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A B S T R A C T

Understanding the biological impact of strategies for protein immobilization onto bioactive surfaces is crucial for
the design of biomimetic materials. A common strategy used to immobilize or label recombinant proteins is to
exploit the Ni2+-mediated interaction of nitrilotriacetic acid (NTA) with the hexahistidine tag (His6-tag) present
on recombinant proteins. While this method ensures a controlled orientation and functionality of the protein, the
kinetically labile nature of the bond ensures only its weak immobilization onto the surface. Recently, it has been
shown that the oxidation of Co2+ to Co3+ greatly stabilizes the bond between NTA and the His6-tagged proteins,
making it inert to ligand exchange and resistant to chelators. This approach not only has the potential to improve
the quality of biomimetic material functionalization and molecule labeling but could also affect cellular me-
chanical responses for which the mechanical strength of the protein-surface bond is crucial. Here, we compared
gold (Au) nanopatterned polyacrylamide (PAA) hydrogels functionalized with E-cadherin via Co3+ with those
functionalized via Ni2+ for studying adhesion-mediated responses in keratinocytes. We show that keratinocytes
develop higher and a broader range of adhesion forces, leading to extended cell spreading and colony organi-
zation on Co3+ vs. Ni2+. This work uniquely shows that stabilizing the NTA/His6-tag bond via Co3+ for protein
immobilization significantly impacts cellular phenotype on biomimetic materials by impacting cell signaling.

1. Introduction

Biofunctionalization strategies for biomimetic and bioactive mate-
rials are largely employed in regenerative medicine and tissue en-
gineering [1–3]. Understanding the biological effects of surface protein
functionalization methods is crucial for enabling the best material de-
signs for specific applications e.g. materials design for medical devices
and implants or synthetic biology [4,5]. Over recent decades, it has
become clear that both the nanoscale properties of a material's surface
and the material's physical properties play a pivotal role in controlling a
wide range of biological functions, from cell adhesion to more complex
changes like stem cell differentiation [2,6]. Thus, the fast-growing
mechanobiology field of research has a constant need for technology
advancements to better control biophysical parameters.

Several techniques for the exact control of nanoscale ligand spacing
and bulk mechanical properties of materials have been published [6,7].
However, the impact of protein immobilization strategies to correctly
transmit both of these nano and physical cues is rarely taken into
consideration. In the case of cellular adhesion and mechanotransduc-
tion in particular, the stability of the immobilized state is important, as

traction forces can potentially remove proteins from the surface [8].
This leads to a remodeling of the surface nanostructure, ultimately re-
sulting in alterations to cellular function.

A commonly used strategy to immobilize active proteins on a sur-
face with control over the protein's orientation is to exploit the inter-
action of nitrilotriacetic acid (NTA) with a hexahistidine tag (His6-tag)
[9,10], an amino acid motif that is often attached to recombinant
proteins. The interaction between NTA and the His6-tag is possible due
to the formation of an octahedral coordination environment mediated
by bivalent metal ions such as Ni2+ or Co2+ [11]. The main advantage
of the bond is its high specificity to the His6-tag and the preservation of
the attaching protein's integrity. On the other hand, the kinetically la-
bile nature of the interaction makes it easily subjectable to disturbance
and ligand exchange, thereby resulting in a bond that can be readily
broken [12,13]. For stable immobilization of proteins to surfaces, it is
desirable to obtain similar specificity with more stable and kinetically
inert interactions.

