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ABSTRACT: Despite its widespread application in the ﬁelds
of ophthalmology, orthopedics, and dentistry and the stringent
need for polymer packagings that induce in vivo tissue
integration, the full potential of poly(methyl methacrylate)
(PMMA) and its derivatives as medical device packaging
material has not been explored yet. We therefore elaborated on
the development of a universal coating for methacrylate-based
materials that ideally should reveal cell-interactivity irrespective
of the polymer substrate bulk properties. Within this
perspective, the present work reports on the UV-induced
synthesis of PMMA and its more ﬂexible poly(ethylene glycol) (PEG)-based derivative (PMMAPEG) and its subsequent surface
decoration using polydopamine (PDA) as well as PDA combined with gelatin B (Gel B). Successful application of both layers
was conﬁrmed by multiple surface characterization techniques. The cell interactivity of the materials was studied by performing
live−dead assays and immunostainings of the cytoskeletal components of ﬁbroblasts. It can be concluded that only the
combination of PDA and Gel B yields materials possessing similar cell interactivities, irrespective of the physicochemical
properties of the underlying substrate. The proposed coating outperforms both the PDA functionalized and the pristine polymer
surfaces. A universal cell-interactive coating for methacrylate-based medical device packaging materials has thus been realized.
modiﬁcation strategies included plasma treatment (Ar, N2)10 or
surface grafting of a PEG diamine followed by linkage of the
tripeptide Arg-Gly-Asp (RGD).11 Furthermore, in the orthopedic ﬁeld, PMMA is well-known as bone cement and several
studies have been reported to improve the integration between
the implant and the bone tissue by mixing in hyaluronic acid,
hydroxyapatite or chitosan.12−16 From a broader application
perspective, other researchers have tried to introduce cell
interactivity by introducing hydroxyl groups or proteins such as
insulin, transferrin or collagen as well as by applying a plasma
treatment.17−21

1. INTRODUCTION
One of the most frequently studied methacrylate-based
polymers to date is poly(methyl methacrylate) (PMMA).1−8
It is known to be an amorphous material, which is present in its
glassy state at room and body temperature (average Tg of 105
°C) and thereby it is characterized by a very hard and brittle
nature. In the medical ﬁeld, it is widely used for ocular,
orthopedic, as well as dental biomaterial developments owing to
its excellent biocompatibility8 and its ability to fulﬁll loadbearing functions.9 Depending on the envisaged application,
diﬀerent material requirements with respect to mechanical
properties, swelling potential (or prevention), and cellinteractivity can be identiﬁed.
In the case of PMMA, the enhancement of cell attachment
and proliferation has already been studied for diﬀerent medical
purposes. In order to function as a corneal prosthesis, typical
© 2015 American Chemical Society
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MMA and 50 mol % PEGDMA. Optimization of the UV-irradiation
times was performed by the evaluation of polymer samples obtained
after diﬀerent UV irradiation times by 1H NMR spectroscopy (Bruker
300 MHz spectrometer). In the case of PMMA, samples were dissolved
in CDCl3 whereas for PEGDMA, a Soxhlet extraction of 24 h in ethanol
had to be performed in order to evaluate the polymer networks.
Determination of the conversion percentage of PMMA was possible by
comparing the proton integrations of the monomer double bonds (δ =
6.02 and 5.47 ppm) with the sum of the O−CH3 monomer and
polymer protons (δ = 3.53 and 3.69 ppm, respectively). For PEGDMA,
full conversion was assumed if the disappearance of the double bond
protons in the soluble fraction was attained.
2.2. Surface Modiﬁcation. The deposition of polydopamine was
established by applying and comparing two diﬀerent protocols. The
ﬁrst protocol has been described before by Lee et al.22 Using this
protocol (protocol I), the samples were incubated for 24 h in a 2 mg/
mL dopamine·HCl (DA) (Sigma-Aldrich) solution in Tris buﬀer (pH
8.5). Protocol II includes an additional step as the samples are ﬁrst
immersed in Tris buﬀer (pH 8.5), followed by the addition of the
dopamine·HCl salt (2 mg/mL). In order to evaluate the possibility to
further improve the adhesion of polydopamine and the materials
developed, both protocols are also combined with an oxygen plasma
preactivation step (1 min, 0.8 mbar), referred to as plasma + protocol I
(Ipl) and plasma + protocol II (IIpl). The deposition of Gel B
(Rousselot) was established by ﬁrst applying a polydopamine coating
using protocol I. Next, the samples were incubated overnight at 40 °C
in a gelatin B solution, by dissolving the appropriate amount of Gel B
(0.5, 1, or 2 g/v%) in Tris buﬀer (pH 8.0). After incubation, the
samples were rinsed with Milli-Q water and gently dried with N2 gas.
To test the stability of the deposited PDA and Gel B layers, the
modiﬁed PMMA and PMMAPEG samples were incubated for 24 h, 48
h, and 1 week in PBS buﬀer at 37 °C. Three samples per condition were
tested, and their stability was evaluated based on the change in atomic
nitrogen percentages as determined by X-ray photoelectron spectroscopy (XPS) measurements.
2.3. Characterization of the Bulk Properties. First, the tensile
properties of the materials were measured using a universal tester 10KM (Hounsﬁeld Test Equipment Ltd.), equipped with a load cell of
100 and 1000 N. The measured specimens were dog bone shaped (25
mm in gauge length and 4 mm in width, according to ISO 37−2). The
sample thickness was assessed using a caliper and was averaged at 1
mm. The unidirectional tension speed was 25 mm/min. For each
composition, 10 measurements were performed and averaged. The
elastic modulus and elongation (%) were recorded using the QMAT
software.
In order to determine the material swelling properties, three discshaped samples (d = 1 mm) for each sample type were freeze-dried and
weighed (initial mass, m0). Subsequently, the samples were incubated
for 24 h in deionized water at 37 °C. After swelling, the samples were
again weighed (mt) and swelling degrees were calculated using the
following equation:
m − m0
Swelling (%) = t
× 100%
m0

