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A B S T R A C T   

Polydopamine (PDA) is the final oxidation product of dopamine or other catecholamines. Since the first reports 
of PDA coatings starting around 2007, these coatings have been widely studied as a versatile and inexpensive 
one-step coating option for biomaterial functionalization. The coating attach to a wide range of materials and can 
subsequently be modified with biomolecules or nanoparticles. However, as a strong candidate for biomaterial 
research and even clinical use, it is important to unravel the changes in physico-chemical properties and the cell- 
PDA interaction as a function of heat sterilization procedures and shelf storage periods. Four groups were 
examined in this study: titanium (Ti), PDA-coated Ti samples and PDA-coated Ti samples either stored for up to 
two weeks at room temperature or heated at 121 ◦C for 24 h, respectively. We used X-ray Photoelectron 
Spectroscopy (XPS), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and Water contact angle 
(WCA) to characterize chemical composition and surface properties of the groups. Cell adhesion and proliferation 
was examined by three different cell types: human primary dermal fibroblasts (hDF), human epidermal kerati-
nocytes (HaCaTs) and a murine preosteoblastic cell line (MC3T3-E1), respectively. Cells were cultured on PDA 
coated samples for 4 h, 3 days and 5 days. Both thermal treatment of PDA at 121℃ for 24 h and storage of the 
samples for 2 weeks increased the amount of quinone groups at the surface and decreased the amount of primary 
amine groups as detected by XPS and ToF-SIMS. Even though these surface reactions increased the WCA of the 
PDA coating, we found that the post-treatments increased cell proliferation for both hDFs, HaCaTs and MC3T3- 
E1 s as compared to pristine PDA. This emphasizes the importance of post-treatment and shelf-time for PDA 
coatings.   

1. Introduction 

The cell adhesion to a substrate is largely affected by the physico-
chemical properties of the surface [1]. It is an intricate process that can 
determine cellular behavior such as proliferation, migration, and dif-
ferentiation [2]. Thus, understanding cell-material interaction is crucial 
for the development of new functional biomaterials that can induce 
tissue repair [1,3,4]. This interaction depends on the material surface 
properties such as surface topography [5], wettability [6], mechanical 
properties [7], and surface chemistry [8], which play key roles in 
regulating the cellular and tissue response of the material. Tailoring the 
desired surface properties of biomaterials by surface functionalization is 

an often used strategy to improve the biological response [9–11]. 
Polydopamine (PDA) coatings have been widely studied for more 

than a decade as a method for modifying surfaces [12,13]. PDA forms in 
an oxidative reaction between dopamine and oxygen in alkaline con-
ditions and can adhere to a substrate surface in a simple dip coating 
technique [13]. PDA has the ability to stick to almost any kind of sub-
strate and topography, due to its high content of catechol and amine 
functional groups. [12,13]. The high amount of quinones in the PDA 
coating is beneficial for secondary reactivity, such as biomolecular 
attachment, where a nucleophile reacts via Michael addition or a Schiff 
base reaction at the quinone site [14]. Such functionalizing of a surface 
with biomolecules or chemical groups can optimize the surface 
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properties of a material with respect to biological interactions. Along 
with its low cost, low toxicity and production simplicity, PDA applica-
tions extend for a variety of biomedical applications. [13,15–17]. 

The exact structure of PDA has not been determined, however most 
studies agree that dopamine-quinone and 5,6-dihydroxyindole (DHI), 
formed by air oxidation and intramolecular cyclization, respectively, are 
key building blocks for the PDA coating [12]. The structure of PDA 
contains trapped un-polymerized dopamine units [18] leaving it as a 
heterogeneous material susceptible for chemical changes. For example, 
thermal treatment of the PDA coating induces the crosslinking between 
the free amine in dopamine and the PDA structure, increasing the sta-
bility of the coating [19,20]. Thermal treatment of PDA also increases 
the amount of intramolecular cyclization and quinone groups at the 
surface of PDA. Therefore, simple post-treatment of PDA will induce 
chemical changes in the coating. 

In general, literature describes PDA as a biocompatible coating 
improving both immobilization of biomolecules and proliferation of 
cells compared to non-wetting surfaces such as polyethylene, PTFE, 
polycaprolactone (PCL), and PDMS [13,21,22]. However, these studies 
did not fully elucidate the possible changes in surface properties of PDA 
upon post-treatment. A thermal treatment is often used for sterilization 
of biomaterials for clinical use. Thus, it is important to know how the 
surface change during these processes, as it might affect the biological 
response to the material. Furthermore, also the length of storage-time at 
room temperature may affect the surface properties. 

