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PAPER
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Abstract
Current knowledge about cell-biomaterial interactions is often based on two-dimensional (2D) cell
culture systems like protein-coated glass slides. However, such smooth surfaces cannot mimic the
nanofibrous environment of the native extracellular matrix (ECM). It is therefore a major
challenge to transfer the results from 2D surfaces to 3D protein scaffolds with biomimetic
nanofiber architecture. To understand the influence of different protein topographies on the cell
response we introduce a new process to fabricate binary collagen scaffolds of variable thickness
with spatially controlled regions of nanofibrous and smooth topography. We used pH-induced
self-assembly to prepare collagen nanofibers with diameters between 130 and 150 nm on glass
surfaces, which were partly covered with a polymer mask. After cross-linking with glutaraldehyde,
smooth collagen films were prepared on the remaining glass regions. Atomic force microscopy
revealed a much lower surface roughness of smooth collagen compared to nanofibers.
Subsequently, we studied the viability, morphology and migration of 3T3 fibroblasts on both
collagen topographies. We found small, elongated fibroblasts with few, long filopodia on collagen
nanofibers whereas large, flat fibroblasts with many short filopodia were observed on smooth
collagen. Actin stress fibers on collagen nanofibers were substantially reduced in comparison to
smooth collagen. Live cell tracking revealed that fibroblasts on thin nanofibrous collagen migrated
faster than on smooth collagen. In summary, binary collagen scaffolds enabled us for the first time
to study cell responses to topographical cues on a single protein scaffold. In future, it will be
intriguing to transfer our patterning process to other proteins to study fundamental principles of
topography-dependent cell recognition processes.

1. Introduction

Controlling the interaction of cells with biomaterials
is one of the key challenges in regenerative medicine
to promote tissue repair [1]. Besides biochemical and
mechanical cues, cell behavior is modulated by the
scaffold topography on different length scales [1–3].
Cell adhesion, for instance, is steered by topographic
stimuli in the nano- and micrometer range [2]. Dur-
ing adhesion, filopodia play a pivotal role in cell sig-
naling [3], recognition of topographical features [4]
and in focal adhesion formation [5, 6]. Nanotopo-
graphies also have a major effect on stem cell adhe-
sion and differentiation [7, 8]. Microtopographies,

on the other hand, are known to affect whole cell
morphology [2] and can induce reprogramming of
neuronal cells [9] or influence macrophage polar-
ization, thus modulating the immune response to
biomaterials [10].

New facets in the control of cell functions with
two-dimensional (2D)-structured biomaterials have
evolved from nano- andmicrostructuring techniques
like electron beam lithography, microcontact print-
ing or nanoimprint lithography, often using synthetic
substrate materials [11, 12]. Such 2D topographies
were also coated with different proteins to promote
integrin-mediated cell adhesion and migration [13].
Nevertheless, in native tissues, cells are surrounded
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by the extracellular matrix (ECM), a dense and
porous three-dimensional (3D) network of protein
nanofibers and polysaccharides [14–16]. In various
tissues like bone, tendon or the dermis, collagen nan-
ofibers assemble into ordered fiber bundles, which
exhibit diameters of several micrometers [17, 18].
Despite the native 3D environment, current know-
ledge on cellular interactions with biomaterials, in
particular, on contact guidance and filopodia dynam-
ics, has mainly been obtained by experiments in 2D
cell culture systems with rigid substrates like glass
[19–21]. However, changes in filopodia formation in
dependence of a 2D or 3D environment of varying
topography can significantly alter cell adhesion, sig-
naling and migration [22, 23]. As a consequence, it is
still not understood in detail how filopodia recognize
topographical features in their native matrix environ-
ment to direct cell growth [4, 19]. Moreover, it needs
to be elucidated how closely mechanical and topo-
graphical signals of the ECM are intertwined when
they steer cell behavior [24]. Therefore, the design of
future biomaterials requires the development of new
tools and substrate designs to understand how filo-
podia probe complex 3D environments and how cell
growth is regulated in 3D matrices across different
length scales [19, 21, 25, 26].

As the most abundant protein in the ECM,
collagen is a well-established coating in conven-
tional 2D cell culture systems [15]. So far, col-
lagen films were also used to coat micropatterns
on substrate materials like glass, agarose, polydi-
methylsiloxane (PDMS) or self-assembled mono-
layers (SAMs) [27–30]. Moreover, collagen can be
assembled into porous networks of nanofibers by
raising pH and ionic strength in an acidic solution
[31, 32]. Depending on the pH conditions, such col-
lagen nanofibers exhibit typical diameters between 80
and 200 nm [33], which resemble the native ECM
architecture [34]. With these features, nanofibrous
collagen networks have evolved into an important
model system for a physiologically relevant microen-
vironment with tissue-like mechanical and structural
features [25, 26, 35]. Therefore, collagen nanofibers
have already been used in cell culture studies with
fibroblasts and endothelial cells, often using smooth
collagen as reference substrates [36–39]. Neverthe-
less, this experimental setup did not allow to ana-
lyze time-dependent cell reactions to topographical
changes on the same substrate.