To obtain this, the binding affinity between histidine chains and
NTA can be increased by using multiple NTA molecules, or recombinant
proteins with longer His chains (e.g. His10-tag) [14–16]. More recently,
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Fig. 1. Characterization of Ni2+- vs. Co3+-mediated protein immobilization strategies on nanopatterned PAA gels. A) Representative scanning electron
microscopy images from an Au nanopatterned glass slide (left) and polyacrylamide gels (PAA) after transfer nanolithography (middle) or plain (right).
(AuNPs= gold nanoparticles) The scale bar is 100 nm. B) Illustrative scheme showing the experimental steps necessary to immobilize His6-protein on Au nano-
patterned gels via HS-(CH2)11EG3-NTA with CoCl2 and possible oxidation of Co2+ to Co3+ or NiCl2 (Ni2+) (P= protein). C) Representative fluorescence microscopy
images of PAA gels on which His6-GFP was immobilized with Ni2+ or Co3+ (oxidated from Co2+). No signal was detected on the negative controls without NTA. D)
Pixel intensity quantification reveals no significant difference between surface immobilization of His6-GFP via Ni2+ ([NiIINTA(His6-GFP)]) compared to Co3+

([CoIIINTA(His6-GFP)]), in contrast to the strong effect of NTA presence vs. absence. Values shown are mean ± s.e.m., resulting from the quantification of at least
two fields of view per gel per condition from n = 3 independent experiments. ***p < 0.001, ****p < 0.0001, n. s. = not significant using an unpaired t-test. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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a new strategy has been developed where the oxidation of Co2+ to
Co3+ within the coordination environment can considerably improve
the stability of the bond between NTA and the His6-tagged protein,
rendering it inert to ligand exchange and resistant to chelators [17,18].
In particular, the Co3+ allows the NTA-His6-tag bond to reach a dis-
sociation rate constant of 6 order of magnitude lower than with Ni2+,
forming a complex with a half-life of 7.1 days [17].

One possible application of this newly developed approach is the

immobilization of adhesion proteins such as cadherins. Cadherin
cell–cell adhesion proteins mediate homophilic, force-dependent in-
teractions between cells [19]. During the immobilization of cadherins
onto artificial surfaces, both the physical properties of the material as
well as the mechanical strength of the protein-surface bond are im-
portant because cadherins can form catch bonds, whose stability is in-
fluenced by tensional forces [20,21].

In this study, we investigated whether the more stable surface

(caption on next page)

J. Di Russo et al. Biomaterials 192 (2019) 171–178

173



protein immobilization strategy via Co3+ has a significant impact on
cellular adhesion and traction in comparison to the more common
Ni2+-mediated immobilization. In particular, we examined the effect of
one of the best-studied members of the cadherin family, epithelial
cadherin (E-cadherin), in mediating keratinocyte adhesion and inter-
cellular organization using Au-nanopatterned polyacrylamide (PAA)
soft gels.

2. Methods

Fabrication of Au-nanopatterned Glass Surfaces. To create Au-
nanopatterned glass coverslips with 35 nm inter-particle spacing,
18mm diameter glass coverslips (Carl Roth, Germany) were first
cleaned in piranha solution (3 H2SO4:1 H2O2) for 60min, then rinsed
thoroughly in MiliQ water and stored in MilliQ water until further use.
A gold micellar solution was prepared as previously described [22] by
dissolving diblock copolymer polystyrene (288)-b-poly (2-vinylpyr-
idine) (119) (Polymer Source) in o–xylene at a concentration of 5mg/
mL and subsequent loading with HAuCl4·3H2O (Sigma Aldrich) at
L= 0.5 according to L=n [HAuCl4]/n [P2VP]. The glass coverslips
were then spin-coated with 18 μL of the prepared micellar solution at
8000 rpm (WS-650HZ-23NPP/A2/AR2, Laurell Technologies Coopera-
tion) and treated with argon-hydrogen plasma (90% Ar/10% H2) in a
Tepla PS210 microwave plasma system (PVA Tepla, Germany) for
45min at 200W and 0.4mbar in order to remove the polymer.

