WCA 460 

was observed at higher concentrations of cobalt and calcium ions cross-linking to [Chi/HA]5. 461 

This increase in surface wettability presented by a water contact angle of 30° ± 5° of [Chi/HA]5 462 

Ca2+ and Co2+cross-linking, could be related to the entrapment of water in the [Chi/HA]5 463 

multilayers, as found in another study 52. However, it should be noted that the metal ions only 464 

slightly influenced wetting properties of original [Chi/HA]5. In addition, there was no correlation 465 

between quantities of metal ions taken up as found by ICP-MS since Fe3+ concentration was 466 

highest, but no change of WCA was seen. 467 

Zeta potential measurements of PEM represent not only the charge distribution of terminal 468 

layers but also the electrical potential of the swollen layers beneath, which is in contrast to 469 

WCA measurements, where wettability is controlled only by the terminal layer composition 53. 470 

In general, the zeta potentials of PEM reflect their intermingled structure in the surface region, 471 

at least when polysaccharides are used. Therefore, the polycations dominate the surface po-472 

tential at acidic pH values, while polyanions dominate at basic pH values 54. It was expected 473 

that addition of metal ions could change surface potentials by cross-linking carboxylic groups 474 

of HA due to ionic interaction or the presence of cationic metal ions. Figure 3b shows that the 475 



zeta potentials of original [Chi/HA]5 multilayers and those cross-linked with Cu2+ and Co2+ did 476 

not differ significantly particularly at acidic pH from the original [Chi/HA]5, which corresponds 477 

well to the fact that their concentrations were really low as found by ICP-MS studies. Therefore 478 

it was expected that they have only a small effect. However, the zeta potentials of [Chi/HA]5 479 

cross-linked with Ca2+ and Fe3+ ions became more positive at acidic pH values, with most 480 

positive value when Ca2+ ions were used, which could be related to the interaction of calcium 481 

with carboxylic groups of HA due to ionic interaction. Corresponding to that observation, the 482 

point of zero charges (PZC) was found at pH 4.2 of [Chi/HA]5 cross-linked with metal ions like 483 

Co2+, Cu2+, which was the same as for the original multilayer. A slight shift to 4.6 was seen 484 

when Fe3+ was applied, while that of [Chi/HA]5-Ca2+ was found at pH 5.8. The more positive 485 

potentials and shift of PZC to higher pH values when Ca2+ and Fe3+ were used indicates that 486 

Coulomb interaction of cations with carboxylic groups of HA plays a dominate role and leads 487 

to a reduction of negative charge. In addition, also the higher concentration of them can add 488 

on, when they are involved in coordinative bond formation only since their cation charge re-489 

mains then 55. At physiological pH 7.4, original [Chi/HA]5 and metal ions cross-linking exhibited 490 

similar negative zeta potentials.  491 

 492 

Figure 3: Water contact angles (WCAs) and zeta potential of multilayers. (a) Captive-bubble 

technique measuring WCA of plain (HA) and [Chi/HA]5 multilayers cross-linked with metal ions. 

Results represent means ± SD (n = 15, *p < 0.05). (b) Zeta potentials of plain (black) and 



[Chi/HA]5 multilayers cross-linked with metal ions at higher concentration green Ca2+, red Co2+, 

blue Cu2+ (50 mM) and yellow Fe3+ (10 mM). All samples were measured twice (n = 2). 

 

The surface topography of multilayer films was studied under ambient conditions in dry state 493 

with AFM. Figure 4a illustrates that the topography of original [Chi/HA]5 multilayers and cross-494 

linked with metal ions did not show significant differences between the type of metal ions 495 

except when Fe3+ was used for cross-linking. All surfaces had a granular surface morphology 496 

with slight differences in roughness depending on the type of metal ion (see Table 2). The 497 