Hence, to enable tissue engineers to directly trans-
fer cell culture results from smooth protein sub-
strates into fibrous matrices, new scaffold designs are
required, which combine smooth and nanofibrous
topographies in a single protein scaffold. Building
up on the established findings of fibroblast interac-
tion with nanofibrous collagen matrices [36–38] we
have introduced a new process to fabricate collagen
scaffolds with spatially controlled regions of smooth
and nanofibrous surface topography. Using this new

topographical 2D scaffold platform, we studied the
interaction with NIH 3T3 fibroblasts and observed a
direct influence of the underlying topography on the
cell morphology and filopodia outgrowth.

2. Materials andmethods

2.1. Preparation of collagen scaffolds
Glass coverslips with a diameter of 15 mm (VWR,
Darmstadt, Germany) were cleaned with H2SO5

(piranha solution), which was freshly prepared by
mixing 95% sulfuric acid with 30% hydrogen per-
oxide solution (both VWR) in a 3:1 ratio. Cleaned
glass coverslips were stored in deionized water from
a TKA water purification system (Thermo Fisher Sci-
entific, Schwerte, Germany) and dried with nitro-
gen directly before further use. Collagen stock solu-
tions with 5 mg ml−1 and 1 mg ml−1 were prepared
by dissolving collagen type 1 from calf skin (Sigma
Aldrich, Munich, Germany) in 5% acetic acid solu-
tion (Carl Roth GmbH, Karlsruhe, Germany). Col-
lagen nanofibers were prepared by the established
method of self-assembly [31, 32]. First, 100 µl of 10x
phosphate buffered saline solution (PBS) at pH 7.4
(PBS, Life Technologies Europe BV, Netherlands) was
added to the glass, followed by 100 µl collagen solu-
tion in acetic acid.During self-assembly, sampleswere
placed in an ultrasonic bath (Branson Ultrasonics,
Danbury, USA) for 20min to increase the surface cov-
erage. Collagen films with smooth topography were
prepared by incubating 100 µl 0.5% acetic acid solu-
tion with 100 µl collagen solution on a piranha-
cleaned coverslip. All collagen samples were dried
overnight under ambient conditions and were cross-
linked for 30min using 2% (v/v) glutaraldehyde (GA)
(AppliChemGmbH, Germany) in 10x PBS. Aldehyde
residues were removed by three washing steps with
200 mM NH4HCO3 (Carl Roth GmbH) for 10 min
each. Prior to further analysis, collagen scaffolds were
dried under ambient conditions.

To prepare binary collagen scaffolds with smooth
and nanofibrous topography, one half of a glass slide
was covered with a polymer mask of Fixogum (Mar-
abu GmbH + Co. KG, Germany). Collagen nan-
ofibers were assembled with PBS on the accessible
glass surface under the influence of ultrasonication
and were dried overnight. Subsequently, fibers were
cross-linked, washed, and the mask was removed. To
prepare a smooth collagen filmon the other half of the
substrate the remaining glass surface was coated with
collagen in acetic acid and dried overnight. Another
fixation and washing step were carried out until the
binary scaffolds were finally dried overnight.

2.2. Atomic force microscopy
An MFP-3D atomic force microscope (AFM, Asylum
Research, Santa Barbara, CA, USA) was used to
analyze the topography of collagen scaffolds in dry
and wet conditions. An optical light microscope was
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combined with the AFM to control the scanning pro-
cess. The surface topography of dried collagen was
analyzed in ambient air. Topographical analysis in a
wet environment was carried out after rehydration
in DMEM cell culture medium (Biochrom GmbH,
Germany). For AFM scanning, silicon nitride can-
tilevers (MLCT Bio, Bruker, Wissembourg, France)
with a nominal resonant frequency of 38 kHz (in air)
and a nominal spring constant of 0.1 N m−1 were
used. Height profiles were measured in contact mode
with a scan rate of 1 line per second at 256 lines per
frame (frame size 5µm2) andwere subsequently aver-
aged over a ROI of 1 µm2.

2.3. Cell culture
Adherent NIH 3T3 mouse fibroblasts (ATCC
CRL1658, a kind gift from Louis Lim, Institute of
Molecular and Cell Biology ASTAR Singapore) were
used as model system to study the interaction with
topographically patterned collagen scaffolds. Prior
to cell seeding, collagen scaffolds and bare glass cov-
erslips to be used as controls were sterilized in the
UV light of a laminar flow cabinet (ESI Flufrance)
for 30 min. Fibroblasts were cultivated using DMEM
cell culture medium (Biochrom GmbH, Germany)
with additional 1% (v/v) penicillin and streptomycin
and 10% (v/v) fetal bovine serum (FBS) (Sigma-
Aldrich Chemie GmbH, Germany). The cells were
subcultured at a confluence of approximately 80%
and transferred into a fresh 25 cm2 cell culture flask
(Sarstedt, Nümbrecht, Germany) for further cultiv-
ation under physiological conditions. For splitting,
cell medium was aspirated, and the cell layer was
washed carefully with PBS followed by incubation
with 1 ml trypsin/EDTA solution (1% (v/v), diluted
in PBS) for 3 min at 37 ◦C. The enzymatic reaction
was stopped through dilution with DMEM medium,
followed by centrifugation at 1300 rpm for 3 min.
For further cultivation approximately 1.2 × 105 cells
were seeded in cell culture flasks with 25 cm2. For
live/dead staining and morphology studies, fibro-
blasts were seeded onto collagen scaffolds and glass
references in 12-well-plates (Greiner-Bio-One, Ger-
many) at a density of 7500 cells per cm2 and incubated
for 24 h, 48 h and 72 h, respectively, at 37 ◦C with 5%
CO2. Live/dead staining and cell size analysis were
performed only on thin substrates prepared with
0.5 mg ml−1 collagen to reduce the intrinsic auto-
fluorescence of collagen type I [40] cross-linked with
GA [41], while all other experiments were conducted
with thin and thick collagen scaffolds. For AFM ana-
lysis of cell mechanics and cell migration tracking, a
density of 12 500 cells per cm2 was used. Cellmechan-
ics were measured between 24 h and 33 h incubation
time. Cell migration analysis was carried out between
24 h and 44 h.

