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Furthermore, biofouling is encountered 
in marine applications, where it is the 
cause of high expenses resulting from 
fouling-related decreased fuel efficiency.[3] 
Additionally, the metabolic activity of the 
attached organisms can cause local corro-
sion, thus creating further costs.[4] Many 
projects have focused on the develop-
ment of long-term stable nonfouling sur-
face coatings for industrial-, marine-, and 
biomedical-applications. The immobiliza-
tion of hydrophilic polymeric substances 
has proven itself as an effective strategy 
for the introduction of antifouling sur-
face properties.[5] The mechanism under-
lying the fouling-resis tance of hydrophilic 
polymer coatings is based on the forma-
tion of a surface hydration layer in the 
absence of net charge. This hydration 
layer acts as a physical barrier for the 
prevention of unspecific protein-fouling, 
and furthermore prevents cellular- and 
bacterial-adhesion.

Many methods for the surface-immobi-
lization of polymeric substances have been 
developed, including but not limited to: the 

use of polymeric layer-by-layer assemblies,[6] irradiation-mediated 
grafting,[7] Langmuir–Blodgett deposition,[8] and the use of elec-
trostatic or hydrophobic adsorption.[9] Additionally, thiol- and 
silane-chemistry are classically used for the functionalization of 
noble metals and hydroxylated surfaces, respectively.[10] Although 
these methods can be applied to a wide variety of substrates, most 
of these processes require complex machinery and/or specific 
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1. Introduction

Unspecific biofouling is a considerable challenge in the appli-
cation of medical implants, biosensors, and other surgical and 
protective equipment in hospitals.[1] For example, biofouling 
can lead to deterioration of the surface, and increases the risk 
of infectious contamination and thrombosis (e.g., in case of 
joint prosthesis, urinary catheters, and intravenous stents).[2] 
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chemical or physical properties of the support material, thus lim-
iting their application. Therefore, there is a need for the devel-
opment of straight-forward surface-functionalization procedures, 
for the facile functionalization of a wide range of substrate-types. 
An interesting alternative for the immobilization of polymeric 
substances is the use of mussel-inspired surface chemistry. Mus-
sels can rapidly adhere to virtually every type of organic or inor-
ganic surface under wet conditions, even to substrates that are 
classically categorized as adhesion resistant (e.g., polytetrafluoro-
ethylene (PTFE)).[11] Mussels adhere themselves to the surface via 
an adhesive plaque that is excreted by the mussels’ foot at the end 
of the byssal threads.[12] Earlier works showed the high prevalence 
of the cate chol-containing amino acid l-DOPA and the amine-
containing amino acid l-lysine in the mussel foot proteins (Mfps) 
that are excreted close to the substrate (i.e., mainly Mfp-5).[12]  
Based on these findings, Waite and Tanzer hypothesized the 
essence of the catechol moieties in the substrate-independent 
binding character of some of the Mfps.[13] Later works confirmed 
the adhesion of catechols to a broad range of substrates via the 
formation of hydrogen-bonds, via π–π stacking, via the forma-
tion of coordination complex structures, and via the formation of 
Michael adducts and Schiff bases under oxidizing conditions.[14] 
The reversible surface binding of the catechols via the formation 
of complex structures was found to be especially strong in case of 
titanium dioxide (TiO2) substrates, with a single molecule inter-
action force of ≈800 pN.[15]

In 2007, Messersmith and co-workers hypothesized that the 
high prevalence of amine and catechol functional groups in the 
Mfps could contribute to the rapid adhesion of mussels.[16] There-
fore, dopamine was selected as a small molecule containing both 
amine and catechol functionalities. When dopamine-containing 
solutions were buffered to a basic pH, auto-oxidation of the cat-
echol moieties to their respective o-quinone forms occurred. 
Subsequently, a series of polyme rizing reactions occurred, which 
finally led to the formation of polydopamine (PDA) coatings on a 
wide variety of substrates. The PDA coating was easily postfunc-
tionalized with amine- or thiol- containing secondary reagents 
via straightforward dip coating procedures, introducing specific 
surface properties. As a result of its substrate-independent appli-
cability and facile postfunctionalization, the PDA coating has 
gained a lot of interest in the field of biomaterials, e.g., PDA has 
been applied in bone and tissue engineering, for the introduc-
tion of antimicrobial activity to the surface, in the creation of 
surfaces with patterned cell adhesion, and for the introduction 
of anticoagulant surface properties.[17] Although PDA has proven 
itself as a useful tool for surface functionalization, the initial 
coating procedure suffered from slow polymerization rates and 
a limited coating thickness.[16] Additionally, resulting from its 
dark-brown to black color, the PDA coatings is unsuitable for 
various optical applications.[16] Various methods for the accelera-
tion of the polymerization reaction of PDA have been developed, 
but most of these methods utilize toxic agents to enhance the 
polymerization rate.[18] Therefore, there is a further need for  
the development of substrate-independent coating materials for 
the introduction of tailored surface properties.