[Chi/HA]5 multilayer possessed a smoother surface (sq = 4.4 nm), while a granular structure 498 

of PEM led to increasing surface roughness after cross-linking with Cu2+ and Co2+, but no 499 

effect for Ca2+. By contrast, the [Chi/HA]5-Fe3+ multilayers exhibited a less granular topography 500 

and more homogeneous structure but of highest roughness (sq = 11.7 nm). The Young’s 501 

modulus (E) can be used to characterize the mechanical properties of [Chi/HA]5, which tend 502 

to have elastic modulus values ranging from MPa to GPa. This is assumed also to reflect the 503 

solid substratum underneath 56. It was expected that cross-linking of carboxyl and amino 504 

groups from HA and Chi by metal ions should increase the E modulus. By contrast, the E 505 

modulus distribution graphs shown in Figure 4b and mean values shown in (Table 2) 506 

demonstrate that the original [Chi/HA]5 possessed the highest modulus while cross-linked with 507 

metal ions lead to lowering of Young’s modulus in all cases. The cross-linking of [Chi/HA]5 508 

multilayers with Co2+ resulted in the lowest E modulus with the most narrow peak. However, 509 

also the other metal ions caused similar effects, but with wider distribution of the E moduli. We 510 

assume that rather intramolecular than intermolecular cross-linking of functional groups is 511 

causing a more coiled conformation of polyelectrolytes molecules inside the PEM leading to a 512 

reduction of elastic modulus as found also in other studies 57 58.  513 



 514 

Figure 4: (a) Surface topography of [Chi/HA]5 multilayers cross-linked with highest 515 

concentrations 50 mM Ca2+, Co2+, Cu2+ and 10 mM Fe3+ measured under dry conditions by 516 

atomic force microscopy (AFM). (b) Distribution curves of E modulus done at intermittent 517 

contact mode of AFM in 150 mM NaCl solution with a force map of an area of 2.5 x 2.5 μm2 518 

(scale bar = 500 nm). 519 

Table 2: Area roughness parameters (area mean roughness (Sa) and area root mean squared 

roughness), the elastic modulus (E) distribution of original [Chi/HA]5 and with high 

concentration of metal ions were measured by AFM. 

 [Chi-HA]5 Ca2+ Co2+ Cu2+ Fe2+ 

Sqa [nm] 4.4 4.9 6.5 5.3 11.7 

Sab [nm] 2.8 2.7 4.2 3.4 7.9 

E modulus (MPa) 71.3 ± 0.06 61.6 ± 0.05 45 ± 0.03 49.9 ± 0.03 62 ± 0.08 



 520 

3.3. Biological studies on serum protein adsorption and cell adhesion 521 

Since proteins are important mediators for cell-biomaterial interactions, the capability of 522 

[Chi/HA]5 multilayers to bind proteins from a solution of 10% FBS was investigated using a 523 

standard BCA assay. The adsorption of serum proteins from FBS was dependent on type and 524 

concentration of metal ions. Figure 5 shows that significantly more proteins adsorbed on 525 

[Chi/HA]5-Cu2+ and [Chi/HA]5-Fe3+ of highest concentration (50 and 10 mM, respectively) com-526 

pared to [Chi/HA]5. By contrast, cross-linking of [Chi/HA]5 with calcium and cobalt ions had no 527 

significant effects on protein adsorption. The stronger adsorption of serum proteins observed 528 

when 10 mM Fe3+ were used for cross-linking might be related to the higher quantities of Fe3+ 529 

ions bound to multilayers and their effect on zeta potential because protein adsorption de-530 

pends also on electrostatic interactions between the proteins and surfaces 59 60. Also the use 531 

of copper ions for the cross-linking increased the measured amount of serum proteins. On the 532 

other hand, there were no effects observed when Ca2+ and Co2+ were used for the cross-533 

linking of [Chi/HA]5 multilayers. 534 

 535 

 536 



Figure 5: Measurement of adsorbed serum proteins on [Chi/HA]5 multilayers (black) in de-537 

pendence on the concentration of metal ions (green) Ca2+, (red) Co2+, (blue) Cu2+, and (yellow) 538 

Fe3 used for cross-linking determined by BCA assay (n = 6, *p < 0.05).  539 

C3H10T1/2 fibroblasts stained for actin cytoskeleton were used for quantitative analysis of cell 540 

adhesion after 4 h on plain and metal ion cross-linked [Chi/HA]5 multilayers including cell 541 

count, cell area, and aspect ratio. Results are shown in Figure 6. A first finding was that in-542 

creasing metal ions concentration of Co2+ and Cu2+ caused a significant decrease in cell count 543 