2.4. Fibroblast morphology
Cell nuclei and actin filaments were fluorescently
stained to analyze the cell morphology. Cells were

fixed in 2% (v/v) GA in PBS for 30 min and washed
with PBS. Then, actin was stained with phalloidin
(ActinGreen™ ReadyProbes® Reagent, Life Tech-
nologies Europe BV, Netherlands) for 30 min, fol-
lowed by nuclei staining with DAPI (NucBlue® Live
ReadyProbesTM Reagent, Life Technologies) for
30 min. After washing in PBS, the stained samples
were mounted onto glass slides with ProlongTM Gold
antifademountingmedium (Fisher Scientific GmbH,
Germany). Subsequently, fibroblasts were imaged at
40x and 60x magnification using an inverted fluor-
escence microscope (Ti-E–V5.30, Nikon, Tokyo,
Japan) and appropriate filter settings (λex = 549 nm;
λem = 565 nm for Actin Red and λex = 330–380 nm;
λem = 435–485 nm for DAPI). Phase contrast and
fluorescence images were analyzed using the open
source software ImageJ provided by the NIH [42]. To
measure the cell size of individual fibroblasts we ana-
lyzed fluorescence images, which were recorded with
40x magnification, with the ImageJ feature ‘Analyze
particles’. 20 cells per sample were analyzed by manu-
ally adjusting the grayscale threshold, and the size
distribution was displayed using the software Graph-
Pad Prism (SanDiego, CA). The results of the cell area
analysis were evaluated using one-way ANOVA and
t-test analysis for simple linear regression. Statistical
analysis was carried out with the software Graphpad
Prism, and p-values less than or equal to 0.05 were
considered statistically significant. Four independent
experiments (n = 4) with triplicates were conduc-
ted. The data of these experiments are presented as
mean ± standard deviation. Statistical parameters
including the standard deviation, linearity, and nor-
mal distribution were determined. To study the cell
morphologywith a higher resolutionwe subsequently
performed confocal microscopy using a LSM880
system with Airyscan (Carl Zeiss, Oberkochen,
Germany).

2.5. Live cell tracking
DiI perchlorate (1,1-Dioctadecyl-3,3,3,3-tetramethy-
lindocarbocyanine perchlorate, Fisher Scientific) was
used to stain the lipid membrane during live cell
tracking of 3T3 fibroblasts on different collagen scaf-
folds. 5 µl of 1 mM DiI perchlorate in ethanol was
added to 995 µl DMEM medium. After fibroblasts
were cultivated on the different collagen scaffolds
for 24 h, the DiI solution was added and incubated
for 30 min at 37 ◦C. Subsequently, live cell tracking
was performed with our Nikon inverted fluorescence
microscope using a 20x magnification and appropri-
ate filter settings (λex = 549 nm; λem = 565 nm).
Over 20 h, images were collected with a pco.edge
4.2 LT CMOS camera (PCO, Kelheim, Germany) at
2 min intervals using the Nikon NIS-Elements AR
tracking module. Live cell tracking was conducted in
four independent experiments (n= 4)with triplicates
for each substrate type. To ensure statistical relevance,
videos with less than 20 tracks were excluded from
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the velocity analysis. Tracking data (position data)
were imported in the data analysis package IGOR
(Wavemetrics, Lake Oswego, OR, USA) for further
analysis. Velocities were calculated in a 20 min win-
dow (i.e. from 10 or 4 position data depending on
the frame rate of the video), where the window is
sliding over the entire video sequence by shifting it
by 10 min. These velocity data (typically 10 000 to 50
000 data points per sample type) were investigated
for differences between the different collagen topo-
graphies. Since velocity data showed a log-normal
distribution, the logarithm of the velocity was con-
sidered here, which showed a normal (Gaussian)
distribution (see SI, section S5, available online at
https://stacks.iop.org/BF/13/015007/mmedia). Since
case numbers were very high, even the tiniest dif-
ferences would show up as statistically significant.
Thus, we first calculated a measure for the size of
differences by using Cohen’s d. Cohen’s d was the
difference between two statistical samples (here two
different topography types) normalized by the com-
bined standard deviation, i.e. by the geometrical
mean of the two standard deviations. Since the velo-
city histograms showed a main peak at around 50
to 100 nm min−1 and a secondary peak at very low
velocities (at around 1 to 10 nm min−1, see figure S-
5, which basically corresponds to non-mobile cells
and reflects the accuracy of our position data, the
mean and standard deviation values used for cal-
culating Cohen’s d were obtained from a Gaussian
fit to the main peak of the histogram (see figure
S-6). We considered only Cohen’s d > 0.2 as a sig-
nificant or large effect [43]. In these cases, signi-
ficance values obtained from a Student’s t-test (on
the log v data) were always considered as highly sig-
nificant (i.e. < 10−6). All velocity data were plot-
ted as peak values of log (v) (from the Gaussian fit
to the histograms) and subsequently displayed as
v ± standard deviation using the software Graphpad
Prism.