AuNP Transfer onto Polyacrylamide Hydrogels. Surface nano-
patterning of polyacrylamide hydrogels was performed as previously
described [22,23]. Briefly, AuNPs on the glass coverslips were first
coated with 0.5 mg/ml N, N′-bis(acryloyl)cystamine (Thermo Fisher) in
ethanol for 1 h at room temperature in the dark, then washed thor-
oughly in ethanol and dried with nitrogen. Polyacrylamide (PAA) hy-
drogel substrates of 23 kPa stiffness were produced by pouring a mix-
ture of 7.5% acrylamide (Bio-Rad), 0.2% bisacrylamide (Bio-Rad),
0.003% Tetramethylethylenediamine (TEMED, Bio-Rad), and 0.03%
Ammonium persulfate (Sigma) diluted in PBS onto glutaraldehyde-ac-
tivated glass bottom dishes (MatTek) and then covering the hydrogel
surface with AuNP-functionalized coverslips. To produce PAA hydro-
gels of 4 kPa stiffness, 5% acrylamide and 0.1% bisacrylamide were
used, while all other parameters as mentioned for 23 kPa remained the
same. After polymerization, gels were allowed to swell for 72 h in
phosphate-buffered saline (PBS) in order to achieve efficient particle
transfer and facilitate the separation of the coverslip from the gel.
Transfer efficiency was evaluated by scanning electron microscopy
(SEM) of both the glass surface and the gels.

Characterization of Au-nanopatterned Surfaces. All nano-
patterned substrates were evaluated by SEM, as previously described
[22,23], in order to determine inter-particle spacing and particle order.
Hydrogels and the removed coverslips were also evaluated for particle

transfer efficiency. Hydrogels were prepared for SEM evaluation using a
CPD 030 critical point dryer (CPD, BAL-TEC). Briefly, the hydrogels
were dehydrated by gentle agitation in solutions containing increasing
concentrations of EtOH/H2O (10% v/v, 30%, 50%, 70%, 90%, 95%),
followed by three washing steps in 100% EtOH. Then the samples were
promptly transferred to a CPD chamber, EtOH was exchanged with li-
quid CO2, and samples were dried above the critical point. All samples –
i.e., AuNP coverslips that had not been used for particle transfer, AuNP
CPD-dried hydrogels and the coverslips after particle transfer to hy-
drogels – were sputter-coated with carbon (Low Vacuum Coater EM
ACE200, Leica) and inspected in an Ultra 55 F E-SEM featuring a Ge-
mini column (Carl Zeiss) using an in-lens detector at accelerating vol-
tages of 3–5 kV and a working distance of ∼6mm. Images were
quantified for both inter-particle spacing and overall bond orientation
order employing the K-Nearest-Neighbors algorithm. To this end, the k-
nearest neighbors (k= 6 for ordered particles) were calculated using an
in-house script written in ImageJ (National Institutes of Health)
for > 600 particles per sample. The glass coverslips that had been used
to produce nanostructured hydrogels were inspected to confirm the
efficient transfer of the AuNPs onto the hydrogel surface, i.e., they re-
tained little to no AuNP residues.

Functionalization of Patterned Hydrogels. Gels were sterilized
under UV for 30min before being incubated in 1mM thiolated ni-
trilotriacetic acid (HS-(CH2)11-EG3-NTA, Prochimia Surfaces, cat.
TH007) for 1 h at room temperature. The gels were washed once with
ddH2O and twice with Hank's Balanced Salt Solution (HBSS) before
being incubated with the metal solutions for 30min at room tempera-
ture. In the case of Ni2+-mediated complexes, the gels were incubated
in 10mM NiCl2 (Merck) diluted in HBSS. For Co2+/3+-mediated com-
plexes, the gels were incubated in 10mM CoCl2·6H2O (Sigma Aldrich)
diluted in degassed HBSS. The gels were washed in HBSS and incubated
for 1 h at room temperature with either 10 μg/mL of His6-Green
Fluorescent Protein (Thermo Fisher, cat. 13,105-S07E) for direct
fluorescence imaging or 10 μg/ml of recombinant human His6-E-cad-
herin (extracellular domain (Asp155-Ile707) with a C-terminal His6-
tag, UniProtKB P12830; R&D systems, cat. 8505-EC-050) for cell stu-
dies. In order to oxidate Co2+ to Co3+ and for the control experiments,
the gels were incubated for 1 h with 20mMH2O2, then thoroughly
washed with HBSS. For NHDF adhesion studies sterilized gels were
incubated with 25 μM custom-synthesized cRGD-thiol peptide, (cyclo
[Arg–Gly–Asp]–D–Phe–Lys-[PEG]18-[Cys]3, Peptide Specialty
Laboratories, PSL) at room temperature for 2 h, washed with PBS and
then used for cell seeding.

