
 

 

 University of Groningen

Macrophages and fibroblasts
Ploeger, Diana

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Ploeger, D. (2017). Macrophages and fibroblasts: key regulators in wound healing, fibrosis and the foreign
body reaction. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/ed2e2b5b-0888-496b-bc62-d26e496671bc


CHAPTER

Tissue Engineering: Part C (2016), 22 (2): 91-101

5

1 Department of Pathology and Medical Biology, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands.
2 Synvolux Therapeutics, Groningen, The Netherlands. 

Olaf Y.  Wouters 1, Diana T.A. Ploeger 1, Sander M.  van Putten1,2, and Ruud  
A.  Bank1

3,4-DIHYDROXY-L-PHENYLALANINE AS A NOVEL 
COVALENT LINKER OF EXTRACELLULAR MATRIX 
PROTEINS TO POLYACRYLAMIDE HYDROGELS 
WITH A TUNABLE STIFFNESS



94

CHAPTER 5

ABSTRACT

Cells acquire mechanical information from their surrounding and convert this into 
biochemical activity. The concept and mechanism behind this cellular mechanosensing 
and mechanotransduction are often studied by means of two-dimensional hydrogels. 
Polyacrylamide hydrogels (PAAMs) offer chemical, mechanical, and optical advantages 
but due to their inert surface do not allow protein and cell adherence. Several cross-
linkers have been used to functionalize the surface of PAAMs with extracellular matrix 
(ECM) proteins to enable cell culture. However, the most commonly used cross-linkers 
are either unstable, expensive, or laborious and often show heterogeneous coating or 
require PAAM modification. Here, we introduce 3,4-dihydroxy-l-phenylalanine (L-DOPA) 
as a novel cross-linker that can functionalize PAAMs with ECM without the above-
mentioned disadvantages. A homogenous collagen type I and fibronectin coating was 
observed after L-DOPA functionalization. Fibroblasts responded to differences in PAAMs’ 
stiffness; morphology, cell area, and protein localization were all affected as expected, 
in accordance with literature where other cross-linkers were used. In conclusion, 
L-DOPA can be used as a cross-linker between PAAMs and ECM and represents a novel, 
straightforward, nonlaborious, and robust method to functionalize PAAMs for cell culture 
to study cell mechanosensing.
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INTRODUCTION

Cells sense and respond to external mechanical signals from their environment 
and convert this mechanical stimulus into biochemical activity, a process known as 
mechanosensing and mechanotransduction [1]. Indeed, cells actively sense their 
environment by applying forces to the surrounding substrate at the site of adhesion 
[2]. An increase in substrate stiffness directly influences cell morphology as stiffer 
materials lead to more cell spreading [3]. Cells also migrate more easily on and toward 
stiffer materials, a phenomenon called durotaxis [4-5]. Furthermore, cells generally 
proliferate faster on a stiff substrate [6], and substrate stiffness affects stem cell lineage 
differentiation [7-8].

To study the effect of substrate stiffness on cells in vitro, polyacrylamide hydrogels 
(PAAMs) have been used for years as elastomers with a pretunable stiffness [5,9-11]. 
PAAMs offer chemical, optical, and mechanical advantages. PAAMs are translucent and 
nonfluorescent, which enables their use in immunohistochemistry and fluorescence 
microscopy. PAAMs also show linear deformation in response to mechanical load and 
show rapid and complete recovery after release [10]. Furthermore, PAAMs offer linear 
elasticity independent of applied strain [12], enabling the verification of PAAMs elastic 
moduli by fitting force retraction curves obtained with an atomic force microscope 
(AFM) with a linear Hertz model [13,14]. Extremely low moduli mimicking organ stiffness 
in vivo (<5 kPa) [15], can be obtained by varying the ratio between acrylamide and 
bisacrylamide without introducing changes in the surface chemistry.

Despite excellent optical, chemical, and mechanical properties, PAAMs are 
biologically inert and require surface functionalization to facilitate cell adhesion. In 
the past, a variety of cross-linkers have been used to couple protein to the surface of 
PAAMs. Sulfo-SANPAH (sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate), 
a chemical cross-linker and golden standard as of today, is used to functionalize 
the surface of PAAMs with extracellular matrix (ECM) proteins or peptides for cell 
adherence. Sulfo-SANPAH couples to PAAMs through a photo-activatable nitrophenyl 
azide and can bind protein through an amine reactive N-hydroxysuccinimide ester. 
Sulfo-SANPAH is an expensive reagent that due to its poor solubility, limited stability, 
and short shelf life can show variations in cross-linking, which leads to heterogeneous 
ECM coating [15,16]. This results in poor, heterogeneous, aberrant, or no adhesion of 
cells. Other used cross-linkers are dependent on polyacrylamide mixture modifications 