2.6. Scanning electronmicroscopy
To analyze the scaffold topography with scanning
electron microscopy (SEM), collagen samples were
cross-linked with 2% GA in PBS for 30 min and sub-
sequently washed with 200mMNH4HCO3 and dried
under ambient conditions. Dried collagen samples
were sputter-coated with 7 nm of gold in a Bal-Tec
SCD 005 sputter system (Leica Microsystems). Fix-
ated cells on collagen scaffolds with different topo-
graphies were also analyzedwith SEM to study the cell
morphology on the nanoscale. Cell samples were fix-
ated using 2% GA solution. To analyze the cell shape
after 36 h, additional samples were cultivated and fix-
ated with 2%GA solution. All cell samples were dried
with an ethanol exchange series as described earlier
[44] before they were coated with gold. SEM analysis
of collagen scaffolds and cell samples was carried out
in a Zeiss Auriga field emission device (Carl Zeiss,

Oberkochen, Germany) using an operation voltage
of 3 kV. Fiber diameters of three individual collagen
nanofiber samples per concentration were analyzed
using the ImageJ plugin BoneJ [45].

3. Results

3.1. Collagenmorphology
When collagen self-assembly was carried out in an
ultrasonication bath, we obtained porous networks
of collagen nanofibers after drying (see figure 1 and
SI, figure S-1). The fiber morphology was preserved
upon cross-linkingwithGA, and ultrasonication yiel-
ded a 100% surface coverage of nanofibers on glass
substrates. Nanofibers assembled with collagen con-
centrations of 0.5 mg ml−1 exhibited a distinct fiber
morphology with diameters of 136 ± 5 nm (see
figure S-1(A)). On the other hand, when higher con-
centrations of 2.5 mg ml−1 were used, the nan-
ofiber network was less porous with single nanofibers
aggregating into larger fiber bundles with individual
nanofiber diameters of 149± 12 nm (see figure 1(A)).
Using cross-sectional SEM analysis of dried nan-
ofibrous scaffolds, we observed a scaffold thickness
between 200 and 600 nm for 0.5 mg ml−1 collagen
(see figure S-1(B)) and much higher values between
4 and 7µm for 2.5mgml−1 collagen (see figure 1(B)).
Similarly, smooth collagen scaffolds prepared with
0.5 mg ml−1 collagen were approximately 400 nm
thick (see figure S-1(E)), whereas smooth samples
fabricatedwith 2.5mgml−1 collagen ranged from8 to
10µm(see figure 1(E)). Hence, by adjusting the colla-
gen concentration we were able to control the scaffold
thickness for both, nanofibrous and smooth, collagen
scaffolds.

To evaluate the influence of an aqueous cell cul-
ture environment on the nanotopography, we rehyd-
rated nanofibrous and smooth collagen in DMEM
cell culture medium. AFM analysis of rehydrated
scaffolds in deflection mode revealed that the fiber
morphology was preserved for both protein concen-
trations (see figures 1(C) and S-1(C)). Overall, by
AFM analysis of the height profiles, we observed
that dry and rehydrated nanofibers prepared with
0.5 mg ml−1 collagen exhibited a lower roughness
than thick scaffolds fabricated with 2.5 mg ml−1 (see
SI, figure S-2 and table S-1). Upon rehydration of col-
lagen nanofibers in DMEM, we found a roughness
increase for both collagen concentrations, which was
most pronounced for thick scaffolds. Overall, after
rehydration the roughness of thin fibrous scaffolds
was found to be 1.5-fold higher than for smooth col-
lagen, while a 5-fold increase was observed for thick
collagen nanofibers in comparison to the correspond-
ing smooth samples.

To measure the stiffness of nanofibrous and
smooth collagen scaffolds after cross-linking, we
exemplarily performed AFM measurements (see SI,
section S2). Thereby, we observed that both scaffold
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Figure 1. Topography of thick nanofibrous collagen (A to C) in comparison to smooth collagen scaffolds (D to F), both prepared
with 2.5 mg ml−1 collagen. SEM images of dried scaffolds in top view show topographical differences between collagen
nanofibers (A) and smooth collagen (D). SEM images of dried scaffolds in side view display the thickness of nanofibrous collagen
(B) and smooth collagen (E). AFM scans show the deflection data of collagen nanofibers (C) and smooth collagen (F), which were
both rehydrated in DMEM cell culture medium.

Figure 2. Preparation of binary collagen scaffolds with patterned nanofibrous and smooth topographies. (A) Scheme of the
preparation process: 1. The substrate is partly covered with a polymer mask. 2. Collagen nanofibers are assembled on the
uncovered substrate area and fixated with 2% GA. 3. Cross-linked collagen fibers are washed with 200 mM NH4HCO3 and the
mask is removed. 4. Smooth collagen is coated onto the remaining substrate part, followed by cross-linking with 2% GA, washing
with 200 mM NH4HCO3 and a final drying step. SEM images of binary protein scaffolds prepared with (B) 0.5 mg ml−1 and
(C) 2.5 mg ml−1 collagen show a clear border between nanofibrous and smooth topography on the surface.

types were too stiff to be measured with the soft
MLCT Bio cantilevers used in this study (data not
shown). Independent of the scaffold thickness, the
mechanical characteristics of both collagen topo-
graphies thus approached the stiffness of bare glass
substrates, which is known to exceed 1 GPa [46].