(Figure 6a). However, no significant effects were seen regarding cell count for Fe3+ and Ca2+ 544 

compared to original [Chi/HA]5 multilayers independent on the concentration of metal ions 545 

used for cross-linking. On the other hand, effects of cross-linking [Chi/HA]5 multilayers with 546 

metal ions on cell spreading (Figure 6b) were visible already at low concentrations (5 mM) of 547 

iron resulting in the largest area of cells. Besides, the cell area was not significantly different 548 

between the plain [Chi/HA]5 and those cross-linked with Ca2+, Co2+ and Cu2+ at a low concen-549 

tration of 5 mM. However, higher concentrations of all ions from 10 mM on made all cells 550 

significantly larger than those on plain [Chi/HA]5 multilayers. Furthermore, Figure 6c shows 551 

that cells were significantly more polarized on [Chi/HA]5 cross-linked with copper (10 and 50 552 

mM) and iron (5 and 10 mM) ions than cells on [Chi/HA]5. By contrast, cross-linking of 553 

[Chi/HA]5 with calcium and cobalt ions did not have any significant effects on cell shape if 554 

compared to plain [Chi/HA]5 as visible by comparable aspect ratioa (Figure 6c).  555 



 556 

Figure 6: Quantitative cell adhesion data obtained from CLSM micrographs of C3H10T1/2 557 

embryonic fibroblasts cultured for 4 h on the different types of multilayers in medium with 10% 558 

FBS. Cell count (a), area (b), and aspect ratio (c) of cells on original [Chi/HA]5 and cross-linked 559 

with different metal ions concentrations. The box-whisker plots in panels (b) and (c) indicate 560 

the 25th and 75th percentile, the median and mean values (black square), respectively (mean 561 

± SD).  562 



 563 

Figure 7: Cell morphology of C3H10T1/2 embryonic fibroblasts after 4 h incubation on 564 

[Chi/HA]5 and multilayers cross-linked with metal ions of concentration of 5 (a), 10 (b) and 50 565 

mM (c), respectively. Cells were stained for actin filaments (red), vinculin (green) and nuclei 566 

(blue). (Scale bar: 20 μm)  567 

Immunohistochemical staining of C3H10T1/2 embryonic fibroblast was used to study cell 568 

adhesion and spreading through staining of actin cytoskeleton (red) expression and 569 

organization of vinculin (green) to detect focal adhesion (FA ) formation and cell nuclei (blue) 570 

using CLSM (Figure 7). C3H10T1/2 cells plated on plain [Chi/HA]5 exhibited a poor expression 571 

of vinculin and no organization in focal adhesion plaques (FA), which corresponds probably to 572 

the lack of appropriate matrix ligands for cellular integrins (e.g. fibronectin). Although the 573 

expression of vinculin seemed to be stronger in cells plated on [Chi/HA]5 cross-linked with 574 

Ca2+ and Co2+ development of FA was not seen. By contrast, already 5 mM Fe3+ led to more 575 

elongated cells that possessed many well-developed FA that was also corresponding to the 576 



presence of many longitudinal actin stress fibers, not seen with the other metal ions used at 577 

the same concentration for the cross-linking process. Whereas, the [Chi/HA]5 multilayers 578 

cross-linked with 10 mM of all metal ions promoted formation of FA in cells, seen at the 579 

periphery and in the central regions accompanied by development of actin stress fibers. 580 

However, a further increase of metal ion concentration to 50 mM during the cross-linking 581 

process caused not only a reduction of cell size, but also to a disappearance of focal adhesions 582 

when Ca2+ and Co2+ were used for cross-linking.  583 

CD44 is a mediator for HA-induced cell adhesion and signaling pathways13. Here, we 584 

examined whether CD44 was expressed and organized differently (green staining) in 585 

dependence of the type of metal ion used for cross-linking. In addition, actin (red) and nuclear 586 

staining (blue) were performed to visualize nuclei and the body of cells (Figure 8a). CD44 587 

staining was predominantly distributed perinuclear manner as indicated by the green 588 

background around the blue-stained nuclei of cells. However, positive CD44 staining in the 589 

peripheral regions of cells cultured on [Chi/HA]5 cross-linked with metal ions was also found 590 

as clusters in the periphery and not seen in cells on the plain PEM. Such clustered appearance 591 

of CD44 was detected on both [Chi/HA]5-Co2+ and -Cu2+, which expressed additionally a strong 592 

CD44-positive staining in the nucleus of permealized cells. A weak positive staining for CD44 593 

in the nucleus was also observed in cell cultured on plain [Chi/HA]5. A quantitative analysis of 594 

these results studied by the intensity ratio nuclei to the cytoplasm of CD44 using the Fiji 595 