Cell Culture. Human immortalized keratinocytes (HaCat, Cell Line
Service) were cultured in Dulbecco's Modified Eagle Medium (DMEM,
Gibco) supplemented with 10% Fetal Bovine Serum (FBS, Sigma
Aldrich) and 1% Penicillin-Streptomycin (P/S, Gibco) at 5% CO2 and
37 °C. Primary Normal Human Dermal Fibroblasts from an adult donor

Fig. 2. Keratinocyte adhesion on E-cadherin-functionalized PAA gels. A) Representative phase contrast images of Au nanopatterned gel surfaces featuring His6-
E-cadherin immobilized via Ni2+ or Co3+ 24 h after seeding keratinocytes. Boxed areas are shown at higher magnification in the upper right corner of the images.
Scale bars are 100 μm and 20 μm in the lower and the upper magnified images, respectively. B) The quantification of number of cells adhering on both surfaces show
no significant differences. Values are expressed in mean percentage ± s.e.m of average number of cells adhering on His6-E-cadherin immobilized via Ni2+. The
quantification was performed in n=4 independent experiments. C) The quantification of the cell spread area shows a significantly higher spreading ability of
keratinocytes on [CoIIINTA(His6-E-cadherin)] compared to [NiIINTA(His6-E-cadherin)]. Values shown are mean ± s. e.m. for at least 700 cells from n = 3 ex-
periments. ****p < 0.0001 using an unpaired t-test with Welch's correction. D) Maximum intensity projection of fluorescently labeled actin cytoskeleton (green), E-
Cadherin (white) and blue-labeled nuclei (DAPI) of a representative keratinocyte colony. The images reveal the presence of partial overlap of cells within the colonies
formed on [NiIINTA(His6-E-cadherin)] as better visible by the orthogonal views of the confocal z-stacks. * indicates cellular nuclei. The scale bar is 15 μm. E) The
quantification of number of cells per colony area (μm2) shows a significantly higher cellular density in colonies formed on [NiIINTA(His6-E-cadherin)]. Values shown
are mean ± s.e.m. for at least 20 colonies from n = 4 experiments. **p < 0.01 using an unpaired t-test with Welch's correction. F) Representative phase contrast
images of keratinocyte colonies on PAA surfaces differing in the His6-E-cadherin immobilization strategy (top), and the same cells color-coded to indicate their shape
index (below). The scale bar is 50 μm. The color bar on the right reflects the range of shape indices P/√A from 4 (blue) to 6 (red). G) Quantification of shape indices
from cells that make up the interior part of a colony, i.e., cells that are completely surrounded by other cells. Cells on [CoIIINTA(His6-E-cadherin)] showed a
significantly different and lower shape index compared to cells attached to [NiIINTA(His6-E-cadherin)]. Values shown are mean ± s.e.m. of at least 450 cells from
n = 3 experiments. ****p < 0.0001 using a Mann-Whitney test due to the lack of normal distribution in the data. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Keratinocyte E-cadherin adhesion forces are higher on [CoIIINTA(His6-E-cadherin)]. A) Representative phase contrast images of single keratinocytes on
PAA gels functionalized with His6-E-cadherin via Ni2+ or Co3+, and the corresponding traction force profiles. The scale bar is 20 μm. B) Frequency distribution of the
traction forces quantified in A shows a broader and higher range of tractions developed on [CoIIINTA(His6-E-cadherin)]. C) Quantification of average traction force
(Pa) developed by each cell shows significantly higher forces on [CoIIINTA(His6-E-cadherin)]. Values shown are mean ± s. e.m. of at least 70 cells from n = 3
experiments. **p < 0.01 using a Mann-Whitney test due to the lack of normal distribution in the data. D) Representative fluorescence images of keratinocytes
seeded on PAA surfaces functionalized with His6-E-cadherin via Ni2+ or Co3+, stained for F-actin (green in colorized image), Vinculin (red in colorized image), E-
cadherin (white in colorized image) and DAPI (blue in colorized image). The images in the far right-hand column represent the colocalized pixels between Vinculin
and E-cadherin. The scale bar is 10 μm. E) Quantification of Vinculin/E-Cadherin structures based on the colocalized pixels present at the cells boundaries. Cells
adhering to [CoIIINTA(His6-E-cadherin)] show significantly bigger structures compared to cells adhering to [NiIINTA(His6-E-cadherin)]. Values shown are
mean ± s.e.m. sizes per cell from at least 30 cells and n = 3 experiments. **p < 0.01 using a Mann-Whitney test due to the lack of normal distribution in the data.
F) Adhesion assay performed on keratinocytes in the presence of E-Cadherin blocking antibody. The values are expressed as percentage mean ± s.e.m. of the
corresponding controls from n = 3 independent experiments. ***p < 0.001, ****p < 0.0001 using an paired t-test with Welch's correction. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(NHDF, Promocell, cat. C-12302) were cultured in fibroblast growth
medium (Promocell, cat. C-23020) at 5% CO2 and 37 °C. For experi-
ments, cells were detached, re-suspended to obtain a seeding density of
60,000 cells/cm2, and allowed to spread overnight on the functiona-
lized gels before further analyses.