3.2. Binary collagen scaffolds with nanofibrous
and smooth topography
To study cell growth in dependence of nanofibrous
and smooth collagen topographies, we established a
new procedure to prepare protein substrates, which
combine regions of nanofibrous and smooth topo-
graphies in the same scaffold. As shown in the
schematic workflow in figure 2(A), we combined
polymer patterning with self-assembly of collagen
nanofibers and subsequent coating with smooth
collagen. After the initial assembly of nanofibers was

carried out, cross-linking with GA enabled us to
prepare a smooth collagen layer on the other substrate
half. This procedure could be applied to thin binary
scaffolds prepared from0.5mgml−1 collagen (see fig-
ure 2(B)), as well as to thick scaffolds fabricated with
2.5 mg ml−1 collagen (see figure 2(C)). SEM ana-
lysis revealed that the differences in nanofibrous and
smooth surface topography were more pronounced
for thick than for thin collagen patterns.

With this process, we succeeded for the first time
in producing collagen matrices with spatially con-
trolled variations in topography within the same scaf-
fold. Using this new scaffold platform, we were now
able to conduct comparative studies on the inter-
action of fibroblasts with nanofibrous and smooth
collagen topographies on a single substrate without
inducing any variations in the scaffold stiffness or the
biochemical composition.

5



Figure 3. Fluorescence microscopy images of 3T3 fibroblasts on nanofibrous collagen prepared with 0.5 mgml−1 (A to C) and
2.5 mgml−1 concentration (D to F) and on smooth collagen substrates prepared with 0.5 mgml−1 (G to I) and with 2.5 mgml−1

concentration (J to L). Nuclei were stained with DAPI (blue) and actin filaments with phalloidin (red). Scale bars represent 20 µm.

3.3. Fibroblast interaction with collagen scaffolds
Using a live/dead staining assay (for details see SI
section S3), we observed that NIH 3T3 fibroblasts
remained viable on nanofibrous and smooth colla-
gen scaffolds, which were prepared with 0.5 mgml−1

protein concentration (see figure S-3). Over 72 h in
culture, the fibroblast viability on all samples was
between 84% and 98%, indicating a good biocom-
patibility of both collagen topographies, which was
comparable to bare glass substrates. Up to 72 h, we
subsequently analyzed the cellmorphologywith phal-
loidin staining of the actin cytoskeleton using fluor-
escence microscopy (see figure 3). Independent of the
collagen concentration, 3T3 fibroblasts on collagen
nanofibers showed a spindle-like and more elongated
morphology with long filopodia (figures 3(A–F)). On
the other hand, fibroblasts cultivated on smooth col-
lagen were found to be more flat and larger than cells
on collagen nanofibers (figures 3(G–L)). After 48 h in
culture, the observed morphological differences were
most pronounced. Smooth scaffold regions yielded
pronounced actin filaments while actin stress fibers
on nanofibrous collagen were substantially reduced.

When we analyzed the size of individual fibro-
blasts on thin collagen scaffolds, which were prepared
with 0.5 mg ml−1 collagen, we observed different
trends between 24 and 72 h in culture (see figure 4).
The largest fibroblasts were found on smooth colla-
gen after 24 h with a cell size of 1796 ± 581 µm2,

differing significantly from those on collagen
nanofibers (p ≤ 0.001) and on glass controls
(p ≤ 0.0001). After 24 h, cells on collagen nan-
ofibers had an average area of 1233 ± 344 µm2;
however, cells on glass only exhibited a lower aver-
age cell size of 901 ± 288 µm2. Although the overall
fibroblast size on nanofibrous and smooth collagen
decreased around 48 h and remained at lower val-
ues until 72 h in culture, the significant difference
in cell size between nanofibers and smooth scaf-
folds remained unchanged. At this time point, fibro-
blasts on nanofibrous collagen exhibited a cell area of
959± 214 µm2 and cells on smooth collagen showed
an area of 1497 ± 288 µm2 (p ≤ 0.01). At the same
time, the cell size of fibroblasts on glass increased
to 1151 ± 309 µm2 after 72 h. Overall, the initial
differences in fibroblast size between the different
substrates were found to be less pronounced after
72 h in culture.

To study the observed differences in fibroblast
morphology in dependence of the underlying topo-
graphy in more detail, we subsequently carried out
confocal microscopy and SEM analysis (see figure 5).
Since changes in fibroblastmorphologywere found to
be independent of the protein concentration, we used
nanofibrous and smooth collagen scaffolds with 4 to
7 µm in thickness, prepared with 2.5 mg ml−1 colla-
gen, to study whether fibroblast filopodia protruded
into the nanofibrous collagen scaffolds. Confocal
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Figure 4. Single cell area of 3T3 fibroblasts cultivated on thin fibrous and smooth collagen prepared with 0.5 mg ml−1 collagen
and on glass references were evaluated after 24 h, 48 h and 72 h cultivation time. n= 4 independent experiments were conducted.
Data are presented with average± standard deviation of replicates. Significant differences are indicated by ∗ p≤ 0.05,
∗∗ p≤ 0.01, ∗∗∗ p≤ 0.001, ∗∗∗∗ p≤ 0.0001.

microscopy and SEM analysis of 3T3 fibroblasts after
24 h, 48 h and 72 h in culture clearly confirmed the
differences in morphology and size, which we previ-
ously observed with fluorescence microscopy. While
3T3 fibroblasts on collagen nanofibers only exhibited
few long cell extensions, fibroblasts on smooth colla-
gen exhibited many short filopodia. Confocal micro-
scopy revealed that 3T3 fibroblast filopodia did not
protrude into the nanofibrous collagen scaffolds des-
pite the porous fiber network.