In 2014, Wei et  al. developed mussel-inspired polyglycerol 
(MI-dPG), which did not only contain the functional groups 
that are commonly found in Mfps, but also mimicked the  
molecular structure and weight of Mfps (Figure  1).[19] Poly-
merization of MI-dPG under slightly basic conditions led to the 

rapid formation of substrate-independent coatings with a con-
trollable coating roughness and thickness (up till 4 µm after 4 h 
of coating).[19] Furthermore, the coatings appeared transparent 
at low coating thickness. Earlier works by our group have 
shown the facile postfunctionalization of the MI-dPG coating 
with nanoparticles and amine-containing secondary reagents, 
for the introduction of antifouling and antibacterial surface 
properties.[20] Furthermore, the amine moieties of the MI-dPG 
coating have been utilized for the immobilization of acyl chlo-
ride-containing secondary reagents.[21]

In the current scientific literature, the immobilization of 
poly(ethylene glycol) (PEG) is often considered as the gold 
standard for the creation of antifouling surface coatings.[22] 
For instance, in Messersmith’s initial work on PDA, cell-repel-
ling surface properties were introduced to the surface via the 
covalent grafting of thiol- or amine-terminated methoxy-PEG 
(mPEG) onto PDA coatings.[16] Unfortunately, PEG suffers from 
issues considering instability upon heating in air,[23] and immu-
nological recognition upon repeated exposure.[24] Therefore, 
there is a need for the development of hydrophilic antifouling 
surface coatings that show similar or better antifouling prop-
erties than PEG, while showing higher biocompatibility and 
oxidative/thermal stability than PEG under physiological condi-
tions. The use of polyglycerol (PG) offers an interesting alterna-
tive for the creation of antifouling coatings. An earlier work by 
our group showed that MI-dPG coatings that are functionalized 
with linear polyglycerol show better antifouling properties and 
higher stability than similar PEG-functionalized MI-dPG coat-
ings.[25] Furthermore, Siegers and coworkers showed the higher 
oxidative stability of bulk dendritic polyglycerol (dPG) in com-
parison to PEG.[26] Additionally, multiple projects have shown 
that the immobilization of dPG on the substrate is an effective 
strategy for the creation of antifouling surfaces.[26,27] Although 
these approaches clearly illustrated the antifouling potency of 
PG, most of them required multistep functionalization of the 
PG molecule prior to surface functionalization, thus leading to 
high production costs. Khan et al. and Moore et al. gave alter-
native approaches that both grafted dPG directly from silica 
(Si)-based substrates.[28] However, both approaches required the 
use of the highly reactive caustic base sodium methoxide.[28] A 
method reported by Weber et  al. showed the grafting of dPG 
from aluminum, steel, and silicon surfaces without the use of 
a base. However, the grafting reactions were performed in an 
organic solvent, and the substrates required the introduction 
of –OH moieties to the surface prior to the grafting process.[29] 
In the current work, the surface-bound amines of the MI-dPG 
coating were utilized to initiate ring-opening polymerization of 
bulk glycidol (i.e., in a solvent-free procedure) under elevated 
temperatures (i.e., to graft dPG from the MI-dPG coating) 
(Figure 1). By following this strategy, the direct grafting of anti-
fouling dPG from the surface was extended to a wide variety of 
substrates, resulting from the substrate-independent adhesion 
character of the MI-dPG coating. In the presented work, hydro-
philic titanium dioxide and hydrophobic PDMS were used as 
substrate materials. These materials were selected because 
of their relevance in biomedical applications. Furthermore, 
these materials showed large variations in their chemical and 
physical surface properties. Therefore, the functionalization of 
these materials provided a proof-of-concept for the substrate-
independent applicability of the novel method presented in this 
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work. It was hypothesized that the thickness and morphology 
of the grafted dPG-layer would vary as a function of the reac-
tion time and temperature. Furthermore, an earlier work by 
our group showed that the covalent immobilization of dPG on 
MI-dPG coatings (i.e., utilizing a "grafting to" approach) leads 
to the formation of surfaces that effectively prevent the adhe-
sion of bovine serum albumin and fibrinogen.[30] Therefore, it 
was expected that the introduction of a dPG-layer via the direct 
grafting of glycidol from the MI-dPG coating would also lead to 
the formation of potent antifouling surfaces.[28,29]