In this study, we investigated the effect of thermal treatment and 
storage of the PDA coating on its chemical structure and hydrophilicity 

and the biological response to the material measured by cellular 
attachment and proliferation. The thermal treatment temperature was 
chosen to be the minimum standard steam autoclave temperature (121 
◦C). Three different model cell types were chosen aimed at bone- 
anchored percutaneous applications [23]: pre-osteoblasts (MC3T3-E1), 
primary human dermal fibroblasts (hDF), and human keratinocytes 
(HaCaTs). Our results show that heat post-treatment decrease the hy-
drophilicity by increasing the amount of quinone and decreasing the 
primary amine content at the surface. A significantly increased cell 
proliferation on post-treated PDA was observed as compared to pristine 
PDA. 

2. Materials and methods 

2.1. Sample preparation 

The titanium-coated wafer was produced by E-beam Physical Vapor 
Deposition (Cryofox Explorer 500, Polyteknik, Denmark). The base- 
pressure was below 10− 5 mbar. A 50 nm titanium layer (99.995 % 
pellets, Kurt. J. Lesker) was deposited (0.1 nm/s) on single side polished 
silicon <001> wafers (Si-Mat, Germany). The final Ti/Si wafer was 
broken into 6 × 6 mm samples following pre-cut lines on the non- 
polished side. For the subsequent PDA coating, the samples were 
immersed into a dopamine solution (2 mg/mL, 10 mM Tris buffer, pH 
8.5; Sigma-Aldrich, USA) as previously described in literature [13]. One 
control experiment was performed with 10 mM PBS buffer (Sigma-Al-
drich) instead of Tris buffer. The PDA-coating was deposited using a 
12-well culture plate from VWR with three samples per well for 24 h at 
room temperature (RT) and constant stirring on an orbital shaker (130 
rpm). Immersion of the titanium coated samples into the dopamine so-
lution yields a thin brown PDA coating on the substrates. Some of these 
samples were post-treated either by storage for two weeks at RT or by 
thermal treatment at atmospheric humidity at 121℃ for 24 h (Universal 
Heating Oven, Memmert GmbH, Germany). These samples are assigned 
“PDA-2w” and “PDA-th121′′, respectively. The pristine coating is named 
“PDA”, while the uncoated Ti/Si samples are named “Ti”. After PDA 
coating, the samples were washed three times with Milli-Q water and 
dried with a jet of N2. 

2.2. X-ray photoelectron spectroscopy (XPS) 

The elemental composition of PDA before and after post-treatment 
were analyzed by XPS on Axis Ultra DLD (Kratos Analytical, UK) with 
Al Kα radiation (hυ = 1486.69 eV). Survey scans were performed from 
0 to 1200 eV at 1 eV steps and a pass energy of 160 eV with two sweeps. 
High-resolution scans were performed for C 1s, N 1s and O 1s with 0.1 
eV steps and a pass energy of 20 eV with four sweeps. XPS curve fittings 
were performed by CasaXPS software version 2.3.17 using a Shirley 
background subtraction. The spectra were calibrated according to the C 
1s C–C bond at 284.8 eV and the Ti-sample was used as control. 

2.3. Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) 

ToF-SIMS spectra were acquired using a ToF-SIMS 5 spectrometer 
(ION-TOF GmbH, Germany) at a pressure of 3 × 10− 10 mbar. The 
scanned area was 300 μm × 300 μm and the acquisition time was 200 s 

Fig. 1. Flowchart of the post-treatments of the pristine PDA coatings on tita-
nium coated samples (Ti). Post-treatment was either annealing at 121 ◦C for 24 
h (PDA-th121) or storage of the PDA for two weeks (PDA-2w). 

Table 1 
Atomic composition and ratios in the PDA coatings before and after post-treatment as determined by XPS.   