Subsequently, we used AFM to study whether the
observed variations in fibroblast morphology were
accompanied by changes in cell stiffness (see SI,
section S4). AFM measurements of 3T3 fibroblasts
revealed a Young’s modulus in the range of approx-
imately 1400 to 2500 Pa (see figure S-4) for cells
on smooth and nanofibrous collagen scaffolds. Since
both collagen scaffolds did not vary in substrate stiff-
ness but only in topography, we could showwith these
results that fibroblast mechanics were not influenced
by the topography of the collagen scaffolds.

3.4. Cell migration on collagen scaffolds
To study how the migration of 3T3 fibroblasts is
influenced by the underlying collagen topography, we
carried out live cell tracking after cells had initially
adhered to the scaffolds for 24 h. Subsequently, over
20 h, the velocity of individual cells was tracked on
collagen nanofibers, smooth collagen and binary scaf-
folds. Thin collagen scaffolds were fabricated with
0.5 mg ml−1 collagen while thick scaffolds were pre-
pared with 2.5 mg ml−1 collagen. Analysis of cell
tracking data was performed as described in the SI
section S5 and the results are shown in figure 6.

Figure 6(A) shows the highest migration velocity
of more than 0.43 ± 0.03 µm min-1 for fibroblasts
on thin nanofibrous collagen scaffolds (full black bar)

while thin smooth collagen yielded lower velocities
around 0.34± 0.03µmmin-1 (full red bar).Hence, on
thin collagen nanofibers fibroblasts showed a faster
migration than on smooth collagen. With Cohen’s
d ≥ 0.2, these topography-dependent differences in
fibroblast velocity on thin collagen were found to
exhibit a small effect size.

On glass references, fibroblasts exhibited migra-
tion velocities between 0.22 ± 0.02 µm min−1 and
0.27 ± 0.02 µm min−1 for both concentration
series (light grey bar and hatched light grey bar).
Independent of the collagen concentration, 3T3
fibroblasts were found to migrate faster on nan-
ofibrous and smooth collagen scaffolds than on glass
references. For this trend we found a small effect
size of Cohen’s d ≥ 0.2. Interestingly, for thick
collagen scaffolds, no topography-dependent velo-
city differences were observed between nanofibrous
and smooth collagen, which both exhibited velocit-
ies around 0.29± 0.02 µmmin−1 (hatched black and
hatched red bars).

On binary collagen patterns (see figure 6(B)),
the overall migration velocity of 3T3 fibroblasts was
lower than on scaffolds, which exhibited the respect-
ive topography over the whole scaffold surface (see
figure 6(A)). For binary scaffolds we observed the
highest fibroblast velocity of 0.27 ± 0.02 µm min−1

on thin fibrous collagen regions (dark grey bar),
that were in the same range as the respective glass
reference (light grey bar). The lowest velocity of
0.18 ± 0.02 µm min−1 was found for fibroblasts on
thin smooth collagen areas (orange bar).With a small
effect size of Cohen’s d ≥ 0.2, fibroblasts on nan-
ofibrous areas of thin binary scaffolds migrated faster
than on the corresponding smooth regions (dark grey
vs. orange bars). This observation agrees well with
the trend we previously observed in figure 6(A) for
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Figure 5. Confocal microscopy images (A to C and G to I) and SEM images (D to F and J to L) of morphological differences found
for 3T3 fibroblasts cultivated on collagen nanofibers (A to F) and on smooth collagen (G to L). All smooth and nanofibrous
scaffolds were prepared with 2.5 mgml−1 collagen and cells were analyzed after 24 h, 48 h and 7 2 h in culture. For confocal
microscopy nuclei were stained with DAPI (blue) and actin filaments with phalloidin (red). All scale bars represent 20 µm.

Figure 6.Migration velocities of 3T3 fibroblasts on different collagen scaffolds. (A) Median velocities of fibroblasts on
nanofibrous and smooth collagen scaffolds, which exhibited the respective topography on the whole surface, in comparison to
glass references. Migration analysis was performed on thin and thick collagen scaffolds prepared with 0.5 mg ml-1 or 2.5 mg ml-1

collagen, respectively. (B) Median velocities of fibroblasts on binary collagen scaffolds with nanofibrous and smooth topography
in comparison to bare glass references. All velocity data are presented with average± standard deviation of n= 4 independent
experiments. Small effect sizes are indicated by ∗ Cohen’s d≥ 0.2.

scaffolds, which exhibited the respective topography
over the whole scaffold surface. On thick collagen
scaffolds with binary topographies fibroblast velocit-
ies of 0.20 ± 0.02 µmmin−1 were observed for nan-
ofibrous areas while smooth areas yielded velocities
of 0.19 ± 0.02 µm min−1. Again, this result is con-
sistent with our observations for thick collagen scaf-
folds, which exhibited the respective topography on
the whole surface (see figure 6 (A)).