Traction Force Microscopy (TFM). TFM was performed as de-
scribed previously [24]. Briefly, a suspension of 0.5 μm fluorescent
carboxylated polystyrene beads (Sigma) was added to the casting so-
lution for Au-nanopatterned PAA gels. Fluorescent bead displacement
vectors were obtained by subtracting the picture of relaxed beads (cell-
free gel after trypsinization) from the picture acquired with cells.
Traction forces were calculated from these vectors using an ImageJ
plugins (PIV, FTCC) and MATLAB was used to graphically represent the
traction force fields [24].

Immunofluorescence Microscopy. Cells on gels were fixed with
ice-cold 4% paraformaldehyde in PBS for 10min at 4 °C, permeabilized
with 0.2% Triton X-100 for 2min at room temperature and blocked for
30min with 1% bovine serum albumin (BSA) in PBS. Cells were then
incubated with primary antibodies or Alexa Fluor™ 488 Phalloidin
(Thermo-Fisher, cat. A12379, 1:200) diluted in PBS containing 1% BSA
overnight at 4 °C, washed in PBS and subsequently incubated for 2 h at
room temperature with secondary antibodies diluted in PBS containing
1 μg/ml DAPI (Thermo-Fisher, 62,248). The following primary anti-
bodies and concentrations were employed: rabbit anti-human vinculin
(Abcam, cat. ab73412, 5 μg/ml) and mouse anti-human E-Cadherin (BD
transduction laboratories, cat. 610,182, 5 μg/ml). The following sec-
ondary antibodies were employed: Alexa Fluor™ 647 goat anti-mouse
IgG (Thermo-Fisher, A21235, 4 μg/ml) and Alexa Fluor™ 594 goat anti-
rabbit IgG (Thermo-Fisher, A11012, 4 μg/ml). Images were acquired
using a Leica SP5 confocal laser-scanning microscope and maximum
intensity projections were obtained with Imaris software (Bitplane,
Oxford Instruments).