ImageJ confirmed the visual observations in a manner showing that both ions copper and 596 

cobalt provoked stronger nuclear staining of CD44 (Figure 8b). 597 



 598 

Figure 8: (a) Scanning confocal micrographs of cells, which were stained for actin filaments 599 

(red), CD44 (green) and nuclei (blue) in upper lane and of CD44 only (lower lane), and (b) 600 

intensity ratio nuclei to cytoplasmic staining of CD44 in C3H10T1/2 embryonic fibroblasts after 601 

24 h incubation on plain and with 50 mM Ca2+, Co2+, Cu2+ or 10 mM Fe3+ cross-linked [Chi/HA]5 602 

multilayers. White arrows in the micrographs indicate peripheral cell areas of increased CD44 603 

expression. For quantification of intensity ratio Fiji ImageJ was used. 604 

 605 

The results of adhesion experiments show that cross-linking [Chi/HA]5 multilayers with Cu2+ 606 

and Fe3+ promote adhesion, particularly spreading and partly polarization of C3H10T1/2 607 

fibroblasts, while Ca2+ and Co2+ seem to be inhibitory, particularly when 50 mM of salt ions 608 

were used. The inhibitory effect of the latter seems to be related to the fact that with increasing 609 



concentrations of both metal ions, wettability of [Chi/HA]5 multilayers was increased, which is 610 

suppressing cell adhesion 50 . Moreover, measurements of E modulus revealed that the cross-611 

linking with Co2+ resulted in the softest surface, which may be also related to lower spreading 612 

of cells 18. In addition, there was also no promoting effect of cross-linking [Chi/HA]5 multilayers 613 

with Ca2+ and Co2+ on serum protein adsorption, which represents a prerequisite for cell 614 

adhesion to bind attachment factors like vitronectin from serum that promote integrin ligation 615 

in cells 12. This was obviously the case for multilayers cross-linked with Cu2+ and Fe3+, both 616 

which promoted serum protein adsorption and showed enhanced cell spreading with increase 617 

of metal ion concentration. Increased attachment and spreading of cells on surfaces cross-618 

linked with iron ions has been observed previously when chitosan films were exposed to the 619 

metal ion 61. It was also interesting to see that CD44 could be found inside the nuclei when 620 

cobalt and copper ions were used for the cross-linking process. This points to a translocation 621 

of CD44, which has been related to changed transcription of genes in cells 62. 622 

Cell growth requires adhesion of cells with ligation of integrins to ECM to stimulate signal 623 

transduction via the mitogen-activated protein (MAP) kinase and other pathways including 624 

signaling via CD44 upon binding of HA 13 63. The growth of C3H10T1/2 cells was studied on 625 

the plain and cross-linked [Chi/HA]5 multilayer after 24 and 72 h. Quantification of viable cells 626 

was done by Q Blue test that is equivalent to the quantity of metabolic active cells and is 627 

shown in Figure 9a and b (24 and 72 h). In addition, phase contrast images of cells grown for 628 

24 h are shown in Figure 9c. The quantitative measurement of cell growth shows that the 629 

number of cells increased on [Chi/HA]5 during the time of culture. Micrographs in Figure 9c 630 

show that cells formed almost confluent layers on [Chi/HA]5 after 24 h. The use of calcium ions 631 

for cross-linking [Chi/HA]5 multilayers had an inhibitory and concentration-dependent effect on 632 

quantity of cells measured by Q Blue after 24 h and showed also a significantly lower quantity 633 

of cells after 72 h if compared to [Chi/HA]5. The morphology of cells shown in the micrographs 634 

taken after 24 h (see Figure 9c) demonstrate that the use of calcium ions for cross-linking 635 

lead to a rather round cell morphology and formation of cell aggregates in comparison to the 636 



flat, spread phenotype of cells on [Chi/HA]5. There were no effects of Ca2+ concentration visi-637 

ble here. The use of cobalt ions for cross-linking had also an inhibitory effect on the quantity 638 

of cells measured with Q Blue assay after 24 h when compared to [Chi/HA]5. However, it was 639 

seen that higher concentrations of 50 mM Co2+ used during cross-linking of [Chi/HA]5 were 640 

related to a higher quantity of cells and this effect became stronger after 72 h. Micrographs 641 

shown in Figure 9c support this finding because lower concentrations of Co2+ (5 and 10 mM) 642 

were related to the formation of cell aggregates and low number of spread cells, while a higher 643 

concentration of 50 mM Co2+ promoted spreading and increased growth of cells, particularly 644 

visible after 72 h (see Figure 9b). In general, the use of calcium and cobalt ions for cross-645 

linking exhibited the lowest growth of cells, which fits well to the results of adhesion studies. 646 