In addition to the above-mentioned approaches, which aﬀect
the cell-interactive properties of PMMA in particular, a universal
modiﬁcation strategy using polydopamine (PDA) has already
been elaborated for a plethora of materials. Lee et al. were the
pioneers in applying mussel-inspired surface chemistry onto a
wide range of chemically inert materials such as metals (e.g., Au,
Ag, Pt, Pd Cu, stainless steel, and Nitinol), oxides (e.g., SiO2,
Al2O3, etc.), semiconductors (e.g., GaAs), ceramics (e.g., glass),
and synthetic polymers (e.g., polystyrene).22 Using this
approach, the materials were activated, thereby enabling the
subsequent grafting of polymer adlayers and biomolecules.23
Since then, many research groups have investigated this speciﬁc
potential of the PDA coating on diﬀerent substrates including
titanium,24 silicon oxide,25 stainless steel,26 and diﬀerent
polymers such as polydimethylsiloxane (PDMS),27 poly-εcaprolactone (PCL),28 and polycarbonate (PC).23 The results
of these studies indicated that the melanin-based polymer
induced a tremendous positive eﬀect on cell viability, attachment, and spreading.28−31
In addition to the surface properties, the mechanical
properties of an implant should also meet speciﬁc requirements
depending on the envisaged application. Bone tissue engineering applications require strong and hard materials such as native
PMMA, while a polymer to be applied as a stent coating should
elicit suﬃcient ﬂexibility and elasticity.32 In that respect,
copolymerization of MMA and hydroxyethyl methacrylate
(HEMA) has been proposed as suitable stent coating material.33
Together with Gellynck et al, we have previously evaluated
PMMA derivatives with increased ﬂexibility for their potential to
improve vascularization in the vicinity of glucose sensing
implant materials. We observed that, depending on the
composition of the material, only slight diﬀerences in tissue
reaction were noticed. Furthermore, using the capillary count, a
tendency of enhanced vascularization was observed for VEcadherin antibody modiﬁed implants (3 months after in vivo
implantation).34
In the present work, we want to explore the applicability of
both PMMA and the most promising poly(ethylene glycol)
dimethacrylate (PEGDMA)-based material from the Gellynck
paper (based on a compromise between a limited swelling and
improved ﬂexibility compared to PMMA), toward their use as a
packaging material intended for medical devices, such as for
(glucose) sensor applications, bone implants, retinal implants,
and stents. Depending on the envisaged medical device, a rigid
(e.g., for bone implants) or soft material (e.g., a glucose sensor
which needs to be implanted subcutaneously) might be required
that seamlessly integrates in the surrounding tissue. In this
respect, we aim at applying a surface chemistry that is universal
and independent of the substrate’s physicochemical properties
and that reveals enhanced cell interactivity either directly via
PDA or indirectly via gelatin grafting to PDA functionalized
polymer substrates.

2.4. Characterization of the Surface Properties. In order to
determine the surface wettability, static contact angle measurements
have been performed using the sessile drop method. Water drops are
recorded applying a SCA 20 Instrument (Dataphysics), equipped with
a light source and high speed video system with CCD camera. For each
material and condition, three samples were measured, and for each
sample, a minimum of three drops was recorded. For each drop, the
static contact angle (SCA) was determined 5 s after the ﬁrst contact
with the surface using the circle ﬁtting of the imaging software SCA20
(version 2.1.5). The average and standard deviations were calculated for
each condition tested. In order to obtain X-ray photoelectron
spectroscopy measurements, an ESCA S-probe VG monochromatised
spectrometer equipped with an Al Ka X-ray source (1486 eV) was used.
Survey scans were recorded on three spots of each sample, and the
elemental composition of the top surface could be determined by
calculating the peak areas in the obtained spectra. Again, a minimum of

2. MATERIALS AND METHODS
2.1. Polymer Synthesis and Characterization. MMA (SigmaAldrich) was distilled prior to use. PEGDMA with a molecular weight
of 550 and 750 g/mol (Sigma-Aldrich) were applied as received. In
order to produce polymer sheets, an initiator (i.e., Irgacure 2959,
BASF)/monomer solution (2 mol % compared to the amount of
monomer double bonds) was injected in a preshaped silicone spacer
(James Walker), which was placed between two Teﬂon foil (Holders
technology) covered glass plates. Subsequently, the samples were UVirradiated from two sides (UV-A, 365 nm, 13 mW/cm2, distance UVlamps: 3 cm). The studied copolymer networks consisted of 50 mol %
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three samples per condition was tested. Furthermore, by measuring
narrow scan spectra of carbon, insight in the type of chemical bonds
present between carbon and other elements on the surface could be
obtained.
In order to assess the surface roughness of the samples, a stylus
contact proﬁlometer (Dektak 8) was applied. This proﬁlometer takes
measurements electromechanically by moving the sample under a
diamond-tipped stylus with a radius of 2.5 μm. A high-precision
translation stage moves the sample under the stylus according to the
user-programmed scan length (7 mm), translation speed (35 μm/sec),
and stylus force (3 mg). As the stage moves across the sample, surface
variations cause the stylus to be translated vertically. The resultant
vertical motion of the stylus is then translated into height variation
information by dedicated computer algorithms. For each material and
condition, three measurements were recorded over a scan length of 7
mm with a resolution of 0.12 μm, and the root mean square (RMS)
surface roughness was determined over the same length. Averages of
the three measurements were calculated, as well as the related standard
deviations. Calculation of the RMS value for each scanned line was
performed by applying the formula
RMS =