When fixated fibroblasts on binary collagen scaf-
folds were analyzed by SEM after 36 h in culture,
i.e. in a time window during which live cell track-
ing was carried out, we could show that the previ-
ously observed differences in cell morphology also
occurred when fibroblasts migrated from one topo-
graphical region to the other (see figure 7). For both
scaffold thicknesses, we found fibroblasts, which grew
directly on the boundary between nanofibrous and
smooth collagen. These cells exhibited short butmany

filopodia on the smooth scaffold part, while few and
long filopodia protruded from the cell bodies on the
nanofibrous scaffold region.

4. Discussion

For the first time, we introduced a new biophys-
ical model system to study cell interaction with
nanofibrous and smooth protein topographies in a
single scaffold. Using collagen as a model system,
we combined in vitro self-assembly with polymer
printing and tailored cross-linking to fabricate bin-
ary protein scaffolds with spatially controlled areas
of nanofibrous and smooth topography. With 130
to 150 nm the diameter of dried collagen nanofibers
was in good agreement with previous studies on self-
assembled collagen [33]. By introducing ultrasonic-
ation into this process, we achieved collagen fiber
coverages of 100% on the glass surfaces. This is an
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Figure 7. SEM images of fibroblasts on binary collagen scaffolds after 36 h in culture. (A) Thin binary scaffolds were prepared
with 0.5 mgml−1 collagen. (B) Thick scaffolds were assembled with 2.5 mgml−1 collagen. For both concentrations, fibroblasts
growing on the border between nanofibrous and smooth collagen exhibited many short filopodia on the smooth area while longer
filopodia were observed on the nanofibrous scaffold region. Scale bars represent 10 µm.

improvement in comparison to previously reported
fiber coverages of 45%, where collagen self-assembly
was carried out in a microfluidic device [47]. By
adjusting the protein concentration, we were able
to tailor the scaffold thickness between 200 nm and
7 µm for collagen nanofibers and between 400 nm
and 10 µm for smooth collagen. This is in con-
trast to previous studies, where a pre-patterning with
SAMs was required and only collagen patterns up
to 47 nm height could be prepared [48]. Moreover,
since collagen self-assembly is driven by a pH shift
and an increase of ionic strength in the buffer sys-
tem [31, 32], this process is independent of the under-
lying substrate material. Therefore, our patterning
approach could in future also be applied to other sur-
faces than glass slides.

To further optimize our binary topography
scaffolds for future cell culture studies, it will be
important to lower the scaffold stiffness to mimic
the mechanical cues of the native ECM more closely
[24, 49]. Moreover, the scaffold thickness needs to be
increased while maintaining the structure-function
relationship to provide a 3D matrix with micron-
sized collagen fiber bundles, into which cells can
migrate [26, 50]. In our patterning process only the
protein topography was tailored, while mechanical
and biochemical cues remained unchanged. There-
fore, our new scaffold design could become a power-
ful tool to disentangle topographical frommechanical
substrate cues when studying the behavior of differ-
ent cell types [24]. Towards high precision patterning
of protein nanotopographies, it will be advantage-
ous to combine our proof-of-concept process with
microcontact printing [51]. Other techniques, like
electrospinning or extrusion through nanoporous
membranes, would not be suited for such a process
combination, since these processes require the suc-
cessive deposition of fibers on a substrate, often using
rotating mandrels [52–54].

In our subsequent cell culture studies with NIH
3T3 fibroblasts, all collagen scaffolds promoted fibro-
blast adhesion, overall cell viability and migra-
tion. Confocal microscopy revealed that 3T3 fibro-
blast filopodia did not protrude into the porous
collagen scaffolds and fibroblasts only adhered to

the surface of the nanofibrous networks. In nature,
collagen molecules are covalently cross-linked by
members of the lysyl oxidase enzyme family, which
also determines the ECM stiffness [15, 55]. Cells
are able to migrate through the LOX-cross-linked
fiber network of the ECM by proteolytic and non-
proteolytic mechanisms [56, 57]. Since we used
GA to chemically cross-link collagen scaffolds, we
assume that fibroblast filopodia were not able to
protrude into the fibrous network using their nat-
ive migration mechanisms. In order to investigate
whether cell filopodia can protrude into porous scaf-
folds it will therefore be important to adapt the
cross-linking procedure in our patterning process,
which will simultaneously change the mechanical
stiffness [24]. Other cross-linking strategies could, for
instance, involve riboflavin-UV treatment, 1-Ethyl-
3-(3-dimethylaminopropyl)-carbodiimide or trans-
glutaminase, which are well known to preserve the
topography of collagen nanofibers in cell culture
studies [58–60].

Variations in collagen topography were found to
have the strongest effect on fibroblast morphology
and filopodia formation. Smooth scaffold regions
yielded cell growth with large contact areas, pro-
nounced actin filaments and many short filopodia.
On the other hand, nanofibrous collagen induced
spindle-like fibroblast growth with smaller cell sizes,
few long cell extensions and substantially reduced
actin stress fibers. These morphological differences
agree well with previous reports of fibroblast growth
on randomly oriented collagen nanofibers [36–38].
Previously, the amount of focal adhesion proteins
was found to differ between 2D and 3D scaffolds
[23] and the limited available surface area of por-
ous nanotopographies was associated with a reduc-
tion in focal adhesion formation [61]. These correla-
tions were confirmed by our observation of reduced
actin fiber formation on nanofibrous collagen areas.
Since it is not yet understood which mechanisms in
filopodia sensing account for their multiple func-
tions [3, 19], it will be highly interesting to fur-
ther develop our 2D scaffolds with binary topo-
graphy towards much thicker 3D matrices by tail-
oring the protein concentration to enable studies of
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topography-dependent cell adhesion and migration
processes in real time.