Ti (2p) [At. %] O (1 s) [At. %] C (1 s) [At. %] N (1 s) [At. %] N/C ratio (1/8 = 0.125) α O/C ratio (2/8 = 0.250) α O/Ti ratio (2) α 

Ti 22.2 ± 0.2 50.9 ± 0.3 25.5 ± 0.3 1.45 ± 0.08 0.057 ± 0.003 1.996 ± 0.026 2.293 ± 0.025 
PDA 0 19.03 ± 0.09 72.68 ± 0.19 8.29 ± 0.15 0.114 ± 0.002 0.262 ± 0.0014 – 
PDA-2 w 0 22.6 ± 0.2 69.0 ± 0.3 8.39 ± 0.12 0.122 ± 0.0018 0.328 ± 0.003 – 
PDA-th121 0 22.34 ± 0.05 69.4 ± 0.3 8.3 ± 0.3 0.120 ± 0.004 0.322 ± 0.0016 –  

α Theoretical elemental ratios for PDA and TiO2, respectively. 
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in static mode. The mass spectra were calibrated using three positive 
masses H+, C+, C2+ (m/z) for positive spectra and H-, O- and C- for 
negative spectra, respectively. The peak intensity was normalized to the 
total ion intensity. The spectra analysis was performed as described by 
Ding et al. [24]. However, we focused on the fragments that change 
intensity significantly after post-treatment (m/z 30+ and m/z 66-). 

2.4. Water contact angle 

The water contact angles were measured at ambient conditions using 
the sessile drop method (Krüss DSA 100). The measurements was per-
formed by placing a drop of MQ water at the sample surface, and the 
droplet was fitted with the circle method. The measurements were 

performed thrice at each of five replicates (n = 5). The sample was dried 
by a jet of dry N2 between each of the three measurements. 

2.5. Cell culture 

Primary human dermal fibroblasts (hDF), isolated from abdominal 
skin as previously described [23], were obtained according to the 
guidelines of the Central Denmark Region Committee on Biomedical 
Research Ethics for use of anonymous biological tissue. Keratinocyte 
cell-line (HaCaTs) were obtained from the Department of Dentistry and 
Oral Health, Aarhus University, and mouse pre-osteoblast cell line 
MC3T3-E1 (Subclone 4) obtained from São Paulo State University – 
School of Dentistry in Araraquara, Brazil. The hDFs and the HaCaTs 

Fig. 2. High resolution XPS of a) O 1s and b) N 1s on PDA (left), PDA-2w (middle) and PDA-th121 (right). The curve-fits represent the different functional groups. For 
O 1s these groups were attributed to; Purple: C––O, red: C–O, green: COOH, and yellow: N–O. For N 1s; Red: C2-NH, purple: C-NH2, and yellow: N–O. c) and d) 
show the relative concentration of C––O and C-NH2, respectively, before and after post-treatment, suggesting conversion of catechol into quinone and reaction of free 
primary amines into secondary amines. (n=3). 
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were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, USA), while MC3T3 cells were maintained in minimum essential 
medium α (α-MEM; Gibco, USA) – all media were supplemented with 10 
% fetal bovine serum (FBS; Gibco, USA), penicillin (100 μg/mL) and 
streptomycin (100 μg/mL) (Invitrogen, Gibco, USA). Prior to cell seed-
ing, the samples were sterilized in ethanol (70 %) for 30 min and rinsed 
twice in PBS buffer. The cells were plated with a cell density of 5000 
cells/cm2 (HaCaTs), 2500 cells/cm2 (fibroblasts) and 2500 cells/cm2 

(MC3T3-E1) onto the PDA-coated and Ti control samples and incubated 
for 4 h, 3 and 5 days, respectively. Cells were placed in a humidified 
incubator with 95 % air and 5% CO2 at 37 ◦C. 

2.6. Immunofluorescence staining 

The samples were washed with PBS and fixed with 4% para-
formaldehyde (Sigma-Aldrich, USA) for 10 min and permeabilized with 
0.1 % Triton X-100 (Sigma-Aldrich, USA) for 5 min, after which the cells 
were cleaned with PBS and immerged into 2% bovine serum albumin 
(BSA) for 1 h at room temperature. Rhodamine- or Alexa Fluor 488- 
labeled phalloidin (Sigma-Aldrich, USA), diluted to 1:200 in PBS, were 
incubated at 37 ◦C for 20 min in absence of light. After washing with 
PBS, the cells nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI, 1:1000, D9542 Sigma-Aldrich, USA). In the last step, the stained 

Scheme 1. Suggested surface reactions at PDA surface during post-treatment with a) oxidation of catechol into quinone, b) ring-closure of free primary amine, and c) 
cross-linking of free amine in between PDA chains. 