[Chi/HA]5-Cu2+ multilayers showed a comparable quantity of cells measured by Q Blue assay 647 

when compared to the original [Chi/HA]5 multilayer with no effect of Cu2+ concentration after 648 

24 h while after 72 h the number of cells was lower than on the [Chi/HA]5 multilayer, but de-649 

creased slightly with increase in Cu2+ concentration from 5 to 50 mM. Micrographs show that 650 

cells had a spread phenotype already at low concentration of 5 mM Cu2+ that was not changing 651 

with increasing concentration (see Figure 9c). The use of Fe3+ for cross-linking [Chi/HA]5 mul-652 

tilayers was clearly promoting cell growth and spread phenotype of cells already at low con-653 

centration of 5 mM (Figure 9). Cell quantity measured with Q Blue assays detected also more 654 

cells than on the control [Chi/HA]5 multilayers after 24 h and comparable quantities after 72 h 655 

(Figure 9 a, b). The C3H10T1/2 cells were already growing to confluence after 24 h, when 10 656 

mM Fe3+ was used for cross-linking as visible in Figure 9c. Findings regarding the growth of 657 

of C3H10T1/2 cells on multilayers cross-linked with Cu2+ and Fe3+ fit also very well to the 658 

observation made during adhesion studies because cell spreading is related to ligation of in-659 

tegrins and signal transduction processes 12. Beside changes of physical surface properties 660 

that are caused by the cross-linking of functional groups of both hyaluronan and chitosan, 661 

specific effects of metal ions on cell behavior can be anticipated 64. It should be also underlined 662 

that the suppressive effects of calcium and cobalt ions used fo cross-linking are not due to 663 



cytotoxic effects. We studied the effect of salt solutions in relevant contractions ranges in sep-664 

arate experiments on plastic-adherent cultures of C3H10T1/2 cells and did not find any signs 665 

of cytotoxicity (see Figure S3). 666 

 667 

 668 

Figure 9: Proliferation of C3H10T1/2 cells plated on original [Chi/HA]5 and cross-linked with 669 

metal ions. The metabolic activity was determined by the Q Blue viability assay 24 h (a) and 670 

72 h (b) of culture. Results represent means ± SD of three independent experiments. (c) phase 671 

contrast images of C3H10T1/2 cells cultured in the presence of 10% FBS for 24 h on plain 672 



[Chi/HA]5 and cross-linked with metal ions of concentration of 5 mM: upper panel, 10 mM: 673 

middle panel and 50 mM: lower panel of [Chi/HA]5-Ca2+, -Co2+, -Cu2+ and -Fe3+, respectively. 674 

The effect of cross-linking [Chi/HA]5 multilayers with metal ions was studied on adipogenic 675 

differentiation of the multipotent mouse cell line C3H10T1/2 by histochemistry (oil red staining 676 

of lipid vacuoles) and immunohistochemistry (perilipin and GLUT4) was studied after 21 days 677 

of culture in normal culture medium (DMEM, 10% FBS and 1% Pen/strep) without any induc-678 

ers. Figure 10a shows positive staining of vacuoles with oil red when they were grown on 679 

[Chi/HA]5 multilayers cross-linked with Ca2+, Cu2+ and Fe3+, However, plain [Chi/HA]5 and Co2+ 680 

cross-linked multilayers did not show any presence of lipid vacuoles. Indeed, the strongest 681 

staining was found when Cu2+ was used for cross-linking. Immunohistochemical staining of 682 

perilipin and GLUT4 also confirmed absence of adipogenesis by lack or weak staining for both 683 

markers of cells cultured on the plain and Co2+ cross-linked multilayers. This is in line with 684 

previous findings that  cobalt ions cause a suppression of the expression of adipogenic mark-685 

ers like PPARγ and inhibit adipogenesis as found by Kim et al. 65. By contrast, the plain 686 