Adhesion Assay. Cells were trypsinized and resuspended at a
concentration of 106 cells per ml in ice-cold culture medium containing
20 μg/ml of E-Cadherin blocking antibody (DECMA-1, Millipore,
MABT26). After 15min incubation on ice, the cells were seeded on the
surfaces in medium containing 10 μg/ml of E-Cadherin blocking anti-
body and allowed to attach for 30min (for [CoIIINTA(His6-E-cadherin])
or 1.5 h (for [NiIINTA(His6-E-cadherin]) before gently washing with
PBS containing calcium and magnesium. The remaining cells were fixed
with 4% paraformaldehyde in PBS for 10min at 4 °C and stained with
DAPI for quantification. Control cells were similarly treated with the
exception of the addition of the E-Cadherin antibody in the medium.

Image analyses. Phase contrast and fluorescence cell images were
acquired with an Axiovert 200M or an Imager. Z1 (Carl Zeiss AG,
Germany) and analysed for adhesion area and perimeter using ImageJ
software or for cell numbers and size of Vinculin/E-Cadherin structures
using Imaris (Bitplane) software.

Statistic. Statistic tests were performed using the software Prism
(GraphPad). Parametric or not-parametric tests were chosen after
evaluating the normality distribution of the data.

3. Results and discussion

To mimic the stiffness of tissues and the cellular physiological en-
vironment, experiments were performed on 23 kPa polyacrylamide
(PAA) hydrogels. These were nanopatterned with Au nanoparticles
(AuNPs) of ∼6 nm diameter, which were uniformly distributed onto
the surface with an inter-ligand spacing of ∼36 nm (36 ± 6.4 nm).
This distance was chosen because it is biologically relevant for cell
adhesion [23,25] and it creates a dense surface functionalization. First,
Au nanopatterns were fabricated on glass slides via block copolymer
micelle nanolithography (BCMN) [26] (Fig. 1A, left panel) and then
transferred onto PAA gels (Fig. 1A, middle panel) using N, N′-bis(ac-
ryloyl)cystamine. This process leads to Au nanoparticle incorporation
into the gel surface during polymerization [22]. Successful transfer was

evaluated by scanning electron microscopy (SEM) of the hydrogels after
transfer in comparison with plain hydrogels (Fig. 1A middle and right
panels).

Protein immobilization was optimized on Au-nanopatterned PAA
gels using green fluorescent protein with a N-terminal his-tag (His6-
GFP), as illustrated in the experimental scheme in Fig. 1B. AuNPs were
functionalized with NTA-SH, modified through the addition of metal
salts (either NiCl2 or CoCl2), and coupled to the His6-protein. Both
NiCl2 and CoCl2 (before and after oxidation) are similarly efficient in
terms of the amount of NTA-mediated protein immobilized on the
surface [17,18]. However, to ensure this also holds true for AuNPs on
PAA gels, we examined the surfaces using fluorescence microscopy after
His6-GFP immobilization (Fig. 1C). Quantification of the fluorescence
intensity did not show any significant differences between Ni2+ and
Co3+-mediated immobilization (Fig. 1D), suggesting comparable pro-
tein densities.

The immobilization of His6-tagged proteins via surface-bound NTA
is advantageous for biological studies because the location of the His6-
tag in the protein can be genetically manipulated, thereby allowing for
control over protein orientation upon surface binding via NTA.
Cadherins represent one group of cell adhesion proteins whose or-
ientation is crucial for their function [20,27]. The best-studied member
of this group is epithelial cadherin (E-cadherin), which is crucial for
epithelial integrity and function [27] and thus widely used in the de-
velopment of biomimetic materials [28,29]. Hence, we decided to test
whether Co3+-mediated protein immobilization would have a sig-
nificant impact on E-cadherin-mediated cell adhesion compared to the
classically used Ni2+-dependent strategy.