microscopy (Type U-RFL-T, Olympus, XCellence Pro software,
Aartselaar, Belgium).
Immunolabeling. Actin ﬁlaments and focal adhesion points were
(immuno-)labeled. All steps were performed at room temperature, and
a washing step consisted of 3 times 5 min washing in PBS buﬀer, unless
stated otherwise. After taking oﬀ the medium, the cells were washed
brieﬂy with PBS and ﬁxed in 4% buﬀered paraformaldehyde solution
for 20 min at room temperature. After washing the samples, the cells
were permeabilized with a 0.5% Triton X-100 in PBS solution for 5
min. Subsequently, cells were blocked with a 50% fetal bovine serum
(FBS) solution in PBS for 1 h, washed, incubated with the primary
antibody, mouse antipaxillin (Milllipore, Overijse, Belgium) (1:1000
diluted in 50% FBS in PBS), for 1 h, and washed again. Afterward, the
cells were incubated with the secondary antibody AlexaFluor 488 goat
antimouse IgG (A11001, Life Technologies, Merelbeke, Belgium) for
30 min and washed. Next, the cells were stained with a Phalloidinrhodamine (Life Technologies, Merelbeke, Belgium) solution (1:100
diluted in PBS) and a 1 μg/mL 4',6-diamidino-2-phenylindole (DAPI)
solution (Life Technologies, Merelbeke, Belgium) for 10 min and
washed again. The samples were mounted on a cover slide prior to
microscopy measurements. All immunolabeling experiments were
performed in duplicate.
The samples were observed with a Nikon A1r confocal microscope
mounted on a Nikon Ti Body (Nikon Instruments, France) and
magniﬁed with a 40x Plan Fluor oil objective (numerical aperture 1.3).
In order to obtain a representative image of each condition, four
separate regions were randomly acquired per sample.
Image Processing. Image processing was performed in Fiji (http://
ﬁji.sc), a packaged version of ImageJ freeware (W.S. Rasband, U.S.A.
National Institutes of Health, Bethesda, Maryland, USA, http://rsb.
info.nih.gov/ij/, 1997−2014). The focal adhesion points were
quantiﬁed by means of a custom-designed image processing pipeline,
which is essentially based on a high-content analysis workﬂow
described before35 and is available upon request. In brief, the analysis
consists of a few image preprocessing steps, followed by hierarchical
segmentation of nuclei, cells, and focal adhesion points (FAs) to allow
region-speciﬁc analysis of objects. First, image hyperstacks are
projected according to the maximum axial pixel intensity and corrected
for lateral illumination heterogeneity and background signals by means
of a pseudoﬂat ﬁeld correction, which consists of dividing the image by
a duplicate image smoothened with a Gaussian blur of large radius (Σ =
50). A subsequent local contrast enhancement balances for more subtle
intensity ﬂuctuations. Next, nuclear regions of interest (ROIs) are
segmented in the DAPI channel after ﬁltering with a Gaussian kernel of
small radius (Σ = 3), automatic thresholding according to Otsu’s
algorithm and watershed-based separation. Cellular boundaries are then
delineated by combining a segmentation of the median ﬁltered
Phalloidin channel, using the Triangle autothresholding algorithm, with
a Voronoi tesselation on the nuclear ROIs (Boolean AND operation).
Finally, FAs are speciﬁcally enhanced in the FA channel by means of a
Laplacian operator and binarized using the Triangle autothresholding
algorithm. Segmentation of FA can be further reﬁned by cell-dependent
peak selection, which is based on preserving only those objects
(presumed FA) for which the average signal surpasses a threshold
(typically deﬁned as the average signal +1 x std of the FA channel in the
cell ROI). This feature avoids detection of noise pixels and allows for
accurate segmentation of FA in cells with varying background
ﬂuorescence. The resulting ROIs were used for analyzing shape
(area, aspect ratio circularity) and intensity metrics of objects larger
than a predeﬁned size (>5 pixels) on the original image.
Statistics. The average values of diﬀerent parameters such as number
of focal adhesions and circularity were statistically compared by means
of a Kruskal−Wallis test with SPSS as statistical software. The boxplots
were generated with R statistical freeware (The R Development Core
Team).36 Two values were considered signiﬁcantly diﬀerent when p <
0.05.