[10,16]: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride can only 
couple protein to PAAMs when acrylic acid is incorporated into the hydrogel because 
it depends on a free carboxylic acid group to form a stable amide bond. Another used 
cross-linker, 6-acrylaminohexylaminohexanoic acid N-succinimidyl ester (N6) needs to 
be incorporated directly into PAAMs and these modifications may influence hydrogel 
stiffness, stability and integrity. The synthesis of N6 is another limitation as it can only 
be formed through a multistep chemical reaction, which is hard to implement for most 
biologically oriented laboratories. Alternatives such as polydimethylsiloxane (PDMS) are 
a less desirable choice for studying cell mechanosensing due to nonlinear mechanical 
behavior [17].
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Clearly, the need for a straightforward protocol to functionalize PAAMs for cell 
culture to study mechanosensing and mechanotransduction in vitro remains. In this 
article, 3,4-dihydroxy-l-phenylalanine (L-DOPA), the dopamine precursor and key 
compound in mussel byssus adhesion [18-20], is proposed to substitute said cross-linkers 
to couple ECM proteins to unmodified PAAMs with different substrate stiffness. L-DOPA 
is a nontoxic compound, which is extensively used in the clinic for the treatment of 
Parkinson’s disease and dopamine-responsive dystonia and is considered biocompatible. 
As shown by Lee et al., L-DOPA can bind to various materials such as steel, titanium, 
polystyrene, and PDMS [21]. L-DOPA has also been used as a cell-adhesion molecule in 
serum-free cell cultures as discussed by Wan-Geun La et al. [22]. L-DOPA is more economic 
in use compared to sulfo-SANPAH and is chemically stable in the supplied powder form. 
We combined the excellent optical, chemical and mechanical properties of PAAMs with 
the remarkable binding properties of L-DOPA to functionalize PAAMs for cell culture and 
briefly compare our functionalization method with sulfo-SANPAH. Using this method, we 
offer a novel, easy, and robust in vitro model to study the effect of substrate stiffness on 
the biology of cells. We validated our model by studying the effect of substrate stiffness 
on human fetal fibroblasts using the following characteristics: cell adherence, cell area, 
the incorporation of alpha smooth muscle actin (αSMA) into stress fibers, the localization 
of vinculin in focal adhesions, and the translocation of Yes-associated protein (YAP) into 
the nucleus.

MATERIAL AND METHODS

PREPARATION OF PAAMS

PAAMs were prepared between a chemically modified glass plate and a glass coverslip, 
a slight modification of a method first described by Pelham and Wang [10]. The glass 
plate was sterilized in an autoclave, followed by immersion in 99.9% ethanol for 15 
min. To prevent PAAM adhesion to the underlying glass plate, it was incubated with 
dichlorodimethylsilane (8034520; Merck, Darmstadt, Germany) for 5 min, wiped clean 
and washed gently with sterile water afterwards. Glass coverslips (Ø 15mm; VWR, 
Amsterdam, The Netherlands) were, to covalently link PAAMs, pretreated for 3 min with 
a freshly prepared solution of 99.1% ethanol containing 0.5% (v/v) 3-(trimethoxysilyl)
propyl methacrylate (M6514; Sigma, St. Louis, MO) and 0.3% (v/v) glacial acetic acid. 
After incubation, the mixture was carefully aspirated and coverslips were washed twice 
with 99.9% ethanol to remove residual reagents.
 PAAMs with mechanical properties mimicking in vivo tissue stiffness were 
prepared by varying the ratio between 40% acrylamide solution (#161-0140; BioRad, 
Veenendaal, The Netherlands) and 2% bisacrylamide solution (#161-0142; Bio-
Rad) in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, 
H0887; Sigma-Aldrich) as depicted in Table 1. The polymerization catalyst N,N,N’,N’-
tetramethylethylenediamine (#161-0800; BioRad) was added to the mixture in a final 
concentration of 0.15%. This solution was deoxygenated under argon for 30 min. Without 
deoxygenation, large variations in hydrogel stiffness, homogeneity, and polymerization 
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speed were observed. After deoxygenation, the (bis)acrylamide solution was gently 
mixed with ammonium persulfate (APS; A3678, Sigma-Aldrich; Table 1). APS addition 
was quickly followed by pipetting the polymerizing solution onto the glass plate and has 
to be done in rapid succession, placing a coverslip on top. PAAMs covalently linked to 
the glass coverslips were left to polymerize for 15–30 min before carefully flipping them 
with a needle and tweezers and placed into 24-well culture well plates.  To cease the 
polymerization process and remove leftover acrylamide and is-acrylamide monomers, 
the PAAMs were washed twice with phosphate buffered saline (PBS) and stored in PBS 
in the fridge until further use. Hydrogel surface creasing of soft gels was prevented by 
adapting acrylamide and bisacrylamide concentrations as described by Saha et al. [23].