2. Results and Discussion

First, transparent TiO2-coated substrates were produced 
according to Section S1.2.1 in the Supporting Information (i.e., 

a transparent model coating with the surface properties of bulk 
titanium). Subsequently, these substrates were functionalized 
with MI-dPG, according to a modified version of the dip coating 
method that was earlier described by Wei et al. (Sections S1.1.4. 
and S1.2.3. in the Supporting Information).[19] After dip coating, 
the MI-dPG-coated surfaces were put in a substrate holder in 
a custom made flask at 110  °C under high vacuum for >10 h 
(from now on referred to as TiO2–MI-dPG110 °C, HV) (Figure S1, 
Supporting Information), ensuring that all solvent was removed 
from the coatings prior to the grafting process. Interestingly, 
this drying process led to an increase in the CA, when the coat-
ings were compared to MI-dPG coatings that were dried under 
atmospheric pressure for one hour at 50  °C (from now on 
referred to as TiO2–MI-dPG50 °C, ATM) (Figure S3 and Table S1, 
Supporting Information). This observation was explained by 
further intralayer crosslinking of the MI-dPG coating under 

Figure 1. A) A schematic representation of the molecular structure of MI-dPG. The shown structure is an idealized molecular structure; the number of 
glycerol monomer (shown within the yellow sphere) varies with the size of the polymer. The dPG-core shows ≈55% branching.[31] The catechol moieties 
are depicted in red. The amine moieties are depicted in blue. B) The various ways in which catechols can adhere to the surface. I) On surfaces that contain 
hydrogen bond donors/acceptors, catechols can adhere via hydrogen bond formation, II) on surfaces that contain aromatic systems, catechols can bind 
via π–π interactions, III) catechols can tether to certain metal oxide surfaces (especially TiO2) via the formation of strong but reversible metal complexes, 
IV) finally, catechols can irreversibly bind to amine (and thiol) functionalized surfaces via the formation of Michael adducts and Schiff bases.[14] C) A sche-
matic representation of the surface functionalization steps that were performed in this work. After the coating of TiO2 and PDMS with MI-dPG, the MI-dPG 
coating was utilized as a macro-initiator for the thermally induced ring-opening polymerization of glycidol from the surface (i.e., the grafting of dPG). The 
polymerization of dPG from the surface could be initiated through the amine and catechol functional groups of the MI-dPG coating.
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elevated temperatures and high vacuum, effectively leading to 
a loss of free amines, therefore effectively making the coating 
less hydrophilic. Analysis of TiO2–MI-dPG50 °C, ATM by X-ray 
photoelectron spectroscopy (XPS) showed a 1.35:1 ratio of CO 
to CC bonds (Figure 3A; Tables S3 and S4, Supporting Infor-
mation), which was roughly in line with an earlier work of our 
group.[20a] For TiO2–MI-dPG110 °C, HV the CO bond content of 
the MI-dPG coating slightly decreased to a 1.09:1 ratio of CO to 
CC bonds. Additionally, the N1s’ elemental content observed 
for TiO2–MI-dPG50 °C, ATM was clearly higher than the N1s’ ele-
mental content observed for TiO2–MI-dPG110 °C, HV (Figure 3C; 
Figure S5 and Table S5, Supporting Information). These obser-
vations were explained by the occurrence of additional Michael-
type addition reactions and the formation of Schiff bases 
between the o-quinones and free amines present in the MI-dPG 
coating under vacuum at elevated temperatures. A slightly 
higher Ti2p content was observed for TiO2–MI-dPG110 °C, HV  
than for TiO2–MI-dPG50 °C, ATM, indicating that the coating 
decreased its thickness as a result of the drying process at 
elevated temperatures under reduced pressure (Figure  3C;  
Figure S5 and Table S5, Supporting Information). The com-
bined results suggested the additional crosslinking and 
shrinkage of the coating upon heating at elevated temperatures 
under vacuum conditions. This additional crosslinking might 
have positively contributed to the stability of the MI-dPG coating 
on the surface. The drying process was required in order to 
covalently graft dPG from the MI-dPG coating, as remaining 
solvent could potentially quench the dPG grafting reaction. 
Therefore, all coatings that are further discussed in the cur-
rent work were polymerized from MI-dPG coatings that were  

previously dried at 110 °C under high vacuum, unless stated 
otherwise. The data for TiO2–MI-dPG50 °C, ATM were only 
included to indicate that further crosslinking of the MI-dPG 
coating occurs upon the drying of the coating under high 
vacuum at elevated temperatures.

To determine the optimal dPG grafting time and tem-
perature (i.e., the time and temperature that would result in 
the lowest CA), glycidol was grafted from TiO2–MI-dPG for  
t  = 30  min, 1, 3, and 24 h at 80, 100, and 120  °C (from now 
on referred to as TiO2–MI-dPG@dPGΔt, T, with Δt  = reaction 
time and T = reaction temperature) (Section S1.2.4. in the Sup-
porting Information). A time- and temperature-dependent 
decrease of the CA was clearly observed after the grafting 
of dPG from the MI-dPG-coated substrates (Figure  2A,B;  
Figure S4 and Table S2, Supporting Information). CA measure-
ments showed surface wetting for TiO2–MI-dPG@dPG3h, 100 °C  
and TiO2–MI-dPG@dPG24h, 80 °C (Figure  2A,B; Figure S4 and 
Table S2, Supporting Information). Interestingly, when the 
grafting process was performed at 120  °C the CA reached 
≈25°, i.e., no surface wetting was observed. This observa-
tion was explained by a synergetic effect between the surface 
roughness and the hydrophilic surface chemistry in case of 
TiO2–MI-dPG@dPG3h, 100 °C and TiO2–MI-dPG@dPG24h, 80 °C, 
significantly lowering the CA obtained for these substrates. 
When the grafting process was performed at higher reaction 
temperatures or with longer reaction times, the (nanom-
eter-sized) surface roughness was potentially lost as a result 
of excessive dPG grafting. Consequently, CA values that 
are common for polyglycerol monolayer coatings were 
observed in case of longer grafting times with high reaction 