∑ (Zi − Zavg)2
N

with Zavg being the average height (Z) value within the measured area
(7 mm), Zi the current Z value, and N the number of points recorded
within the scanned area. Furthermore, atomic force microscopy (AFM)
measurements were performed on selected samples. Images were
obtained in ambient conditions with a multimode scanning probe
microscope (Digital Instruments, USA) equipped with a Nanoscope
IIIa controller. After recording 50 μm scans in tapping mode with a
silicon cantilever (OTESPA, Veeco), surface roughness analysis was
possible using the Nanoscope software version 4.43r8.
Scanning electron microscopy (SEM) analysis was performed on a
JEOL JSM-5600 instrument. The instrument was used in the secondary
electron mode (SEI) at an acceleration voltage of 20 kV. Prior to
analysis, all samples were coated with a thin gold layer (ca. 20 nm)
using a plasma magnetron sputter coater.
For all surface modiﬁcation techniques, statistical analysis was
performed in SPSS by applying one way ANOVA as statistical analysis,
combined with a Sidak posthoc test to identify signiﬁcant diﬀerences
between the diﬀerent conditions tested. Two values were considered
signiﬁcantly diﬀerent when p < 0.05.
2.5. In Vitro Biocompatibility Assays. Cell Culture. Human
Foreskin Fibroblasts (HFF-1) (ATCC) were cultured in DMEM
Glutamax medium (Gibco, Invitrogen, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Invitrogen, USA), 2 mM L-glutamine
(Sigma-aldrich, Belgium), P/S (10U/ml penicillin, 10 mg/mL
streptomycin, Gibco, Invitrogen, USA), and 100 mM sodium pyruvate
(Gibco, Invitrogen, USA). Cells were cultured at 37 °C in a humidiﬁed
atmosphere containing 5% CO2.
Normal Human Dermal Fibroblasts (NHDFs, Promocell) were
cultured in advanced DMEM (Gibco, Invitrogen, USA), supplemented
with 2% FBS and 1% pencillin/streptomycin/glutamin.
Prior to use, the PMMA and PMMAPEG samples were sterilized by
ethylene oxide treatment (cold cycle, Maria Middelares Hospital,
Ghent, Belgium).
HFF-1 cells were seeded at a density of approximately 30000 cells/
cm2 in 24-well culture dishes. Cell adhesion at day 1 was evaluated after
live/dead staining. NHDFs of passage number 12 were seeded on top
of the ﬁlms with a cell density of approximately 5000 cells/cm2.
Cytoskeletal organization was evaluated after 2 days incubation by
immunolabeling and confocal microscopy.
Live Dead Assays. To visualize cell distribution on the sheets, a live/
dead staining was performed. After rinsing the ﬁlms, the supernatant
was replaced by 1 mL phosphate buﬀered saline (PBS) solution
supplemented with 2 μL (1 mg/mL) Calcein AM (Anaspec, USA) and
2 μL (1 mg/mL) propidium iodide (Sigma). Cultures were incubated
for 10 min at room temperature, washed and evaluated by ﬂuorescence
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DOI: 10.1021/acs.biomac.5b01094
Biomacromolecules 2016, 17, 56−68

Article

Biomacromolecules

Figure 1. Panel A: Conversion of MMA as a function of the UV irradiation time as studied by 1H NMR spectroscopy. Panel B: Stress−strain curve
obtained for PMMA and PMMAPEG (50 mol % MMA/50 mol % PEGDMA(550)) using tensile testing. The images demonstrate the improved
ﬂexibility of the PEG-based material compared to PMMA. Panel C: 1H NMR spectra of the soluble fraction obtained after Soxhlet extraction of the
homopolymer PEGDMA(550) (a), the starting oligomer PEGDMA(550) (b), and Irgacure 2959, the initiator (c).

monomers, we ﬁrst optimized the UV-irradiation time. As
illustrated in Figure 1A, conversions of 99% were obtained for
PMMA after 90 min of irradiation. The latter conclusion was
supported by the absence of the signals arising from the
methacrylic double bond protons at 5.47 and 6.02 ppm as
shown by NMR (Figure 1, panel C). As a consequence, based
on the composition of PMMAPEG, the UV-irradiation time was
set at 55 min. In this way, full conversion is established and the
chance of monomer leach out is nonexistent.
Analysis of the mechanical properties of both materials
revealed that PMMAPEG possesses an increased ﬂexibility and
elasticity (E-mod = 142 ± 40 MPa; elongation =16 ± 3%)
compared to PMMA (E-mod = 1695 ± 357 MPa; elongation =
3 ± 1%), which acts as a very brittle, strong and nonelastic
material (Figure 1, panel B). In literature, reported E-moduli for
PMMA vary between 710 and 5000 MPa,40−45 while the
elongation is around 3%.43 The E-modulus variations can

3. RESULTS AND DISCUSSION
Packaging materials for medical devices are mostly intended for
long-term implantation purposes. Therefore, several requirements need to be considered during the development of such a
material. Concerning the patients comfort, the mechanical
properties play a crucial role.37 Furthermore, it is well known
that the substrate stiﬀness also inﬂuences cell behavior.38,39
Based on earlier obtained insights in packaging materials for
optical glucose sensors,34 we investigated in the present work
both PMMA and the most promising PEGDMA-based material
(PMMAPEG) (based on a compromise between a limited
swelling and improved ﬂexibility compared to PMMA), toward
their use as a cell-interactive packaging intended for medical
devices.
3.1. Polymer Production and Bulk Characterization.
Both polymers were synthesized via a UV-induced radical
polymerization process. To ensure full conversion of the starting
59
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Figure 2. Atomic nitrogen percentages of blank and PDA-coated PMMA (A) and PMMAPEG (B) materials and the O/C ratio of the same PDAcoated PMMA (C) and PMMAPEG (D) samples, as determined by XPS. Panel E displays the SCA determined for the blank and PDA-coated PMMA
and PMMAPEG samples, applying diﬀerent immobilization protocols. The value indicated with # refers to a contact angle approaching 0°. Panel F
demonstrates the eﬀect of PDA deposition time on the N/O ratios of PMMAPEG surfaces as obtained by XPS measurements. Samples which are
signiﬁcantly diﬀerent within one graph are marked with the same letter (a,b,c,...) (p < 0.05). For the SCA measurements, all PDA-modiﬁed samples are
signiﬁcantly diﬀerent compared to their respective blank (p < 0.05).