ATOMIC FORCE MICROSCOPY

The mechanical properties of the PAAMs were measured using a Bruker BioScope 
Catalyst AFM (Bruker UK Limited, Coventry, United Kingdom) in contact in fluid mode in 
PBS. Triangular silicon nitride cantilevers (NP10; Bruker UK Limited) with nominal spring 
constants of 0.06 N/m were used. Cantilever spring constants were determined and 
calibrated on glass at the beginning of each experiment. The stiffness of each PAAM was 
measured at three random topographic locations per hydrogel to assure homogeneity 
and assessed by 20 indentations per location. The stiffness was validated by repeated 
measurements per day (triple hydrogels) and by repeated experiments at different days 
(n = 3) to validate reproducibility. The Young’s modulus was obtained retrospectively by 
fitting obtained force retraction curves with a linear Hertzmodel [13,14].

L-DOPA TO FUNCTIONALIZE THE SURFACE OF PAAMS

The catecholamine L-DOPA (D9628; Sigma-Aldrich) was used to functionalize the surface 
of PAAMs. L-DOPA was dissolved in 10 mM Tris buffer (pH 10) at a final concentration 
of 2 mg/ml unless otherwise specified and left to dissolve for 30 min in the dark. After 
dissolving, the L-DOPA solution was sterilized through a 0.20 µm surfactant-free cellulose 
acetate filter, and PAAMs were incubated with 250 μl of L-DOPA for 30 min in the dark, 
followed by two washes with PBS to remove any residual unbound L-DOPA. L-DOPA 
coated hydrogels were functionalized with 250 μl of either a 20 mg/ml fibronectin (F1141; 
Sigma-Aldrich) or a 40 mg/ml rat-tail tendon collagen type I (354249; BD Bioscience, San 
Jose, CA) solution in PBS at 37 °C for 2 h, unless stated otherwise. After incubation, gels 

Measured E  (Young’s modulus, kPa) 2 4 12 26 50 92

40% acrylamide ( l) 75 187.5 187.5 187.5 300 300
2% bisacrylamide ( l) 60 27 58 118 58.5 75,5
10mM HEPES ( l) 763.5 684 653 593 540 523
TEMED ( l) 1.5 1.5 1.5 1.5 1.5 1.5
APS ( l) 100 100 100 100 100 100
Total ( l) 1000 1000 1000 1000 1000 1000

    APS, ammonium persulfate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer; TEMED, N,N,N',N'-tetramethylethylenediamine

Table 1  Acryl/Bisacrylamide Volumes for 24-Well Plate Coverslips
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were washed with PBS to remove any unbound ECM components. During optimization 
experiments, the time and concentration of both L-DOPA and collagen I were varied 
to determine L-DOPA and collagen I binding dynamics.  A schematic representation of 
L-DOPA as a cross-linker in our PAAM model is depicted in figure 1.

SULFO-SANPAH

To compare our method with sulfo-SANPAH, we coated PAAMs with either sulfo-SANPAH 
or L-DOPA (2 mg/ml L-DOPA in 10 mM Tris buffer and filtered before use, as described in 
previous paragraph) before collagen I functionalization. In brief, PAAMs were overlaid 
with 200 μl  of a 0.5 mg/ml (1 mM) sulfo-SANPAH in 50 mM HEPES solution and incubated 
under a 365 nm UV lamp for 5 min, as described by Pelham and Wang [10,24]. Next, 
PAAMs were washed three times with 50 mM HEPES and incubated with collagen I for 2 
h at 37 °C.

IMMUNOFLUORESCENCE AND QUANTIFICATION OF ECM COATING ON PAAMS

To visualize collagen type I and fibronectin bound to the surface of the PAAMs through 
L-DOPA or sulfo-SANPAH, gels were incubated for 30 min with (1) 10% goat serum or (2) 
10% donkey serum followed by incubation with either (1) mouse monoclonal antibody 
to collagen type I (ab90395; Abcam, Cambridge, United Kingdom; 1:5000 in PBS) or (2) 
rabbit polyclonal antibody to fibronectin (ab2413; Abcam; 1:1000 in PBS) for 2 h. Gels 
were washed with PBS and incubated with (1) goat-anti-mouse IRDye 800 CW (610– 
132-121: Rockland, Limerick, PA) or (2) donkey-anti-rabbit IRDye 680 CW (926-68073; 
Rockland; both 1:500 in PBS) for 1 h followed by three washes with PBS. ECM coating was 
visualized at infrared wavelength (780 nm for collagen I, 680 nm for fibronectin) using 
the Odyssey Infrared Imaging System (LI-COR, Lincoln, NE). Collagen I and fibronectin 
staining were quantified using the supplied LI-COR image studio software for Windows, 
version 4.0.21.