To study this, we immobilized the recombinant human extracellular
fragment of E-cadherin via its C-terminal His6-tag, thereby allowing the
homophilic binding domains at the N-terminus to be free for interaction
with cellular E-cadherins. Human keratinocytes (HaCaT) were seeded
onto PAA gels that were functionalized with E-cadherin by either Ni2+

or Co3+ as the binding mediator. Keratinocytes successfully bound on
both surfaces in a comparable manner (Fig. 2A and B), thereby con-
firming the functionality of both protein immobilization strategies. We
did, however, observe differences in cell morphology for both single
cells and cell colonies (Fig. 2). On substrates functionalized with E-
cadherin using trivalent Co3+ ([CoIIINTA(His6-E-cadherin]), single
cells exhibit a significantly higher adhesion area compared to cells on
substrates where E-cadherin was immobilized using bivalent ions,
namely Ni2+ ([NiIINTA(His6-E-cadherin)]) or Co2+ ([CoIINTA(His6-E-
cadherin)]) (Fig. 2A and C; Supplementary Fig. 1A). In addition, cell
colonies appeared to be better organized in honeycomb-like structures
on [CoIIINTA(His6-E-cadherin)] compared to [NiIINTA(His6-E-cad-
herin)] when observed by light microscopy and fluorescence micro-
scopy after staining for F-actin and E-cadherin to be able to better
identify cell boundaries (Fig. 2D and F).

To quantify this observation, we first counted the number of cells
per colony extension area, showing a significantly higher cell density in
cell colonies on [NiIINTA(His6-E-cadherin)] compared to
[CoIIINTA(His6-E-cadherin)], which is due to cellular overlapping on
[NiIINTA(His6-E-cadherin)] (Fig. 2D and E). Furthermore, we used a
non-dimensional shape index q, which is calculated by taking the ratio
of the cell perimeter P to the square root of its area A (q = P/√A) [30].
This shape index has been shown to describe intercellular stresses in
relation to cell-extracellular matrix tractions. Lower shape index is the
result of higher intercellular stresses within an epithelial monolayer or,
in this case, of a cell colony. In epithelia, this lower shape index cor-
relates to a jammed honeycomb cellular configuration [30]. The shape
index of those cells located within the colonies (Fig. 2F) was sig-
nificantly lower on substrates functionalized with E-cadherin using the
trivalent Co3+ [CoIIINTA(His6-E-cadherin)] compared to those func-
tionalized using bivalent Ni2+ [NiIINTA(His6-E-cadherin)] or Co2+

[(CoIINTA(His6-E-cadherin)] (Fig. 2F and G; Supplementary Fig. 1B).
The observed differences in cell adhesion area and colony
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organization suggest that the strength of cellular adhesion is altered by
the stability of the metal ion used to immobilize E-cadherin. In addi-
tion, intercellular stresses have been positively correlated with cell-
surface traction forces [31,32]. Thus, we sought to determine if the
morphological differences of keratinocytes on [CoIIINTA(His6-E-cad-
herin)] surfaces were the result of a stronger adhesion to the functio-
nalized gel caused by increased protein stability on the surface. To
quantify cellular adhesion strength, we performed traction force mi-
croscopy (TFM) by incorporating fluorescent beads in the nano-
patterned PAA gels (Fig. 3A–C) and measured the forces developed by
single keratinocytes. We found that cells seeded on [CoIIINTA(His6-E-
cadherin)] developed higher traction forces than cells seeded on
[NiIINTA(His6-E-cadherin)] or [CoIINTA(His6-E-cadherin)] (Fig. 3A–C;
Supplementary Fig. 1C). These differences in traction forces were also
present on softer PAA gels (4 kPa) indicating that the effect is in-
dependent of the substrate's properties (Supplementary Fig. 1E). The
data suggest that stabilizing the bond between E-cadherin and the gel
surface alone is sufficient to set a higher force threshold for cellular
adhesion as confirmed by the more frequent higher traction forces
measured in the cell on [CoIIINTA(His6-E-cadherin)] (Fig. 3B). This
higher force threshold is conferred by the type of metal ion used to
connect NTA and the His6-tag, in this case more stable Co3+ in contrast
to less stable Ni2+ or Co2+.