electronics and the subsequent release of corrosion products
into the body. Furthermore, due to swelling, internal stresses
could be created, leading to crack formation.
PMMA, generally considered as a hydrophobic material,
scarcely swells (i.e., 2 ± 0.2%) whereas the introduction of
PEGDMA resulted in a swelling of 17 ± 0.5%. The increased
value was anticipated since PEG is generally accepted as a
hydrophilic polymer. For this reason, a lower molecular weight
PEG compound (i.e., 550 g/mol) was selected, since higher
molecular weights easily result in gels characterized by a water

typically be attributed to diﬀerent material production
processes, diﬀerent polymer molecular weights, a diﬀerent
shape of the test specimens or, alternative applied instrument
settings. From the data, however, it is clear that a polymer
revealing enhanced ﬂexibility is obtained compared to pristine
PMMA.
In the next step, the swelling behavior of the polymers was
considered. If medical devices are embedded into the housing
material, extensive swelling could cause implant failure. Indeed,
inﬂux of interstitial ﬂuid could cause corrosion of the embedded
60
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Figure 3. Panel A: SEM images of PMMA blank (a), PDA coated PMMA applying protocol I (b) and plasma + protocol I (c); PMMAPEG blank (d)
and PDA coated PMMAPEG applying protocol I (e) and plasma + protocol I (f). For each coated material, several clusters are indicated, and one
zoom is pointed by the arrows. Panel B: Surface plots recorded using AFM for blank PMMAPEG (RMS 0.576 nm) (a), PDA-coated PMMAPEG
applying protocol I (RMS 4.459 nm) (b), PDA-coated PMMAPEG applying plasma+protocol I (RMS 4.814 nm) (c).

content of up to 80%.46 To be more precise, if 50 mol % of
PEGDMA with a molecular weight of 750 g/mol was combined
with 50 mol % MMA, an improved E-modulus of 21 MPa was
obtained while the swelling percentage increased to almost 50%.
It can thus be concluded that an increase in PEG content
improves the ﬂexibility while negatively aﬀecting the swelling of
the material in physiological conditions. From previous work,
the material with 50 mol % PEGDMA and 50 mol % MMA was
considered to be the ideal compromise between the two
opposing trends.
3.2. PMMA and PMMAPEG Surface Modiﬁcation Using
Polydopamine. In addition to the above-described bulk

properties, the surface (physico)chemistry codetermines the
ﬁnal success of an implant. As we aim at the eventual tissue
integration of the implant, cell interactivity should be pursued.
To this end, activation of both inert polymer surfaces using
polydopamine (PDA) is studied. In addition to enabling the
subsequent binding of various (bio)ligands, PDA-only was
reported for its cell interactive properties.
Herein, diﬀerent immobilization protocols were used as
described previously (see section 2.2) and the deposited layers
were characterized by a range of surface characterization
techniques including XPS, SCA measurements, and SEM
measurements.
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Figure 4. Panel A: Percentage of nitrogen determined for the PDA- and Gel B-modiﬁed PMMA and PMMAPEG samples. Three diﬀerent Gel B
concentrations were evaluated: 0.5, 1, and 2 w/v%. Panel B and C represent the carbon detail peaks obtained through XPS which show the diﬀerent
chemical environments when comparing a PDA (B) and a Gel B (C) modiﬁed surface. Panel D shows the static contact angle values for the diﬀerent
surface modiﬁcations, and E compares the RMS values obtained for the blank, PDA-coated, and Gel B-coated PMMA and PMMAPEG samples.
Conditions marked by the same letters (a,b,c,...) are signiﬁcantly diﬀerent (p < 0.05). In the case of panels A and D, all Gel B-coated samples were
signiﬁcantly diﬀerent compared to the PDA-coated ones (not marked).

The most important observation from XPS analyses was that,
based on the recorded atomic nitrogen percentages, a successful
immobilization of PDA was accomplished for all samples,
regardless of the protocol used (Figure 2A,B). For PMMAPEG,
protocol I and protocol IIpl resulted in the highest nitrogen
percentages (5 ± 0.8%) and therefore, they represent the
preferred protocols.
Based on the O/C ratio, the data revealed that, for PMMA, no
signiﬁcant diﬀerence is obtained (p < 0.05) between the blank
and the diﬀerent surface modiﬁed samples (Figure 2C). This
might suggest the deposition of a very thin PDA ﬁlm through