CELL CULTURE

To determine cell adhesion, human dermal fetal fibroblasts (WS1 CRL-1502; ATCC, 
Teddington, United Kingdom) were pretreated with 10 mg/ml mitomycin C (M4287; 
Sigma-Aldrich) for 2 h. Mitomycin C forms cross-links between the DNA strands and 
therefore inhibits DNA synthesis and proliferation. Fibroblasts were seeded on L-DOPA/

Figure 1: Schematic representation of the PAAM–L-DOPA–ECM construct. 
A glass coverslip with covalently attached PAAM is coated with L-DOPA, after which the PAAM is functionalized 
with ECM proteins (collagen I, fibronectin). ECM, extracellular matrix; L-DOPA, 3,4-dihydroxy-l-phenylalanine; 
PAAM, polyacrylamide hydrogel.

Coverslip Polyacrylamide L-DOPA Collagen / �bronectin Functionalized PAAM

HO

HO

OH

O

NH2
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collagen type I-functionalized PAAMs with a density of 1000 cells/cm2 to avoid confluent 
cell–cell contact and cultured in Eagle’s minimum essential medium (Thermo Scientific, 
Waltham, MA) supplemented with 10% filtered heat-inactivated fetal calf serum (SV3016) 
(Thermo Scientific, Waltham, MA), 1% penicillin/streptomycin, and 1% l-glutamine (both 
from Sigma-Aldrich) under 20% O2 and 5% CO2 at 37 °C. For cell adherence, fibroblasts 
were cultured for 24 h on plain PAAMs, PAAMs coated with only collagen type I or PAAMs 
functionalized with L-DOPA and collagen type I. For immunofluorescence detection of 
cell area and protein (trans)location, fibroblasts were cultured on PAAMs functionalized 
with L-DOPA/collagen type I. After either 24 h (cell adhesion) or 48 h (cell area, protein 
(trans)location), fetal fibroblasts were washed twice with PBS and fixated with 2% 
paraformaldehyde (PFA) at 4 °C for 15 min.

CELL ADHESION AND CELL AREA

To assess cell adherence, PFA-fixated cells cultured for 24 h on functionalized gels were 
incubated with 4,6-diamidino-2-phenylindole (DAPI; D9542; Sigma-Aldrich) for nuclear 
staining (1:5000 in PBS). To assess cell area, fibroblasts cultured on either L-DOPA–
collagen I or L-DOPA–fibronectin functionalized PAAMs were fixated after 48 h. Next 
cells were stained with DAPI (1:5000 in PBS) and phalloidin tetramethylrhodamine B 
isothiocyanate (phalloidin-TRITC; P1951; Sigma-Aldrich; 1:1000 in PBS; F-actin staining) 
for 10 min, followed by three washes with PBS supplemented with 0.5% Tween-20. Slides 
were mounted in Citifluor (Agar Scientific, Essex, United Kingdom). 

Images for cell adherence and cell area were obtained with a TissueFAXS 
equipped with a Pixelfly camera and a 10x objective. For cell adherence, 36 field of 
views (FOVs) and for cell area 25 FOVs were acquired per stiffness and these images 
were automatically stitched together by the TissueGnostics TissueFAXS software. Both 
cell adherence and cell area experiments were repeated four times and analyzed using 
the Leica NuanceFX software. To analyze the cell area, stitched images were converted 
to spectral cubes to unmix fluorescence background from phalloidin staining. Using 
the threshold segmentation function, cell area was measured in pixels. Each cell was 
checked and manually corrected using the draw/erase function if necessary. At least 
100 cells were measured per hydrogel. By using the TissueFAXS provided scale bar, the 
measured pixels were subsequently converted to µm2.

IMMUNOFLUORESCENT STAINING FOR F-ACTIN, VINCULIN, AND  YAP IN FETAL FIBROBLASTS 
ON PAAMS

To visualize αSMA, vinculin and YAP, PFA-fixated fibroblast were permeabilized with 0.5% 
Triton X-100 (108643; Merck) for 10 min and incubated with 10% goat serum for 1 h. Next, 
fibroblasts were incubated for 2 h at room temperature (RT) with (1) mouse monoclonal 
to αSMA (Clone 1A4; DAKO, Glosstrup, Denmark; 1:100), (2) mouse monoclonal to 
vinculin (hVIN-1; Sigma-Aldrich; 1:1000), or (3) rabbit polyclonal to YAP (sc-15407; Santa 
Cruz, Dallas, TX; 1:1000) in PBS containing 2.2% bovine serum albumin (BSA). After three 
washes with PBS, fibroblasts were incubated with biotinylated (1) IgG2a-specific goat-
anti-mouse (1080-08; SouthernBiotech, Birmingham, AL; 1:250), (2) IgG1-specific goat-
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anti-mouse–biotin (1070-08; SouthernBiotech; 1:250), or (3) polyclonal goat-anti-rabbit–
biotin (E0432; DAKO, Glosstrup, Denmark; 1:250), diluted in PBS containing 2.2% BSA for 
1 h at RT. Cells were washed three times with PBS and incubated with streptavidin-CY5 
(Invitrogen, Grand Island, NY; 1:250) in PBS containing DAPI (1:5000) for 30 min. After 
three washes with PBS, slides were mounted in Citifluor (Agar Scientific). 
 αSMA, vinculin, and YAP were visualized using a Leica DMI 6000 equipped SP8 
confocal microscope using a 40x oil objective. Overlays of confocal z-stacks were created 
using ImageJ with the FIJI image processing package [25].