Fig. 3. ToF-SIMS data of PDA, PDA-2 w, PDA-th121 and Ti, respectively. The fragments m/z 30+ and 66− correspond to a free primary amine fragment and a ring- 
closed secondary amine, respectively. The data are obtained from a) PDA formation in TRIS buffer, b) PDA formation in PBS buffer, and c) a time dependent 
experiment where the surface chemistry of a PDA sample is followed for 11 weeks. 
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cells were observed by a Leica DFC 300 FX fluorescence microscope 
(Leica Microsystems, Germany). The images were acquired from 10×
magnification with four images per sample. The cell number and area 
was determined with ImageJ v. 17 software. 

2.7. Statistics 

The statistical analysis was performed using Prism GraphPad soft-
ware v.6.2. The cell data was evaluated using ANOVA one-way followed 
by a post-hoc Tukey test. The number of samples for each experiment 
was equal to or more than 5. All the experiments were repeated at least 
twice. A p-value below 0.05 was considered statistically significant. Data 
is presented as mean ± standard deviation (SD). 

3. Results and discussion 

3.1. Surface characterization of pristine and post-treated PDA coatings 

The PDA-th121 and PDA-2w was compared to a pristine PDA 
coating, see Fig. 1. Titanium coatings without PDA coating made up the 
control throughout the experiments in this study and is assigned Ti. 

3.1.1. X-ray photoelectron spectroscopy 
The surface chemistry of the titanium control as well as the pristine 

or post-treated PDA coatings was examined by XPS. Signals from C 1s, N 
1s, and O 1s appear for all three PDA coatings (Table 1) with a similar 
composition to PDA coatings reported in literature [24] as well as the 
elemental ratios of N/C and O/C comparable to the theoretical values in 
PDA (N/C = 0.125 and O/C = 0.250), indicating successful PDA for-
mation. The Ti 2p peak is only observed for the control Ti surface as 
expected. 

From Table 1, it is observed that the atomic composition in PDA-2w 
and PDA-th121 contain more oxygen than the pristine PDA coating. Luo 
et al. [14] suggested this increase, along with an observed decrease in 
nitrogen concentration, to be a result of amine oxidation. However, we 
do not observe a decrease in nitrogen concentration, and therefore 
attribute the higher oxygen content to be a result of air contamination 
during post-treatments. The Ti sample surface contains approximately 
twice as much oxygen as Ti, confirming the thin native TiO2 layer that 
forms on the titanium surface when exposed to air. Signals from C 1s and 
N 1s on Ti is most likely due to air contamination with adventitious 
carbon. 

Curve fitting of O 1s and N 1s high-resolution scans reveals changes 
in the functional groups at the surface of PDA after post-treatment. The 
chemical shifts of the O 1s peak show functional groups such as C–O, 
CO, COOH, and NO––– (Fig. 2a). After post-treatment there is a small 
increase in the relative abundance of C––O from 27 % for PDA to 29 % 
for PDA-2 w and 32 % for PDA-th121 (Fig. 2c). This increase might 
indicate surface oxidation of catechols into quinone groups after post- 
treatment (Scheme 1a) [25]. The same oxidation takes place in the 

initial steps of dopamine polymerization, driven by oxygen [12], and 
seems to continue during post-treatment. Malollari et al. [20] observed 
the same trend, however, with a 25 % increase in quinone content after 
thermal treatment at 130℃. The higher content of quinone in PDA im-
proves the attachment of nucleophiles as these react via Michael addi-
tion or the Schiff base reaction at the quinone [12]. Luo et al. [14] 
demonstrated this by thermally treating PDA for one hour at 150℃, 
which showed a 15% increase, from 33.5% to 48.2%, in quinone con-
centration with an enhanced immobilization of biomolecules to the 
surface. We do not observe as large increase in quinone concentration 
after thermal treatment at 121℃. In addition, Proks et al. [19] found an 
almost constant quinone concentration after thermal treatment at 
110℃, suggesting that the temperature for thermal annealing makes a 
big difference on the quinone content at the surface of PDA. 

Fitting the N1 s peak involve functional groups such as N–O, pri-
mary amine (C–NH2), and secondary amine (C2–NH), see Fig. 2b. There 
is a notable decrease in the concentration of primary amine at the sur-
face of PDA after post-treatment, especially obvious for the PDA-th121: 
after two weeks of storage the concentration of primary amine decreases 
from 19 % to 17 % however thermal treatment lead to only 2% primary 
amine at the surface (Fig. 2d), which is comparable to earlier published 
data in literature [19,20]. The fact that there is a small change in con-
centration of primary amine after two weeks of storage suggests that the 
primary amines in the PDA coating reacts over time and that this should 
be taken into account e.g. when performing biological studies on PDA 
coatings. 