Figure 2. A) A graphical representation of the CA obtained for TiO2 (green), TiO2–MI-dPG@dPGΔt, 80 °C (black), TiO2–MI-dPG@dPGΔt, 100 °C (red), and 
TiO2–MI-dPG@dPGΔt, 120 °C (blue) as a function of the time (in minutes). The dotted black line represents the CA obtained for a polyglycerol monolayer 
on gold.[26] All measurements were performed as triplicates; the error bars represent the standard deviation from the mean. B) The CA images obtained 
for TiO2, TiO2@dPG3h, 100 °C, TiO2–MI-dPG, and TiO2–MI-dPG@dPG3h, 100 °C. The shown CA values were obtained from measurements that were per-
formed in triplicate. The shown error reflects the standard deviation from the mean. i): coating with MI-dPG, ii): drying under high vacuum at 110 °C.
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temperatures.[26] The combined results showed the successful 
grafting of dPG from the MI-dPG coated TiO2 substrate.

As a control, bare TiO2 substrates were incubated with gly-
cidol for t  = 30 min, 1, 3, and 24 h at 100  °C (from now on 
referred to as TiO2@dPGΔt, 100  °C) (Section S1.2.4, Supporting 
Information). CA measurements of TiO2@dPGΔt, 100 °C showed 
a time-dependent decrease in the CA, which was explained by 
the grafting of dPG from hydroxyl moieties present on the TiO2 
substrates (Figure  2A,B; Figure S4 and Table S2, Supporting 
Information). The results observed for the bare TiO2 were in 
line with an earlier work by Weber et al.[29] Nevertheless, surface 
wetting was not observed for TiO2@dPGΔt, 100 °C. Furthermore, 
the CA value obtained for TiO2@dPG3h, 100 °C clearly exceeded 
the CA-value obtained for TiO2–MI-dPG@dPG3h, 100 °C (51° ± 4° 
and surface wetting, respectively), indicating that the grafting 
process was insufficient in absence of the MI-dPG coating 
(Figure 2A,B; Figure S4 and Table S2, Supporting Information).

When the grafting process was characterized by means 
of XPS, a time-dependent increase of the CO bond con-
tent was observed for TiO2–MI-dPG@dPGΔt, T with T  = 
80, 100, or 120  °C and TiO2@dPGΔt, 100 °C. However, for 
TiO2@dPGΔt, 100 °C the CO bond content increased only slowly, 
whereas high CO contents were already observed after 30 min 
of dPG grafting for all MI-dPG-coated systems at all tested tem-
peratures (Figure  3B; Tables S6 and S7, Supporting Informa-
tion). These observations further confirmed that the MI-dPG 
coating accelerated the dPG grafting process. Additionally, for  
TiO2–MI-dPG@dPGΔt, T, it was observed that the CO con-
tent (and thus the dPG-layer) increased quicker when the dPG 
grafting was performed at higher temperatures (Figure  3B; 
Tables S6 and S7, Supporting Information). When the ele-
mental contents of titanium (i.e., the Ti2p elemental content) 
and nitrogen (i.e., the N1s elemental content) were investigated 
by means of XPS, a time-dependent decrease in the Ti2p con-
tent was observed for TiO2@dPGΔt, 100 °C, which indicated the 
successful but slow grafting of dPG from the surface (Figure S5 
and Table S8, Supporting Information); Only after 24 h of dPG 
grafting the Ti2p elemental content was clearly reduced on the 
bare TiO2-substrate (Figure S5 and Table S8, Supporting Infor-
mation). When the elemental compositions of TiO2–MI-dPG@
dPGΔt, T were assessed by means of XPS, low but measurable 
Ti2p elemental contents were observed for TiO2–MI-dPG and 
for TiO2–MI-dPG@dPGΔt, 80 °C with Δt  = 30 min, 1, or 3 h 
(Figure S5 and Table S8, Supporting Information). Only after  
24 h of dPG grafting no Ti2p content was observed for  
TiO2–MI-dPG@dPG24h, 80 °C. In case of TiO2–MI-dPG@dPGΔt, T 
with T = 100 or 120 °C, the Ti2p signal was already non-obser-
vable after 1 h of dPG grafting, indicating that the dPG-layer 
was already thick enough (i.e., >10 nm) to completely suppress 
the Ti2p signal (Figure 3C; Figure S5 and Table S8, Supporting 
Information), i.e., showing that the grafting process occurred 
quicker at higher temperatures.