We further investigated the nature of surface cell adhesion by im-
munofluorescence staining of focal adherens junction components in
the adhered keratinocytes (Fig. 3D). These mechanoresponsive struc-
tures are normally present during the formation, remodeling and dis-
ruption of cell-cell adhesion, and are characterized by actin fibers
connected to E-cadherin via adaptive proteins such as vinculin [33]. On
[NiIINTA(His6-E-cadherin)] and [CoIIINTA(His6-E-cadherin)], the data
show a spatial correlation between both vinculin and E-cadherin com-
plexes with actin fibers, suggesting that focal adherens junctions med-
iate cell adhesion on these substrates. The quantification of the junc-
tions’ size showed that Vinculin/E-Cadherin structures were
significantly larger on [CoIIINTA(His6-E-cadherin)] vs. [NiIINTA(His6-
E-cadherin)] (Fig. 3E), thus confirming higher adhesion of cells on the
[CoIIINTA(His6-E-cadherin)] surface compared to the [NiIINTA(His6-E-
cadherin)] surface.

In order to ensure that the increased traction force measured on
[CoIIINTA(His6-E-cadherin)] was a direct result of the new im-
mobilization method rather than a secondary effect of the surface
chemistry, we tested whether the mild oxidation step necessary to im-
mobilize His6-E-cadherin via Co3+ resulted in a higher affinity of E-
cadherin homodimer formation regardless of the metal ion mediator.
Oxidizing Ni2+ to Ni3+ does not improve the stability of the NTA-His6-
tag interaction due to the different chemical properties of Nickel;
therefore, we compared cells seeded on [NiIINTA(His6-E-cadherin)]
functionalized hydrogels with or without 20mMH2O2 treatment.
Quantification of traction forces showed no significant difference be-
tween the two conditions, confirming that the mild oxidation step does
not affect E-cadherin adhesion properties (Supplementary Fig. 1D).

Finally, we tested the specificity of the surface functionalization first
performing an adhesion assay using the E-Cadherin blocking antibody
DECMA-1 [34] and secondly using human primary dermal fibroblasts
(NHDF), which express only N-Cadherin, and has been shown to be able
to interact with E-Cadherin. Keratinocytes adhesion was blocked by the
presence of DECMA-1 in the medium, indicating the specificity of the
adhesion (Fig. 3F). NHDF adhesiveness on E-cadherin functionalized
surfaces was compared with Au-nanopatterned PAA gels functionalized
with thiolated cyclic RGD peptide (cRGD-SH) (Supplementary Fig. 2A
and B). As expected, the fibroblasts are highly adhesive to the cRGD-
functionalized surface but do not interact efficiently with E-cadherin-
functionalized surfaces (Supplementary Fig. 2A and B). Thus, the data
confirm the high specificity of both [NiIINTA(His6-E-cadherin)] and
[CoII/IIINTA(His6-E-cadherin)] binding.

4. Conclusion and remarks

Our data show the biological relevance of using a stable protein
immobilization strategy on biomimetic material surfaces. In particular,
we show that using trivalent Co3+ to mediate NTA binding of E-cad-
herin (rather than bivalent Ni2+ or Co2+) significantly impacts the
mechanical response and organization of the cell. Keratinocytes not
only attach better on the surface (Fig. 2A and C) but also organize more
readily into colonies that reassemble a healthy cubical epithelium
(Fig. 3D and F) [30]. This is due to fact that cells can develop higher
and a broader range of traction forces on the surface functionalized
with [CoIIINTA(His6-E-cadherin)] independently by its stiffness
(Fig. 3A–C; supplementary fig. 1E). We speculate that the higher bond
stability of [CoIIINTA(His6-E-cadherin)] is responsible for this observed
difference in the keratinocytes’ mechanical response. The results found
here further underline the potential of employing Co3+ for surface
functionalization when dealing with proteins that require subjugation
to mechanical stresses for proper function, e.g., cell-cell adhesion pro-
teins. Co3+-mediated protein immobilization allows cells to develop a
broader range of traction forces, influencing cellular function and better
mimicking physiological situations. This is especially important when
developing a strategy for surface functionalization that aims to transmit
both biochemical and biophysical information to the biological system.
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