STATISTICS

All data are represented as mean ± standard error of the mean. All experiments were 
analyzed using GraphPad Prism, version 6 (GraphPad Software, La Jolla, CA) either by 
one-way or two-way ANOVA, followed by Bonferroni post hoc analysis. Values of p < 0.05 
were considered to be statistically significant.

RESULTS

CHARACTERIZATION OF PAAMS FUNCTIONALIZED WITH L-DOPA 

We obtained PAAMs with mechanical properties that match the physiological stiffness 
of different tissues by varying the ratio between acrylamide and bisacrylamide (Fig. 2). 
A key step to obtain PAAM stability, homogeneity, and reproducibility is deoxygenation: 
we obtained excellent results when we used the inert gas argon to deoxygenize our 

Figure 2: Stiffness of PAAM hydrogels. 
Mechanical properties of PAAMs were 
obtained by atomic force microscopy 
in contact in fluid mode in phosphate 
buffered saline with triangular silicon nitride 
cantilevers. Data shown represent three 
experiments conducted separately, each 
consisting of triple hydrogels. Each hydrogel 
was measured at three different topographic 
locations to validate PAAM homogeneity.
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Figure 3: Polyacrylamide surface functionalization with collagen type I using L-DOPA. 
Collagen I functionalization was visualized using the LI-COR Odyssey infrared imaging system. Computed 
pseudocolored images of collagen I coating of PAAMs are shown left of the quantification graphs. L-DOPA 
shows (A) time- and (B) concentration-dependent functionalization of PAAMs. (C) At the optimal L-DOPA 
concentration (2 mg/ml in 10 mM Tris), collagen I adhered in a time- and (D) concentration-dependent manner 
to the L-DOPA functionalized PAAMs. (E) Without L-DOPA functionalization, collagen I did not adhere to the 
inert PAAMs (grey bars). L-DOPA-collagen I functionalization showed no significant differences between 
hydrogels of different stiffness (black bars). (F) L-DOPA (black bars) shows a significant enhancement in 
collagen I adherence when compared to sulfo-SANPAH (white bars). Statistics were performed by two-way 
ANOVA with Bonferroni post-hoc test. ***Significant difference between hydrogels functionalized with L-DOPA 
and collagen I or collagen I alone, P value < 0.0001.  ### Significant difference between functionalization with 
collagen I using either L-DOPA (black bars) or sulfo-SANPAH (white bars), P value < 0.0001.
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acrylamide/bisacrylamide solutions. Our PAAMs derived from mixtures mimicking the 
in vivo stiffness (Young’s modulus between 2 and 92 kPa) showed a high reproducibility 
with low variation (Fig. 2).
 Next, we functionalized PAAMs with collagen type I using the catecholamine 
L-DOPA. Because directly quantifying L-DOPA adherence to the PAAM surface is difficult, 
we have indirectly measured L-DOPA through collagen I adherence using the highly 
sensitive LI-COR Odyssey Infrared Imaging System. Coating of PAAM with collagen type 
I, using L-DOPA as a cross-linker, is time and concentration dependent (Fig. 3A, B). We 
observed complete and homogenous collagen type I coating of PAAMs after 10 min 
of incubation with L-DOPA at RT (Fig. 3A) at the optimal L-DOPA concentration (2 mg/
ml; Fig. 3B). Collagen I adhered in a fast and efficient manner to L-DOPA; no detectable 
increase in collagen type I adherence at the surface of L-DOPA functionalized hydrogels 
was detected after 30 min of collagen incubation (Fig. 3C). When L-DOPA is used at 
the optimal concentration of 2 mg/ml in 10 mM Tris, collagen is the limiting factor in 
collagen surface density (Fig. 3D). PAAMs coated with L-DOPA and functionalized with 
collagen I showed no significant differences in collagen density between hydrogels with 
different degrees of stiffness (Fig. 3E). Without L-DOPA treatment, collagen type I could 
not bind to the PAAMs (Fig. 3E). Furthermore, we see a marked improvement in collagen 
I functionalization when comparing L-DOPA with sulfo-SANPAH (Fig. 3F). Note that sulfo- 
SANPAH not only shows less collagen I adherence compared to L-DOPA but also shows 
a more heterogeneous collagen I coating. Adhesion of ECM to L-DOPA-functionalized 
PAAMs was also validated with fibronectin (Fig. 4D) where similar results as collagen I 
were obtained (Fig. 3E).