which the substrate material is still detected. Furthermore, we
anticipated that the O/C values of the PMMA blank would
approach the theoretical value of 0.40. The deviation in signal
observed for the theoretical (0.40) and experimental blank
(0.30) might suggest carbon contamination during sample
handling or chain migration and orientation, which result in
higher carbon percentages at the surface.
In the case of PMMAPEG (Figure 2D) an excellent
agreement was found between the theoretical (0.45) and
experimental values (i.e., 0.46) for the blank. Furthermore, as
anticipated, deposition of PDA resulted in a signiﬁcant decrease
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450 nm, respectively.49 Furthermore, Giol et al. also noticed that
dependent on the applied protocol, speciﬁc surface topographies
were obtained on poly(ethylene terephtalate) (PET).50
Furthermore, plasma pretreatment resulted in a more
homogeneous PDA spreading, a ﬁnding which was also
supported by Xie et al.51
The cluster formation was further evidenced by AFM
measurements. For the plasma-treated PMMAPEG samples,
grain-like structures were visualized in the surface plots (Figure
3B,c). On the other hand, in the absence of the plasma
treatment, a more cloud-like structure was observed (Figure
3B,b). This observation supported the SEM images, as smaller
clusters were also observed in case a plasma treatment was
applied.
3.3. Surface Modiﬁcation of Polydopamine Functionalized PMMA and PMMAPEG Using Gel B. From the
previous results, it is clear that PDA was successfully
immobilized onto the developed polymers. In a subsequent
step, the PDA coating was used as a primer layer to enable
gelatin immobilization. Gel B was selected as a suitable reference
to enable the evaluation of the cell-interactivity of the PDAcoated materials. Three Gel B concentrations, including 0.5, 1,
and 2 w/v% were evaluated to biofunctionalize the surfaces.52
XPS measurements revealed that for PMMA, all three
concentrations resulted in a homogeneous coating, as no
signiﬁcant diﬀerences (p > 0.05) were obtained when comparing
the N-content present on the surface (Figure 4B). However,
when considering PMMAPEG, a signiﬁcant diﬀerence was
obtained when comparing the lowest (i.e., 0.5 w/v%) and the
intermediate (i.e., 1 w/v%) concentration. As a consequence, 1
w/v% was selected for further sample preparation, as this
represents the minimum concentration required to realize
homogeneous coatings.
The successful Gel B immobilization was also indicated by
comparison of the C 1s detail peaks of the PDA and Gel Bcoated materials. As shown in Figure 4C and D, deconvolution
of these peaks resulted in three diﬀerent carbon signals,
representing diﬀerent chemical environments (i.e., CO, C−
O/C−N and C−C/C−H). These ﬁgures suggest that
deposition of Gel B resulted in an increase in carbonyl (C
O) functionalities (Figure 4D) compared to PDA deposition.
This can be ascribed to the presence of amide linkages in the
gelatin backbone.
The presence of Gel B was further evidenced by contact angle
measurements as shown in Figure 4A. For both material types,
PMMA and PMMAPEG, a signiﬁcant (p < 0.05) decrease in
contact angle was observed when comparing the PDA and Gel B
coated samples (from 50° to 20° and 28° for PMMA and
PMMAPEG, respectively).
As an important intermediate conclusion, it can be stated that
two polymers with diﬀerent mechanical properties but with a
comparable surface chemistry are under investigation. The
comparable surface chemistry implies that both materials are
characterized by similar surface wettabilities (both after PDA
and Gel B deposition) and atomic compositions.
Nevertheless, two more parameters should be evaluated prior
to in vitro testing: the surface roughness and the stability of the
deposited layers. Indeed, it has been demonstrated that surface
roughness inﬂuences cell behavior.53 In the case of PMMA, it is
shown that the use of concave patterned ﬁlms results in
signiﬁcantly increased cell densities compared to the ﬂat
surfaces.54 As a consequence, the surface roughness of the
diﬀerent (un)modiﬁed materials was evaluated by proﬁlometry.

of the O/C ratio (p < 0.05), although, compared to the
theoretical value of 0.25, only protocol I approaches this value.
Undoubtedly, the observed changes in the chemical
composition of the surface also inﬂuence their wettability.
Therefore, static contact angle measurements were performed
to complement the previously described results. Figure 2E
clearly shows that, irrespective of the used protocol, the
deposition of PDA gave rise to a signiﬁcant decrease in static
contact angle compared to the blank materials (p < 0.05) (from
70 to 85° for the blank materials to 40−50° for the PDA coated
ones). These data are in good agreement with literature as Lee
et al. reported contact angles for PDA-coated PTFE and PC
materials of 49° and 42°, respectively.22 Statistical analysis
showed that no signiﬁcant diﬀerence was obtained for both
materials when comparing protocol I and II. On the other hand,
a signiﬁcant inﬂuence could be observed in case protocol II was
combined with a plasma preactivating step (p < 0.05). This
might suggest a diﬀerent orientation or composition of the
formed PDA layer. Yet, if plasma treatment would induce such
an eﬀect, a signiﬁcant diﬀerence would also be expected when
comparing the results obtained for protocol I with and without a
plasma preactivation step. As this diﬀerence is not observed, no
clear evidence of this plasma-eﬀect could be delivered at this
stage.
Based on XPS and SCA analyses, the successful PDA
deposition on both PMMA and PMMAPEG was shown.
Furthermore, based on the observed atomic nitrogen percentages and the match between the experimental and the
theoretical O/C ratios as obtained from XPS, protocol I was
selected as the preferred PDA deposition method. Very
interestingly, compared to the other protocols, protocol I oﬀers
the advantage to be more time eﬃcient.
In the literature, it has been shown that the deposited amount
of PDA is a function of the incubation time and that after 24 h a
50 nm thick layer is deposited.22 As a consequence, this variable
was also optimized for the herein selected deposition protocol.
After 24 h of incubation, indeed the highest amount of nitrogen
was detected on the PMMAPEG surface (i.e., N/O = 0.30)
(Figure 2F). For PMMA, a similar optimization was performed
and again after 24 h, the amount of PDA was maximized (N/O
= 0.29).
Further characterization of the PDA-modiﬁed samples with
SEM revealed the presence of clusters (aggregates of grape like
shaped particles) on the surfaces (Figure 3A). Intrigued by this
observation, a comparison was made between the pristine
polymers and the plasma treated ones. In this way, we hoped to
get a better insight in the above-described plasma-eﬀect. When
comparing pristine PMMA (SCA 85°) with the plasma treated
one (SCA ≈ 0°), the size of the largest clusters decreased from
6.5 μm to approximately 2 μm. Similarly, for PMMAPEG, the
largest clusters sized 4 μm on the blank material (SCA 75°),
while after a plasma treatment (corresponding with a SCA of
43°), this value decreased to 1.3 μm. These data suggest that
plasma treatment results in a decreased cluster size, which is
probably induced by a closer contact between the substrate and
the dopamine solution, resulting in an increased probability for
cluster formation to occur concomitant with a higher number of
clusters deposited (cfr. cluster nucleation sites). In literature,
PDA coatings have already been described as showing a granular
morphology on a gold surface,47 to uniform with covalently
bound PDA on poly(vinylidene ﬂuoride) (PVDF)48 and on
epoxy resins, showing a granular cover layer containing
additional aggregates with a diameter of 0.5−5 μm and 100−
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Figure 5. Stability testing of the PDA and PDA/Gel B modiﬁed PMMA (Panel A) and PMMAPEG materials (Panel B). The decrease in atomic
nitrogen percentage was evaluated as a function of incubation time in PBS buﬀer at 37 °C, using XPS.