The speed of the dPG grafting process from the MI-dPG-
coated TiO2 substrates could also be followed by monitoring 
the N1s elemental content (the N1s signal originated from 
the amines present in the MI-dPG coating): a time-dependent 
decrease of the N1s content was clearly observed as a func-
tion of the reaction time, which indicated the grafting of the 
dPG-layer from the MI-dPG coating (Figure  3C; Figure S5 

and Table  S8, Supporting Information). Furthermore, it was 
observed that at higher temperatures the N1s signal decreased 
faster than at lower temperatures, which showed that the dPG 
grafting process occurred the fastest at 120  °C (Figure S5;  
Table S8, Supporting Information) and the slowest at 80 °C.

Many works have shown the relation between surface wet-
tability and antifouling surface properties (i.e., protein and cell-
repelling properties) for hydrophilic non-charged polymeric 
coatings.[5] In the present work, the combined results showed 
the successful grafting of hydrophilic antifouling dPG from 
MI-dPG-coated TiO2 at all tested temperatures, and the lowest 
CA values were obtained for TiO2–MI-dPG@dPG3h, 100 °C and  
TiO2–MI-dPG@dPG24h, 80 °C. The grafting of dPG at <80  °C 
would result in extended reaction times (>24 h) in order to 
observe surface wetting, making the process less interesting 
from an industrial point of view, whereas dPG grafting at 
>120 °C would most likely not lead to the observation of surface 
wetting, resulting from rapid and excessive dPG grafting.

To show the wider applicability of the developed dPG 
grafting process, hydrophobic polydimethylsiloxane (PDMS) 
was coated with MI-dPG (from now on referred to as 
PDMS–MI-dPG) and subsequently incubated with glycidol  
(Sections S1.2.2–S1.2.4 in the Supporting Information). It is 
important to notice, that in case of PDMS the catechols were 
more likely to mediate surface binding via the formation of 
hydrogen bonds (i.e., analogous to the binding of catechols to 
hydroxylated silica surfaces) (Figure  1B), rather than via the 
formation of strong reversible coordination complex structures 
(such as in case of catechol-binding to TiO2 substrates).[14] There-
fore, the dPG grafting procedure was repeated with PDMS, 
in order to ensure the stability of the MI-dPG coating under 
the reaction conditions that were required for the grafting of 
dPG from the MI-dPG coating. As industrial applications favor  
solvent-free reactions with short reactions times (i.e., enhancing 
productivity while lowering production costs), PDMS–MI-dPG 
was only incubated with glycidol under the optimized reaction 
conditions which were obtained from the dPG grafting from 
TiO2–MI-dPG (i.e., 3 h at 100 °C). As a control, bare PDMS was 
incubated with glycidol under identical conditions. Analysis of 
PDMS@dPG3h, 100 °C by means of CA measurements showed 
no significant change in the wetting characteristics of the 
PDMS surface after the dPG grafting process, which indicated 
that dPG was insufficiently grafted from the bare PDMS surface 
(Figure  2C). The CA obtained for the PDMS–MI-dPG surface 
showed a slightly decreased wetting character in comparison to 
the bare PDMS substrate, which was explained by the combina-
tion of the intrinsic hydrophobic character of PDMS (initial CA: 
108° ± 4°) and the roughness introduced to the PDMS surface 
by the MI-dPG coating (Figure 2C). When PDMS–MI-dPG was 
subsequently incubated with glycidol, a clear decrease in the CA 
was observed (CA for PDMS–MI-dPG@dPG3h, 100 °C: 27° ± 6°), 
which was explained by the successful grafting of dPG from 
the MI-dPG coating (Figure  2C). Analysis of the bare PDMS 
substrate by means of XPS showed the high prevalence of a 
SiC bond content and the absence of CO bonds (Figure 3D; 
Tables S9 and S10, Supporting Information).[32] When PDMS 
was incubated with glycidol at 100  °C for 3 h, only a slight 
increase in the CO content was observed, which further indi-
cated the insufficient grafting of dPG from the bare PDMS 
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substrate (Figure 3D; Tables S9 and S10, Supporting Informa-
tion). When PDMS–MI-dPG was assessed by means of XPS, 
the highly resolved C1s spectrum showed the slight presence 
of CO content (Figure 3D; and Tables S9 and S10, Supporting 

Information), which was explained by the formation of the 
MI-dPG coating on PDMS. Analysis of PDMS–MI-dPG@
dPG3h, 100 °C showed a clear increase in the CO content in 
respect to the PDMS–MI-dPG substrate (Figure 3D; Tables S9 