3.1.2. Time-of-Flight secondary ion mass spectrometry (ToF-SIMS) 
The decrease of the primary amine identified by XPS was also 

observed by ToF-SIMS analysis. For PDA-th121, the positive fragment 
m/z 30+, related to a primary amine, decreased significantly, see Fig. 3a, 
as compared to PDA. A smaller ion intensity decrease was observed for 
PDA-2w. Proks et al. [19] suggested, based on NMR data, that the 
decrease in primary amine after thermal treatment was a result of 
intramolecular cyclization and intermolecular crosslinking of the pri-
mary amine (Scheme 1b and 1c), which previously has been attributed 
take place between PDA and dopamine monomers trapped in the PDA 
structure [18,20]. This agree well with the ToF-SIMS data, as an increase 
in the ion intensity at m/z 66− is observed for PDA-th121, corresponding 
to the pyrrole fragment (cyclized secondary amine), Fig. 3a. This 
behavior was consistent when changing to PDA formation in PBS buffer 
(Fig. 3b). However, no increase in m/z 66− ion intensity appears for 
PDA-2w. To further examine the time dependence of the fragment in-
tensity, samples were followed for an extended period of time. For up to 
eleven weeks, the intensity of this pyrrole fragment stays constant 
(Fig. 3c). The decrease in primary amine for PDA-2w therefore might be 
a result of cross-linking in the coating and not intramolecular 
cyclization. 

Accordingly, there is a difference in the surface chemistry of PDA, 
PDA-2w, and PDA-th121. PDA-th121 contains a minimum amount of 
free primary amines as these most likely convert into the cross-linked 
and cyclized amine products. PDA-2w, on the other hand, contains a 
higher amount of free primary amines as well as some cross-linked 
amine products, and finally, the pristine PDA coating contains a high 
concentration of free primary amines. 

3.1.3. Water contact angle 
The decrease in primary amine after post-treatment along with the 

increasing concentration of quinone, observed from XPS and ToF-SIMS 
shows that the surface chemistry of PDA, PDA-2w and PDA-th121 
differ from each another. Water contact angle (WCA) measurements 
confirm this difference (Fig. 4). The contact angle, theta, of a freshly 
synthesized PDA coating is 20◦-30◦, slightly higher than the Ti surface 
(< 20◦), however lower than the 56◦-70◦ observed in literature [14,21, 
24]. The high contact angle reported for PDA in literature resembles 
more the 60◦ found for PDA-2w in this study. The contact angle for 

Fig. 4. WCA of Ti, PDA, PDA-2w and PDA-th121, showing that the water 
contact angle, theta, increases after post-treatment (left). Five samples were 
measured (n = 5). Photographs top left from bottom and upwards: Ti, PDA, 
PDA-2w, PDA-th121 (right). 
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PDA-th121 is hydrophobic, reaching a value of around 95◦. The contact 
angle increase is associated with decreasing/increasing amount of 
amine/quinone at the surface, which agrees with the fact that conver-
sion from primary to secondary amine and from catechol to quinone go 
from polar groups to less polar groups thus increasing the WCA after 
post-treatment. 

The change in surface properties after post-treatment may have an 
impact on biological studies for PDA, as cellular response also depends 
on contact angle/surface energy [26]. Since factors such as storage-time 

after synthesis and heat-treatment (steam-sterilization) can change the 
surface properties of the PDA coating, this has to be taken into account 
when performing e.g. biological experiments. 

3.1.4. Adhesion and proliferation of cells 
The physico-chemical properties of biomaterial surfaces guide the 

cellular behavior and is thus important for applications where cells/ 
tissue interact with such surfaces [27]. Since its discovery, PDA coatings 
have been a well-studied alternative for improving the adsorption of 

Fig. 5. (top) quantification of cell number for hFBs, HaCaTs and MC3T3-E1 on PDA coated substrates. (middle) quantification of cell area for hFBs, HaCaTs and 
MC3T3-E1 on PDA coated substrates (n = 5, mean ± SD, *** p < 0.001, ** p < 0.01, * p < 0.05). (bottom) representative images after 5 days of culture. Blue color is 
cell nucleus and green and red colors are actin staining for MC3T3-E1 and HaCaTs/Fibroblasts, respectively. Scale bars are 200 μm. 
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serum proteins to a substrate, which positively affects cell adhesion and 
proliferation at otherwise bioinert materials [21]. Our chemical surface 
analysis of the PDA coating showed that its functional groups chemically 
change after post-treatment (Fig. 1). 