EFFECT OF SUBSTRATE STIFFNESS ON CELL ADHERENCE AND CELL SPREADING

To validate our method, human fetal fibroblasts preincubated with mitomycin C were 
seeded onto plain PAAMs, PAAMs with collagen type I, or PAAMs functionalized with 
L-DOPA and collagen type I and cultured for 24 h. Cells hardly adhered to uncoated or 

Figure 4: Fibroblast cell area and cell adherence on polyacrylamide hydrogels with physiological 
stiffness functionalized with L-DOPA and ECM. 
(A) Fibroblast cell adherence to plain PAAMs, PAAMs functionalized with only collagen type I, or PAAMs with 
functionalized with L-DOPA and collagen I. Cell adherence on plain PAAMs or PAAMs with only collagen I 
showed less than 3% cell adherence when compared to L-DOPA and collagen I functionalized PAAMs. (B) Cell 
area as analyzed after F-actin staining with phalloidin. Cells showed marked differences in cell area, depending 
on PAAM stiffness (n=3 for both experiments). (C) Fluorescence images depicting changes in cell area due 
to substrate stiffness on collagen I functionalized PAAMs, original magnification 100x. (D) Quantification of 
L-DOPA-fibronectin functionalized PAAMs using the LI-COR Odyssey infrared imaging system. Computed 
pseudocolored images of fibronectin coating of PAAMs are shown left of the quantification graph. (E) Cell area 
on L-DOPA-fibronectin functionalized PAAMs. (A) *** Significant differences between PAAM alone and PAAM 
functionalized with L-DOPA and collagen I (P<0.001). ### Significant differences between PAAM coated with 
only collagen I and PAAM functionalized with L-DOPA and collagen I (p<0.001). (B) *** Significant differences in 
cell area between 2 kPa and ≥12 kPa, P value < 0.001. $$$ significant difference in cell area between 4 kPa and 
≥12 kPa. P value < 0.001 (D) *** Significant difference in coating between L-DOPA-FN functionalized and FN 
functionalized hydrogels, P value < 0.001. (E) *** significant difference in cell area between 2 kPa and ≥12kPa, 
P value < 0.001. $$$ significant different between 4 kPa and ≥26kPa, P value < 0.001. ** Significant difference 
between 2 kPa and 4 kPa, P value < 0.01, * Significant difference between 4 kPa and 12 kPa, and between 12 
kPa and 92 kPa, P value < 0.05. FN: fibronectin. Statistics: (A & D) two-way ANOVA and (B & E) one-way ANOVA, 
all with Bonferroni post-hoc analysis.
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collagen-coated PAAMs (without L-DOPA). Compared to L-DOPA/collagen I-functionalized 
hydrogels uncoated and collagen-coated PAAMs showed less than 3% cell adherence. In 
contrast, cells adhered homogenously to PAAMs functionalized with L-DOPA/collagen  
I and no significant differences in cell densities were observed between hydrogels 
of different stiffness (Fig. 4A). Although the quantification of cell densities between 
hydrogels with different stiffness revealed no differences in adhesion, significant 
differences were observed in cell area. Cells cultured for 48 h on PAAMs functionalized 
with either L-DOPA/collagen (Fig. 4B) or L-DOPA/fibronectin (Fig. 4E) showed a substrate 
stiffness-dependent increase in cell area. Figure 4C shows representative fluorescent 
images of fetal fibroblasts cultured on L-DOPA–collagen type I functionalized PAAMs 
with different stiffness, clearly demonstrating substrate stiffness dependent changes in 
cell area.

EFFECT OF SUBSTRATE STIFFNESS ON αSMA

Incorporation of αSMA into stress fibers is a well-known myofibroblast marker and is 
involved in, for example, cell motility, structure, integrity and contraction. Changes in 
cell morphology, directed by substrate stiffness, have a direct effect on αSMA localization 
and organization. The formation of αSMA stress fibers in fibroblasts, directed by substrate 
stiffness, was tested in our L-DOPA/collagen I functionalized PAAMs model. Along with 
changes in cell area, fetal fibroblasts incorporated, as expected, αSMA into stress fibers 
at a stiffness of 12 kPa and higher (Fig. 5). At lower stiffness (2 kPa and 4 kPa), αSMA 
dissociated from the stress fibers and was retained in the cytoplasm (Fig. 5). 