Figure 3. A) Highly resolved C1s spectra of TiO2, TiO2–MI-dPG50 °C, ATM, and TiO2–MI-dPG110 °C, HV. B) Highly resolved C1s spectra of TiO2@dPGΔt, 100 °C, 
TiO2–MI-dPG@dPGΔt, 80 °C, TiO2–MI-dPG@dPGΔt, 100 °C, and TiO2–MI-dPG@dPGΔt, 120 °C. C) The Ti2p (red) and N1s (blue) content of I) the bare TiO2-
substrate, II) TiO2–MI-dPG50 °C, ATM, III) TiO2–MI-dPG110 °C, HV, IV) TiO2–MI-dPG@dPG30 min, 100 °C, V) TiO2–MI-dPG@dPG1h, 100 °C, VI) TiO2–MI-dPG@
dPG3h, 100 °C, VII) TiO2–MI-dPG@dPG24h, 100 °C. D) The XPS spectra obtained for PDMS, PDMS@dPG3h, 100 °C, PDMS–MI-dPG, and PDMS–MI-dPG@
dPG3h, 100 °C.

Adv. Mater. Interfaces 2020, 7, 2000931



www.advancedsciencenews.com
www.advmatinterfaces.de

2000931 (7 of 11) © 2020 The Authors. Published by Wiley-VCH GmbH

and S10, Supporting Information), indicating the successful 
grafting of dPG from the MI-dPG coating on PDMS. When the 
elemental contents of silicon (i.e., the Si2p elemental content) 
and nitrogen (i.e., the N1s elemental content) were assessed for 
the various PDMS-based systems by means of XPS, a high Si2p 
signal was observed for the bare PDMS substrate (Figure S6 
and Table S11, Supporting Information). After incubation with 
glycidol at 100 °C for 3 h, the Si2p signal did only show a minor 
change, which indicated that dPG was insufficiently grafted 
from the bare PDMS substrate (Figure S6 and Table S11, Sup-
porting Information). Analysis of the elemental content of the 
PDMS–MI-dPG substrate showed a clear reduction in the Si2p 
content in respect to the bare PDMS substrate (Figure S6 and 
Table S11, Supporting Information). Additionally, a higher N1s 
content was observed for PDMS–MI-dPG than for the bare 
PDMS substrate (Figure S6 and Table S11, Supporting Infor-
mation). The combined results indicated the successful for-
mation of the MI-dPG coating on PDMS. The grafting of dPG 
from the PDMS–MI-dPG substrate led to a clear decrease in 
the observed Si2p content, indicating the successful forma-
tion of the dPG layer on top of the MI-dPG layer (Figure S6 
and Table S11, Supporting Information). Additionally, the N1s 
content for PDMS–MI-dPG@dPG3h, 100 °C was lower than for 
PDMS–MI-dPG, further confirming the successful grafting of 
dPG from the MI-dPG coating (Figure S6 and Table S11, Sup-
porting Information).

When the surface morphology of the dPG grafting pro-
cess was investigated by means of scattering electron micro-
scopy (SEM), it was clearly observed that the MI-dPG coating 
introduced roughness in the micrometer range to the bare 
TiO2 and PDMS substrates (Figure  4A,C,E,G). This observa-
tion was in line with earlier works of our group.[19,20,33] When 
the MI-dPG-coated substrates were subsequently incubated 
with glycidol at 100  °C for 3 h, a further increase in the sur-
face roughness was clearly observed (Figure 4F,H). In the case 

of TiO2–MI-dPG@dPG3h, 100 °C, the grafted dPG appeared as 
merging smeared out micrometer-sized particles. For PDMS–
MI-dPG@dPG3h, 100 °C, the grafted particles appeared less 
smeared out, indicating that the dPG grafting process from 
PDMS–MI-dPG might have occurred slower than from the 
TiO2–MI-dPG substrate. Nevertheless, in both cases the SEM 
images clearly showed the successful grafting of dPG from 
the MI-dPG adhesive layer. When the bare TiO2 substrate was 
incubated with glycidol at 100 °C for 3 h, some particles were 
observed on the surface (Figure  4B). However, the obtained 
SEM images clearly showed the enhanced grafting of dPG in 
the presence of the MI-dPG coating. When bare PDMS was 
incubated with glycidol under elevated temperatures, no clear 
changes in the surface morphology were observed (Figure 4D). 
For additional images of the dPG grafting process from TiO2, 
TiO2–MI-dPG, PDMS, and PDMS–MI-dPG (showing addi-
tional grafting times and temperatures), the reader is referred 
to Figures S7 and S8 in the Supporting Information.