[Chi/HA]5 multilayers inhibited lipid accumulation in the cells, which corresponds to the fact 687 

cells require inducers to differentiate 66, which lacks obviously during their culture on the plain 688 

multilayers. By contrast, cells cultured on [Chi/HA]5- Cu2+ and Fe3+ showed strong expression 689 

of perilipin and GLUT4 with the presence of many small vacuoles. Furthermore, it was also 690 

observes that F-actin was weakly expressed in cells that were rich in vacuoles. The ATP7A 691 

transporter protein is regulating copper ion uptake, which promotes adipogenic differentiation. 692 

Hence, the expression of perilipin and GLUT4 in cells cultured on [Chi/HA]5-Cu2+ is showing 693 

upregulated adipocyte differentiation 67. The previous study is also related to the important role 694 

of iron-related genes such as IRP1 in adipocyte physiology 68, because also [Chi/HA]5-Fe3+ 695 

multilayers promoted adipogenesis. Another interesting finding was that C3H10T1/2 cells 696 

tended to form aggregates when cultured on [Chi/HA]5-Ca2+ and were positively stained for 697 

lipids (see Figure 10a), as well as being positively-stained for perilipin. Calcium ions are 698 

known to be involved in regulating and stimulating adipogenic differentiation through (PPAR 699 



ɣ) receptor and cAMP 69. In general, the peroxisome proliferator-activated receptor Ɣ (PPAR 700 

ɣ), is a key transcription factor to regulate adipocyte maturation. Furthermore, overexpression 701 

of (PPAR ɣ) can produce a rounded morphology as seen in Figure 10b. 702 

The findings on adipogenic differentiation of C3H10T1/2 cells cannot be explained simply by 703 

the physical effects of surfaces that are related to the different attachment and spreading of 704 

cells. Findings of McBeath at al. demonstrated that the spreading of mesenchymal stem cells 705 

is related to osteogenic differentiation, while a round phenotype of cells promotes adipogene-706 

sis70.  Here, the more spread phenotypes found on [Chi/HA]5vmultilayers cross-linked with 707 

copper and iron ions promote adipogenic differentiation. Hence, we assume that release from 708 

or presentation of metal ions by the multilayers is the key to the differentiation of cells, though 709 

the quantities of ions is very low, but obviously they are bioactive. 710 

 711 

 712 



 713 



Figure 10: Visualization of adipogenic differentiation, C3H10T1/2 cells grown for 21 days on 

plain and metal ion (highest concentration) cross-linked [Chi/HA]5 multilayers. (a) Detection of 

lipid vacuoles formation using histochemical staining using oil red solution) (scale: 100 μm). 

(b) CLSM images of cell morphology by immunocytochemical staining for specific adipogenic 

differentiation markers. Cells were fixed with 4% paraformaldehyde and stained for perilipin 

(green) and (actin red) and the (nuclei blue) ((b) left lane). glucose transporter 4 (GLUT4, 

white) and the (nuclei blue) ((b) right lane) after 21 days incubation with DMEM (Scale: 20 

μm).  

4. Conclusions  714 

In the present work, we studied the effect of cross-linking [Chi/HA]5 multilayers with different 715 

types and concentrations of metal ions on bulk and surface properties of multilayers and how 716 

this affects the behavior of a multipotent mouse stem cell line. We found indications that cross-717 

linking of [Chi/HA]5 with metal ions multilayers can occur both through coordination chemistry 718 

but also Coulomb interaction, particularly for Ca2+ and Fe3+ with carboxylic groups of HA. 719 

Furthermore, an important observation of this study was that the different metal ions (type and 720 

concentration) only slightly affected surface properties such as topography and wettability of 721 

the original [Chi/HA]5. In particular, it should be noted that low quantities of metal ions such as 722 

Cu2+ as shown by ICP-MS had considerable effects on cells behavior. Interestingly, [Chi/HA]5- 723 

Ca2+, -Cu2+ and -Fe3+ used at highest concentration for cross-linking promoted adipogenic 724 

differentiation of cells in the absence of any inducer media. Hence, we can show here for the 725 

first time that the combination of thin polyelectrolyte multilayers made of hyaluronan and 726 

chitosan cross-linked by metal ions can be used to control adhesion and differentiation of stem 727 

cells, which may pave the way for the use of such surface coatings without addition of 728 

cytokines for making bioactive implant materials. 729 
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