lower extent.28−31 This was not the case for PDA-modiﬁed
PMMAPEG (estimated cell viability of 2%), plausibly due to the
cell-repellent properties of PEG. In the past, many studies
focused on the production of antifouling surfaces applying PEG
as antifouling polymer.55 In this context, PEG grafts are mainly
used to realize this aim. As a result, copolymer networks
containing these PEG moieties might also induce a similar eﬀect,
as shown by the low cellular adhesion (see Figure 6A). We
anticipated, however, that PDA deposition would render these
materials cell-interactive. Indeed, it has already been suggested
that an increased cell interactivity of PDA-coated materials
results from the adsorption and subsequent covalent immobilization of serum proteins via Schiﬀ base formation and/or
Michael-type addition without altering their biological function.31
From our ﬁndings, it is obvious that the applied PDA coating
on PMMAPEG is insuﬃcient to overrule the decrease in
thermodynamic stability of the serum proteins induced by
PEG.56,57 It can be anticipated that this perturbation of the
serum protein’s native structure prevents speciﬁc interactions
occurring between the adsorbed proteins and cells and, as a
result, also cell adhesion.31 Furthermore, these results suggest
that cells still sense the underlying PEG-substrate, probably
because of a low PDA layer thickness. Investigation of this causal
eﬀect will therefore be the topic of future work.
Upon surface decoration of the PDA-functionalized polymers
using Gel B, a more prominent eﬀect is accomplished on the cell
growth as evidenced by higher cell densities (>90% for both
PMMA and PMMAPEG) accompanied by superior cell
spreading (see Figure 6A(c,f)).
To acquire more detailed information on the attachment and
spreading potential of ﬁbroblasts, we visualized cytoskeletal
cellular components (Figure 6B) including the F-actin ﬁbers and
focal adhesion points. Being responsible for cell shape, the actin
cytoskeleton provides a direct proxy for cell spreading. The focal
adhesion points, on the other hand, represent cellular
connections with the extracellular matrix and thereby give
information about the cell adhesion properties. In brief, cells
with larger actin-stained surface area and more focal adhesion
points are better attached to the surface. Bearing this in mind,
we quantiﬁed the projected area and relative number of focal
adhesion points per cell (Figure 6C).
As represented in Figure 6C, higher cell areas were obtained
for the Gel B-coated samples, although, for PMMA the
diﬀerences were not signiﬁcant (p > 0.05) compared to the

Figure 4E clearly demonstrates that for both materials, no
signiﬁcant diﬀerence was obtained between the diﬀerent surface
modiﬁcations (p > 0.05). In the case where both material types
are compared, a signiﬁcant diﬀerence is obtained in RMS value
for the blank materials and the PDA-coated ones (p < 0.05),
whereas for Gel B, regardless of the material, a similar surface
roughness is observed. As a consequence, the observed
diﬀerences should be considered when interpreting the
upcoming cell data.
Since implantation of the materials is targeted, it is essential to
evaluate the stability of the PDA and Gel B layers in simulated in
vivo conditions. To this end, the modiﬁed PMMA and
PMMAPEG samples were incubated in PBS buﬀer at 37 °C
and as a function of incubation time, the decrease in atomic
nitrogen percentage was measured. For both PMMA (Figure
5A) and PMMAPEG (Figure 5B), stable PDA layers were
obtained since after incubation no signiﬁcant decreases in
atomic nitrogen percentage were measured (p > 0.05). On the
other hand, after 24 h of incubation, the Gel B-modiﬁed PMMA
and PMMAPEG samples respectively resulted in a 2 and 4%
decrease in atomic nitrogen percentage compared to the
nonincubated samples (p < 0.05). Notwithstanding this
decrease, the atomic nitrogen percentages remained signiﬁcantly
higher compared to the PDA modiﬁed samples, which proves
the presence of the Gel B layer. For longer incubation times (i.e.,
48 h and 1 week), similar results were obtained compared to the
samples, which were incubated for 24 h, meaning that the Gel B
layers can be assumed stable after this initial incubation time.
Furthermore, after 24 h of incubation, equal nitrogen
percentages are detected for both PMMA and PMMAPEG
(i.e., 8−9% N).
3.4. In Vitro Cell Adhesion Assays of the PDA and Gel B
Coated Materials. As the developed implant materials are
intended for long-term implantations, eventual tissue integration is pursued. As a consequence, the in vitro cell interactivity is
a strict prerequisite. Therefore, to gauge the cytocompatibility of
the various materials under investigation, we ﬁrst performed a
semiquantitative live/dead assay with HFF. The data revealed
that for the pristine surfaces, HFF attached to the PMMAPEG
blank (estimated viable cell density of 1%) to a lower extent
compared to the PMMA blank (estimated viable cell density of
6%) (Figure 6A). Using PMMA as a substrate material,
deposition of a PDA layer showed a signiﬁcant positive eﬀect
(p < 0.05) on the ﬁbroblast cell attachment (estimated viable
cell density of 12%), in line with earlier ﬁndings, although to a
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Figure 6. (A) Live/dead assay showing dead cells, stained with propidium iodide (red), and living cells, stained with calcein AM (green). (B)
Immunostained HFF cells to visualize the F-actin ﬁlaments (red), the nuclei (blue), and the focal adhesion points (green). The analyzed samples
include PMMA blank (a), PDA-coated PMMA (b), Gel B-coated PMMA (c), PMMAPEG blank (d), PDA-coated PMMAPEG (e), and Gel B-coated
PMMAPEG (f). The cell area, cell circularity, and number of focal adhesion points obtained for the diﬀerent material conditions are displayed in panel
C. Samples marked by the same letters (a,b,c,...) were signiﬁcantly diﬀerent (p < 0.05).

blank and PDA-coated samples. For PMMAPEG on the other
hand, a signiﬁcantly increased cell area was observed for the Gel
B-coated samples compared to the other conditions (p < 0.05).
This increased cell area can be understood as an improved cell

spreading on the Gel B-coated samples. Furthermore,
comparison of the two substrate materials shows that a
signiﬁcantly lower cell area is obtained for the PDA-coated
PMMAPEG samples compared to the PMMA-coated ones (p <
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Figure 7. Live/dead assay, performed using HUVECs, showing dead cells, stained with propidium iodide (red), and living cells, stained with calcein
AM (green).