The viability of adhesive human adenocarcinoma cells 
(A549 cells) and chicken fibroblast cells (DF-1 cells) was inves-
tigated on the various substrates by means of LIVE/DEAD 
staining (Sections S1.3.1. and S1.3.2., Supporting Information). 
High cells numbers were observed for both the A549 and DF-1 
cells on tissue culture polystyrene (TCPS) control. However, the 
A549 cells showed higher adhesion than the DF-1 cells under 
the set incubation conditions (Figures 5A, 6A,B; Table S12, Sup-
porting Information), even when the DF-1 cells were seeded at 
a 5 times higher concentration than the A549 cells. This obser-
vation was explained by different proliferation rates of the two 
cell types on the TCPS substrate (the shown images were taken 
after 24 h of culturing) (Figures 5A, 6C,D; and Table S12, Sup-
porting Information). Additionally, both cell types showed high 
viability on TCPS. High cell numbers with high cell viabilities 
were also observed for both the A549 and DF-1 cells on the bare 
TiO2 and PDMS substrates (Figures  5B,C, 6A–D; Table S12,  

Figure 4. SEM images of the A) bare TiO2-substrate, B) the TiO2@dPG3h, 100 °C, C) PDMS, D) PDMS@dPG3h, 100 °C, E) TiO2–MI-dPG, F) TiO2–MI-dPG@
dPG3h, 100 °C, G) PDMS–MI-dPG, and H) PDMS–MI-dPG@dPG3h, 100 °C. The shown images are a 3000× enlargement of the measured surface.
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Supporting Information). As a control, the proliferation of A549 
and DF-1 cells was also investigated on TiO2@dPG3h, 100 °C and 
PDMS@dPG3h, 100 °C (Figures  5B,C, 6A–D; Table S12, Sup-
porting Information). No significant changes in the cell num-
bers were observed for TiO2@dPG3h, 100 °C for both cell types, 
when the substrate was compared to bare TiO2 (Figures  5B 
and 6A,; Table S12, Supporting Information), and for PDMS@
dPG3h, 100 °C similar results were obtained (Figures 5B and 6A; 
Table S12, Supporting Information). The cells observed on 
TiO2@dPG3h, 100 °C and PDMS@dPG3h, 100 °C showed high via-
bility (Figures 5B,C, 6C,D; Table S12, Supporting Information). 
The results were explained by the insufficient grafting of the 
dPG-layer from the TiO2 or PDMS substrates after 3 h of dPG 
grafting at 100 °C (as earlier confirmed by CA measurements, 

XPS, and SEM), i.e., in the absence of a sufficient dPG layer no 
antifouling properties were to be expected. On TiO2–MI-dPG, 
no significant change in the A549 cell number was observed, 
when the substrate was compared to the bare TiO2 substrate 
(Figures 5B and 6A; Table S12, Supporting Information of the 
ESI). However, the number of DF-1 cells on TiO2–MI-dPG 
was found to be significantly lower than for the bare TiO2 
substrate (Figures 5C and 6B; Table S12, Supporting Informa-
tion). For the PDMS–MI-dPG substrate, similar results were 
obtained (Figures  5C and  6B; Table S12, Supporting Informa-
tion). Besides, the cell viabilities of both cell types were found 
to be high on the TiO2–MI-dPG and PDMS–MI-dPG sub-
strates (Figures  5B,C, 6C,D; Table S12, Supporting Informa-
tion). The variations observed in the cell proliferation on the  

Figure 5. The images obtained after LIVE/DEAD staining A) live cells appear in green, whereas dead cells appear in red. The white bar represents 100 µm. 
B) The images obtained for the A549 cells on the various coating types. C) The images obtained for the DF-1 cells for the various coating conditions.
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MI-dPG coatings were in line with the results of Lee et al., who 
showed that PDA films can either be cytophilic or cytophobic 
depending on the cell line.[16] Further functionalization of the 
MI-dPG coating with growth factors might be necessary in 
order to promote the proliferation of certain cell types (e.g., for 
DF-1 cells).[34] Quantification of the A549 and DF-1 cells showed 
a dramatic decrease in the cell numbers of both cell types after 
the grafting of dPG from TiO2–MI-dPG and PDMS–MI-dPG. In 
case of TiO2–MI-dPG@dPG3h, 100 °C, a > 95% reduction of the 
cell density was observed for both cell types, when compared 

to the bare TiO2 substrate (Figures  5B, 6A,B; Table S12, Sup-
porting Information). Similar results were obtained for PDMS–
MI-dPG@dPG3h, 100 °C (Figures 5C, 6A,B; Table S12, Supporting 
Information). When the viability of the A549 cells on the TiO2–
MI-dPG@dPG3h, 100 °C and PDMS–MI-dPG@dPG3h, 100 °C sub-
strates was studied, it was observed that the majority of the 
cells appeared alive, indicating the high biocompatibility of 
both surfaces (Figures 5B,C, 6C,D; Table S12, Supporting Infor-
mation). When the viability of the DF-1 cells was studied on 
TiO2–MI-dPG@dPG3h, 100 °C, lower cell viability was observed 