In comparison to previous studies on cell mech-
anics in different microenvironments [49, 62–64],
our AFManalysis revealed that fibroblast stiffness was
mainly influenced by the scaffold stiffness, regard-
less of the underlying topography. Analysis of the
migration velocity of 3T3 fibroblasts on smooth, nan-
ofibrous and binary collagen scaffolds yielded over-
all migration velocities between 0.2 µm min−1 and
0.4 µmmin−1, which corresponds to a velocity range
of 12 to 24 µm h−1. This range is in good agree-
ment with fibroblast migration on other nanostruc-
tured substrates, such as cell-derived matrices and
collagen gels [36], poly(urethane acrylate) (PUA)
nanopatterns [65, 66] or PMMA nanopillars [67].
For fibroblast migration on cell-derived matrices and
nanofibrous collagen or fibrin, Hakkinen et al repor-
ted migration velocities, which were between 1.3 and
1.7 times faster than on the respective 2D scaffolds
[36]. On thin collagen scaffolds we observed migra-
tion speeds thatwere between 1.3 and 1.5 times higher
on nanofibrous collagen than on smooth collagen,
which agrees well with the previous findings repor-
ted by Hakkinen et al. Nevertheless, for thick collagen
scaffolds, we found comparable migration velocit-
ies for smooth and nanofibrous collagen, both being
reduced in comparison to themigration speed on thin
collagen scaffolds. Previously, it was shown that nan-
otopographies reduce the surface areawhich is access-
ible for 3T3 fibroblasts, thereby leading to increased
cell migration [61]. Since thick collagen nanofibers
exhibited a much higher roughness than thin nan-
ofiber scaffolds, we assume that these differences may
have induced the observed variations in migration
speed.

Interestingly, fibroblasts on scaffolds with binary
topographies showed slowermigration velocities than
on scaffolds with only one topography. Since binary
collagen scaffolds were also prepared on 15 mm glass
slides, the respective nanofibrous and smooth areas
were reduced by a factor of two, so that a lower total
track number was analyzed compared to scaffolds
with only one topography. In contrast to substrates
with only one topography, nanofibrous regions of
binary scaffolds were cross-linked twice (see steps 2
and 4 in figure 2), which made it possible to fabricate
scaffolds with two different topographies in the first
place. Therefore, more aldehyde residues may have
been present on the binary scaffolds, which might
have reduced the overall cell migration on substrates
with two topographies. However, it was previously
observed that increased cross-linking times induce
stiffening of collagen hydrogels [68]. Since a vari-
ety of cell types is known to respond to stiffer sub-
strates with increased migration rates [69–71], it will
be very important in the future to specifically adjust
the mechanical cues in different topographical scaf-
fold regions.

Towards a versatile biophysical model system, it
will be highly interesting to apply our patterned self-
assembly process to other fibrillar proteins, which
form nanofibrous scaffolds upon self-assembly. A
very promising candidate is the blood plasma protein
fibrinogen, for which we recently introduced the
new process of salt-induced self-assembly to pre-
pare 3Dnanofiber scaffolds [72, 73]. At the same
time, fibrinogen could be processed into smooth scaf-
folds, and cross-linking in formaldehyde was found
to preserve both topographies in aqueous environ-
ment [73]. By transferring our patterning approach
to other fibrillar proteins, it might also become pos-
sible to selectively modify biochemical and mech-
anical cues in different scaffold regions. Such a
multiparametric scaffold platformwith tailored topo-
graphy, substrate stiffness and biochemical cues in
defined scaffold areas could enable us to gain fun-
damental insight into cellular recognition processes
during adhesion andmigration.With regard to future
applications in tissue engineering, it would also be
advantageous to combine different fibrillar proteins
in the same patterned scaffold to address different
cell types of a tissue, for instance via integrin-specific
adhesion, in combination with different topographic
cues. Such scaffold designs could also pave the
way for new co-culture systems to optimally steer
the growth of different cell types in regenerative
medicine.

5. Conclusion

Using collagen as a model protein, we have intro-
duced a new process of patterned self-assembly to
produce protein scaffolds with spatially controlled
variations of smooth and nanofibrous topography.
In this new scaffold platform, the surface topo-
graphy was varied without changing the biochem-
ical or mechanical scaffold characteristics. Using our
binary collagen scaffolds, we observed topography-
induced changes in fibroblast morphology from
small, spindle-shaped cells with reduced actin cyto-
skeleton on nanofibers to large, flat fibroblasts with
many short filopodia and dense actin filaments on
smooth collagen regions. In the future, our new scaf-
fold platform could open up exciting possibilities
for tracking the time dependence of topography-
induced recognition processes in individual cells.
This unique setup could allow us to distinguish
between local and systemic reactions of cells to
topographical cues. Moreover, it could become pos-
sible to transfer the results of conventional smooth
2D cell culture systems directly to the develop-
ment of nanofibrous 3D scaffolds. Furthermore, our
study could form the basis for a multiparametric
scaffold platform, in which topographical, mechan-
ical and chemical cues can be independently var-
ied to investigate their respective influence on cell
growth.
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