EFFECT OF SUBSTRATE STIFFNESS ON VINCULIN LOCALIZATION

As the substrate stiffness has a direct effect on cellular spreading, we next validated our 
PAAMs with respect to the formation of focal adhesions. Vinculin, a key component in 
focal adhesions, plays an important role in cell–cell and cell–matrix interactions [1,26,27].
Vinculin-containing focal adhesions extend if cells sense higher stiffness and promotes
cell spreading by mechanically coupling integrins to the cytoskeleton [28–30]. Singular 
focal adhesions also act as mechanosensors; the elongation of focal adhesions depends 
on the force generated by the cell on the substrate and substrate rigidity [26,31-34]. 
At lower stiffness values, matching physiological organ stiffness (<12 kPa), a marked 
decrease in focal adhesion size was observed (Fig. 5), which was accompanied by an 
increase in cytoplasmic vinculin staining (4 kPa) or loss of vinculin (2 kPa). In contrast, at 
higher stiffness we observed an increase in vinculin in focal adhesions and an increase 
in focal adhesion size.

Figure 5: Staining of three proteins known to be involved in cellular mechanosensing in fibroblasts. 
(A) αSMA stress fibers dissociated from stress fibers on lower substrate stiffness of 2 and 4 kPa. On substrate 
stiffness of 12 kPa and higher, stress fibers are formed (arrow). (B) Vinculin dissociated from focal adhesions at 
the lower substrate stiffness of 2 and 4 kPa. Mature focal adhesions only formed on substrate stiffness of 12 
kPa and higher (arrow). (C) YAP was sequestered to the cytoplasm at the lowest substrate stiffness (2 kPa), but 
translocated to the nucleus at higher stiffness (4 kPa and higher). Original magnification 400x.
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EFFECT OF SUBSTRATE STIFFNESS ON YAP TRANSLOCATION

Cells can convert physical and mechanical signals obtained from their environment 
into biochemical signals. YAP, one of the main effectors of the Hippo tumor suppressor 
pathway, has been identified as a mechanosensing protein [35,36]. 

When cells encounter a stiff matrix, YAP translocates to the nucleus and regulates 
gene transcription [35,36]. In our model, YAP remained cytoplasmic on 2 kPa gels but 
translocated to the nucleus on 4 kPa gels and stiffer (Fig. 5), which validates our model as 
this has also been shown by Dupont et al. [35].

DISCUSSION

In this article, we propose L-DOPA [18-20] as a novel covalent linker that can functionalize 
the surface of PAAMs with ECM proteins. In the last decade, some researchers have 
shifted away from PAAMs, mainly due to its inert surface properties and problems with 
homogenous ECM coating when using the bifunctional cross-linker sulfo-SANPAH. In 
contrast, alternatives such as PDMS are less favorable for in vitro stiffness-based studies 
as they show nonlinear mechanical behavior [17,37]. Biological alternatives in the form 
of collagen, fibronectin, or Matrigel hydrogels fail to obtain a stiffness higher than 1 kPa 
unless crosslinked [38] and/or do not offer a similar surface chemistry and ECM density 
between gels of different stiffness, thereby convoluting stiffness and surface topography. 
PAAMs, however, offer linear mechanical behavior, and gels with physiological stiffness 
(between 1 and 100 kPa) can easily be prepared by simply varying the acryl–bisacrylamide 
ratio. Polyacrylamide also offers a direct positive correlation between cell spreading and 
bulk substrate stiffness, whereas cell spreading on PDMS is mainly influenced by the 
stiffness (and thickness) of the silica-like layer overlaying the cross-linked or plasma-
treated PDMS surface [39]. Due to their polymer nature, all PAAMs have a homogeneous 
bulk substrate stiffness; all gels prepared in Table 1 were at least 100 µm in thickness, 
keeping in mind that a minimum threshold of 20 µm is necessary to ensure that cells only 
‘‘feel’’ the gel and not the substrate (glass) below [7,40]. Although polyacrylamide gels 
are more suitable for studying the effect of substrate stiffness on cell mechanosensing, 
PDMS or other silicon derivatives might be more useful for wrinkling assays or surface 
modification studies [41].

 One drawback of PAAMs, hydrogel creasing, is a common but poorly defined 
problem in extremely soft PAAM hydrogels attached to stiff substrates (e.g., glass 
coverslips). Creasing can be caused by a combination of too low levels of the bisacrylamide 
cross-linker, osmotic pressure, and swelling [23,42-44]. As cells can enter and elongate 
along creases, creasing can directly influence cell morphology and behavior [23]. It is, 
therefore, of importance to avoid hydrogel creasing at all times when studying the effect 
of substrate stiffness on cellular behavior. Here, we prepared PAAMs based on the article 
by Saha et al.,[23] to ensure that no creases are formed in the gels. In brief, this means 
that bisacrylamide was never lowered below 0.028 wt% as this leads to PAAM instability 
and creases during swelling [23]. 