Figure 6. A) A graph showing the A549 cell density on the various substrates. B) A graph showing the DF-1 cell density on the various substrates. C) The 
cell viability of the A549 cells on the various substrates as obtained via LIVE/DEAD cell staining. D) The cell viability of the DF-1 cells on the various 
substrates as obtained via LIVE/DEAD cell staining. The viability for the DF-1 cells on TiO2–MI-dPG@dPG3h, 100 °C was calculated from a low amount 
of cells, therefore the presence of only a few dead cells heavily influenced the observed viability (Table S12, Supporting Information). The viability of 
the DF-1 cells on PDMS–MI-dPG@dPG3h, 100 °C could not be determined as a result of the total absence of cells (Table S12, Supporting Information). 
The shown error bars show the standard deviation from the mean. The cell numbers were quantified using at a minimum of three images per substrate 
type. *p = 0.05; **p = 0.01; ***p = 0.001. The p values were calculated utilizing a two-tailed t-test under the assumption of equal variance.
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resulting from a general low amount of cells present on the 
surface, i.e., only a few dead cells greatly influenced the viability 
in this case. In case of the PDMS–MI-dPG@dPG3h, 100 °C no 
adherent cells were observed, and therefore it was not possible 
to calculate the viability on this substrate. An earlier work by 
our group utilized dPG for the introduction of antifouling sur-
face properties and additionally showed the general biocompat-
ibility and non-toxicity of dPG.[30] Therefore, it is to be expected 
that both TiO2–MI-dPG@dPG3h, 100 °C and PDMS–MI-dPG@
dPG3h, 100 °C will be non-toxic toward a broad spectrum of cell 
types, while being highly cell-repelling. The dramatic reduc-
tion in the cell numbers of both cell types after the grafting of 
dPG from the MI-dPG-coated substrates was explained by the 
effective formation of a surface hydration layer, which formed a 
physical barrier that prevented cell adhesion.[5]

3. Conclusions

In the current work, a novel universal method for the grafting 
of dPG from mussel-inspired adhesion layers was achieved. 
The successful grafting of dPG from TiO2–MI-dPG and PDMS–
MI-dPG was confirmed by means of CA measurements, XPS, 
and SEM. Additionally, it was shown that the dPG grafting 
process occurred insufficiently in the absence of the MI-dPG 
coating on both substrate types.

When the viability of A549 and DF-1 cells on the various 
coatings was investigated, high numbers of viable cells were 
observed on the tissue culture polystyrene control, on the bare 
TiO2, and on the PDMS substrate. Introduction of the MI-dPG 
coating to the TiO2 and PDMS substrates did not influence the 
A549 cell numbers, whereas the DF-1 cell numbers slightly 
decreased. Subsequent dPG grafting from the MI-dPG coat-
ings led to a dramatic decrease (>95%) in the cell numbers of 
both cell types for both substrate types. The reduced cell num-
bers were explained by the successful formation of a surface 
hydration layer on the dPG-grafted coating, which prevented 
the adhesion of cells. The combined results showed that the 
grafting of dPG from MI-dPG-coated substrates provides a 
successful strategy for the creation of cell-repelling but highly 
biocompatible surfaces.

The method developed in the current work gives exact con-
trol over the wettability of the substrate (i.e., CA values from 
60° till <10° were easily achieved by adjusting the reaction time 
and temperature) while maintaining the chemical characteris-
tics of the surface (i.e., effectively a dPG surface with tunable 
CA was developed). Resulting from the substrate-independent 
adhesion character of the MI-dPG polymer,[19] the method pre-
sented in the current work could be utilized to graft dPG from 
a broad spectrum of substrates, independent from the chemical 
or physical characteristics of the substrate materials. Therefore, 
the direct grafting of antifouling dPG as developed in earlier 
works,[28,29] can now be extended to a broad range of (medi-
cally relevant) hydrophilic and hydrophobic substrates (e.g., 
prosthetic materials, cardiovascular implant materials, and 
materials for implantable biosensors). Additionally, the dPG 
grafting process was performed in bulk (i.e., solvent-free), in 
the absence of caustic bases, and without activation of the sub-
strate material prior to the grafting process, following a simple 

two-step procedure (i.e., first MI-dPG coating of the substrate 
and then the grafting of dPG from the MI-dPG coating).

Future works could utilize atomic force microscopy (AFM) 
to precisely investigate the relation between the surface 
(nanoscale) roughness and the antifouling surface properties 
of dPG-grafted MI-dPG coatings, i.e., AFM could be utilized to 
further optimize the antifouling performance of dPG-grafted 
MI-dPG coatings. Additionally, future works could focus on 
the grafting of alternative commercially available glycidyl 
ethers such as glycidyl 2,2,3,3,4,4,5,5-octafluoropentyl ether and 
dodecyl glycidyl ethers from the MI-dPG coating, e.g., for the 
creation of mussel-inspired (super)hydrophobic surfaces.

4. Experimental Section
All materials and (analytical) methods are described in Sections S1.1–S1.3  
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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