To test whether the post-treatments influences the biological 
response to the PDA coatings, we tested the adhesion and proliferation 
of three different cell types: murine pre-osteoblasts (MC3T3-E1), pri-
mary human dermal fibroblasts (hDF), and human keratinocytes 
(HaCaTs). All three cell types were cultured on PDA samples with and 
without post-treatment, with Ti as positive control. 

The number of adherent cells were counted as well as cell spreading 
after 4 h, 3 days, and 5 days, respectively. After 4 h, fibroblasts, HaCaTs, 
and MC3T3-E1 show no difference in adhesion (Fig. 5). After three days, 
post-treatment affects HaCaTs, which show an increase in the cell count 
for PDA-2w and PDA-th121, compared to pristine PDA. There is also a 
slightly higher proliferation for MC3T3-E1 at PDA-th121 after three 
days. However, at day five PDA-th121 shows enhanced cell prolifera-
tion, for all three cell types as compared to PDA, where the cell count for 
PDA-2w only increases for HaCaTs. This suggest that thermal treatment 
mainly increases cell proliferation. 

It should be noted, that the cells in general proliferate significantly 
better on the Ti controls as seen in Fig. 5. Interestingly, hDF and MC3T3- 
E1 cultured on PDA-th121 surfaces have higher cell spreading after 5 
days, showing similar behavior to the cells seeded on bare Ti samples 
(Fig. 5 middle). Representative fluorescence images are shown after 5 
days. Lee et al. reported a decreased attachment capacity of a human 
megakaryocytic cell line to PDA films as compared to glass and tissue- 
culture polystyrene [13]. Since cells attach well to Ti, see Fig. 5, this 
finding may explain why less cells are found on all the treated surfaces. 
One possible explanation, apart from an actual difference in prolifera-
tion, is that the PDA-th121 group may still have slightly higher attach-
ment capacity as compared to the other PDA groups, even though 
similar attachment at 4 h is found. This is supported by the cell area 
measurements, where cell area for 5 days is in general high for 
PDA-th121 as compared to PDA and PDA-2w, especially for the 
MC3T3-E1s. Also, it has previously been demonstrated, that thermal 
annealing of PDA coatings increases quinone concentration, enhancing 
immobilization of biomolecules to the surface and furthermore cellular 
attachment and proliferation [14]. Lee et al. also reported fibroblastic 
cell adhesion at a level similar to the bare glass/TC–PS [13], which is in 
contrast to our observations for the hDFs. Lastly, the reason for the 
different cell densities could also be a cytotoxic effect of the coating. It is 
known that unpolymerized dopamine can have cytotoxic effects [28], so 
even minor contributions from monomers in the non-treated coating can 
imply such effect [20]. It should be noted, that the PDA-th121 treatment 
was performed similar to a “dry” sterilization, since initial experiments 
showed that the mechanical stability of the PDA-coating improved 
significantly when performing heating under dry conditions (data not 
shown). 

Although the WCA of an artificial material is not necessarily a good 
predictor of biological responses, e.g. cellular interactions [29], it is still 
an often used measure. Contact angles between 50◦ and 60◦ are often 
stated as beneficial for cellular attachment and growth [30]. Our find-
ings suggest that the decreased surface hydrophilicity after thermal 
treatment (Fig. 4) has a positive association with cell adhesion and 
proliferation compared to the pristine PDA sample, even though this 
most likely correlate with the detailed surface chemistry. 

4. Conclusion 

In this study, we demonstrate that simple post-treatments of poly-
dopamine coatings (PDA) improve the cellular response. Thermal 
treatment of PDA at 121℃ for 24 h increase the amount of quinone 
groups in an oxidation reaction at the surface and decrease the amount 
of primary amine groups. The reaction of the primary amine is a result of 
intermolecular cross-linking and/or intramolecular cyclization within 

the PDA coating. These reactions also take place, however at a lower 
rate, in a simple storage of the PDA coating for two weeks at room 
temperature. This shows the importance of keeping track of time after 
polymerization (shelf-life) when using PDA coatings for further studies. 
Even though these surface reactions increase the water contact angle of 
the PDA coating, we found that formation of more quinone groups and 
removal of primary amines favor cell proliferation of both MC3T3-E1, 
HaCaTs and hDFs, all relevant cell types for biomedical implant sur-
faces. The increased cell proliferation on post-treated PDA as compared 
to pristine PDA, is still much lower as compared to titanium. 
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