In this article, we identified L-DOPA, the main molecular component in mussel 
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byssus adhesion, [18,19,45] as a novel covalent linker to functionalize the inert surface 
of PAAMs with ECM, without introducing differences in collagen I or fibronectin density 
between gels with different Young’s moduli. We directly compared L-DOPA with sulfo-
SANPAH functionalization and reveal a significant increase in collagen I adherence to 
L-DOPA-coated PAAMs. L-DOPA has been used to coat a large variety of substrates, both 
organic and inorganic [46]. To our knowledge, this is the first time that L-DOPA is used to 
coat PAAM hydrogels to functionalize them with ECM components for cell culture. The 
exact mechanism of L-DOPA adherence to PAAMs is unknown, although both Schiff base 
reactions and Michaels additions have been proposed [21]. It is also known that L-DOPA 
can autooxidate at alkaline pH forming dopaquinone [19,47-50]. Dopaquinone offers 
reactive electrophilic groups at the quinone group, which can form covalent bonds with 
amine and thiol groups in proteins [19]. Furthermore, dopaquinone can selfpolymerize 
forming poly-dopaquinone sheets that form multiple strong covalent and noncovalent 
bonds with a multitude of different organic and inorganic substrates [19]. Indeed, Lee et 
al. describe covalent interactions of oxidated dopaquinone with organic amine-coated 
surfaces at alkaline pH (pH 10) [19]. Although the exact binding mechanism remains 
elusive, ECM coating on PAAMs was homogeneous, leading to homogeneous cell 
attachment across all functionalized PAAMs.

 Fibroblasts pretreated with mitomycin C (to inhibit proliferation) adhered 
homogeneously on the PAAMs and showed similar cell densities between soft and 
stiff substrates, confirming similarity in surface chemistry and coating between gels 
of different substrate stiffness. Although cells showed no differences in adhesion, 
substrate stiffness induced marked responses in protein localization and cell area, 
indicating that the cells ‘‘sense’’ the stiffness of their underlying substrate below the 
L-DOPA and ECM layer. Solon et al. showed similar results with fibroblasts on PAAMs 
which were functionalized with sulfo-SANPAH [51]. In both, our own results and 
Solon’s article, fibroblasts have a more rounded smaller morphology and lack a clearly 
defined F-actin cytoskeleton on low substrate stiffness (2 and 4 kPa), whereas at higher 
stiffness (12 kPa) cells spread more easily and show a neatly arranged cytoskeleton. When 
comparing focal adhesion sizes to a similar study conducted by Goffin et al. on a PDMS 
substrate (in which the lowest substrate stiffness was 9.6 kPa), we obtained similar but 
more extended results [52]. As observed by Goffin et al., focal adhesion size decreases 
sharply below 12 kPa. We observed no focal adhesions in the lowest substrate stiffness 
(2 kPa) and detected mainly cytoplasmic vinculin at 4 kPa. These results could not be 
obtained with PDMS, as its stiffness cannot be modulated below 5 kPa, thus omitting 
critical physiological stiffness data points [38].

Fibroblasts are known as mechanosensitive cells continuously probing their 
environment for mechanical cues and responding to changes in substrate stiffness by 
adapting their internal stiffness to match the stiffness of the surrounding substrate 
[51]. In fibroblasts, higher substrate stiffness can lead to more internal tension, high 
contraction, and formation of αSMA stress fibers [51,53]. One way to match the internal 
stiffness to the softer surrounding substrate is by remodeling the cytoskeleton, which 
in turn leads to a smaller cell area and less intracellular tension. αSMA stress fibers 
and focal adhesions increase due to enhanced intracellular isometric  tension [54] 
and focal adhesions quickly disassociate after loss of intracellular tension [55-59]. On 



108

CHAPTER 5

lower stiffness hydrogels, fibroblasts have less internal tension, are less contractile and 
disassemble aSMA stress fibers [53].  In our experiments, incorporation of aSMA in stress 
fibers and vinculin-positive focal adhesions was only observed at stiffness higher than 4 
kPa, matching results from other groups [3,52]. Last, to validate our system, we studied 
YAP localization. YAP is involved in mechanosensitive translocation to the nucleus and 
is only retained in the cytoplasm if internal tension is low. Similar to results obtained by 
Dupont et al., YAP retained in the cytoplasm only on the lowest substrate stiffness. On 
higher stiffness (4 kPa and higher), YAP translocated to the nucleus, where it can interact 
with transcription factors and modulate differentiation and proliferation [35].

CONCLUSIONS

We conclude that L-DOPA is a nontoxic and biocompatible [22] cross-linker that can be 
used to more easily, more homogeneously, and more efficiently functionalize PAAMs with 
ECM components when compared to sulfo-SANPAH. With this straightforward in vitro 
model, the effect of substrate stiffness on cell mechanosensing and mechanotransduction 
can be studied, without the drawbacks of sulfo-SANPAH and other cross-linkers. 
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