0.05). This again points in the direction of a PDA layer
thickness, which is insuﬃcient to disguise the underlying
substrate. Apart from the consequential protein repellent
properties, a lower surface roughness of the PDA-coated
PMMAPEG materials, as demonstrated in section 3.3, might
also be a cause for the observed diﬀerence in cell area.
Apart from cell growth, cell attachment was studied by
determining the number of focal adhesion points, counted for
each cell. The results showed that in the series PMMA< PDAcoated PMMA< Gel B-coated PMMA, the number of focal
adhesions increased, although not signiﬁcantly, as depicted in
Figure 6C (p > 0.05). As a consequence, this result conﬁrms a
small, yet positive eﬀect on cell attachment when applying PDA
as an activating layer. In previous research, a similar, yet more
pronounced (i.e., a 14-fold increase in the overall cell area for
the PDA-coated materials) trend has already been observed.31 It
can be concluded that these results correspond with the live/
dead results. Furthermore, in order to maximize cell adhesion
and spreading, Gel B can be considered as the preferential
coating for PMMA, as illustrated in Figure 6A−C.
The PMMAPEG materials showed a somewhat diﬀerent
behavior. When comparing PMMAPEG and PMMAPEG-PDA,
no statistical diﬀerence was obtained between the number of
focal adhesion points present on the surfaces, and for both
conditions almost no focal adhesions were observed (Figure
6C). As a consequence, the application of PDA was insuﬃcient
to enhance cell adhesion.
Inferior cell adhesions were also clearly visualized by a
spherical cell shape present on the blank and PDA-coated
PMMAPEG materials (Figure 6B). Gel B immobilization on the
other hand resulted in a natural rhombic-like shape of the
attached cells, comparable to the cell shape obtained in case of
the PMMA surfaces. This visual observation was also supported
by quantiﬁcation of the cell circularity, since signiﬁcant
diﬀerences were obtained when comparing the PDA and Gel
B coated PMMAPEG samples. As a consequence, also for
PMMAPEG, Gel B coatings can be considered as the
preferential ones.

In previous work, the application of PDA and gelatin was
studied by Sook et al. on PCL-based materials. They tested PCL,
PCL−PDA, and PCL−gelatin to assess the biointeractivity
toward human umbilical vein endothelial cells (HUVECs).
Their results illustrated that the PDA-coated samples resulted in
higher cell viabilities and adhesion compared to the gelatin
modiﬁed samples.28 In the present work, an opposite trend was
observed. However, it should be noted that herein gelatin was
covalently bound to the PDA layer, while in the study of Sook et
al. gelatin was physically adsorbed onto the PCL ﬁbers without
applying the PDA primer layer. In this respect, Desmet et al. also
conﬁrmed that physisorption of gelatin onto PCL resulted in
inferior cell interactivity compared to chemically coupled
gelatin.58 Nevertheless, the improvement in cell-interactivity
after PDA deposition was not as prominent herein compared to
their study.28 The latter clearly implies that apart from the
considered cell type, the substrate material also inﬂuences cell
behavior to a great extent despite a similar surface chemistry.
To further prove the universal character of the PDA/Gel B
coating strategy, a preliminary live/dead assay was conducted on
the same set of (un)modiﬁed materials, but upon the application
of a second cell type, i.e., HUVECs. Figure 7 clearly
demonstrates how the application of Gel B again results in an
enhanced cell density as reﬂected by the higher cell densities
compared to the blank and PDA-coated samples. It can be
noted, however, that herein the application of a PDA coating
does enhance the cell interactivity, although, to a lesser extent
compared to the combined PDA/Gel B immobilization.
From these in vitro results, it can be concluded that the
combination of PDA activation and Gel B functionalization
results in similar cellular responses, irrespective of the
physicochemical properties of the underlying substrate. Hence,
it can be stated that a universal surface modiﬁcation strategy has
been developed.

4. CONCLUSIONS
The present work has shown that the combination of PDA and
gelatin is a strict requirement to obtain methacrylate-based
materials that reveal similar cell-interactivities irrespective of the
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underlying substrate material (physico)chemistry. Indeed, while
possessing a 10-fold E-modulus decrease compared to PMMA,
both PMMAPEG and PMMA required a Gel B adlayer on the
PDA-modﬁed samples to yield similar cell adhesion properties.
As a result, it can be considered as a universal modiﬁcation
strategy to enhance the cell adhesive properties of implant
materials. To be more precise, The PDA/Gel B-modiﬁed
PMMA materials could be considered in case osseointegration
would be required, due to the superior mechanical properties of
this material. On the other hand, based on the more soft
character of PMMAPEG, the cell-interactive material seems
applicable for subcutaneous (sensor) applications.
Future work will assess the in vivo behavior of the herein
developed materials with the aim to verify whether or not the
observed in vitro cellular behavior is representative for in vivo
tissue integration.
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