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H I G H L I G H T S

• Gelation of DOPA increases wet ad-
hesion.

• Types of DOPA cross-linking me-
chanism affect the spontaneous adhe-
sion.

• (Cr2O7)2- induced DOPA hydrogel ad-
here to SiO2 and PS nanoparticles
spontaneously.

• EPR spectroscopy provides the degree
of surface coverage of nanoparticles.
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A B S T R A C T

The presence of water molecules around both adhesive materials and surface results in the hydration barriers
that weaken adhesion. In nature, mussels attach to various types of surfaces by using 3,4-dihydrox-
yphenylalanine (DOPA) containing mussel foot proteins. DOPA shows wet adhesive properties before and after
contribution in the hydrogel formation. Here, the wet adhesive properties of DOPA modified four armed poly
(ethylene glycol) polymer (PEG-(DOPA)4) and its hydrogels induced by (IO4)- or (Cr2O7)2- ions are compared by
using electron paramagnetic resonance (EPR) spectroscopy in terms of their surface coverages. In water, spin
labeled hydrophobic polystyrene (SL-PS) and hydrophilic silica (SL-SiO2) nanoparticles are prepared, and the
percentages of their covered surface values are obtained. Without applying force, the adhesion to SL-PS increases
in the order of PEG-(DOPA)4 < PEG-(DOPA)4 + (IO4)- hydrogel < PEG-(DOPA)4 + (Cr2O7)2- hydrogel with
the percentages of surface coverages 65%, 76% and 93%, respectively. Although, neither of PEG-(DOPA)4
polymer and (IO4)- induced PEG-(DOPA)4 hydrogel adhere to SL-SiO2 nanoparticle spontaneously, (Cr2O7)2-

induced PEG-(DOPA)4 hydrogel adhere to SL-SiO2 with a 59% of surface coverage. These results show that
gelation mechanisms of DOPA have effect on the spontaneous adhesion of DOPA to the wet surfaces even for the
hydrophilic silica surface.

1. Introduction

Marine mussels have inspired scientists to obtain adhesive materials
that work underwater for a long time. It has been shown that 3,4-di-
hydroxyphenylalanine (DOPA) which is a posttranslationally modified

tyrosine amino acid is responsible for both adhesive and cohesive
properties of mussels [1]. Adhesive proteins of mussels known as
mussel foot proteins (Mfps) contain DOPA up to 30mol% [2]. During
secretion of Mfps in water, DOPA plays a key role as a precursor of
gelation of Mfps besides its adhesive function [3].
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In the literature, DOPA and DOPA-like molecules have been at-
tached to polymers in order to mimic adhesion ability of mussels [4–7].
Also, adhesive properties of them before and after cross-linking have
been compared. Increasing the adhesive abilities of DOPA or DOPA-like
molecules has been shown after gelation processes [7,8]. The most
commonly used cross-linkers are oxidizing transition metals such as
Fe3+ and (Cr2O7)2-, and nonmetallic oxidants such as (IO4)- and H2O2

[9]. Cross-linking mechanisms of DOPA in the presences of oxidizing
agents are based on covalently bonding or coordinating coupling [10].
Even, in some cases gel is formed by dual cross-linking mechanisms
depending on the oxidizing agents, pH and the ratio of DOPA:oxidizing
agent [11].

In an aqueous media, hydration layers obstruct the formation of
strong adhesion bonding. To overcome the hydration repulsive forces,
for instance mussel apply forces and/or dry the surface using Mfps [12].
In the literature, surface force apparatus (SFA) and atomic force mi-
croscope (AFM) have been commonly used to determine the adhesion
with applying forces [4,13]. On the other hand, achieving adhesion
without applying force might be more valuable especially for clinical
treatments. Spectroscopic techniques e.g. X-ray photoelectron spectro-
scopy (XPS), Raman spectroscopy, infrared spectroscopy and dynamic
nuclear polarization (DNP) have been used to monitor adhesion
without applying external force [14–17]. In addition to them, we used
as a first time electron paramagnetic resonance (EPR) spectroscopy in
our previous studies to determine the spontaneous wet adhesion of
Mfps and DOPA functionalized poly(ethylene glycol) polymer (PEG) to
spin labeled polystyrene and silica nanoparticles [5,6,17].

EPR spectroscopy in combination with spin labeling has been in-
creasingly used in protein, polymer and drug delivery studies [18–21].
In aqueous solutions, dynamics behaviors of spin labels characterized
with rotational correlation times affect the EPR line shapes. Therefore,
spin labels that have free or restricted motions yield sharp (corre-
sponding to fast rotational correlation time) or broad (corresponding to
slow rotational correlation time) EPR lines, respectively [18]. This
provides observations of different types of spin labels simultaneously.

Using EPR spectroscopy, spin labels on polystyrene or silica nano-
surfaces report surface coverage upon addition of adhesive materials
since second type of signal (broader signal) is observed upon adhesion.
The areas under EPR signals of covered and uncovered spin labels gives
the percentage of surface coverage. For example, addition of 180mg/
mL of DOPA functionalized four armed PEG polymer (PEG-(DOPA)4) to
the spin labeled polystyrene nanoparticle results in an 82% of surface
coverage [5]. However, neither of Mfps and DOPA containing PEG
polymers attached to the silica surface performed under the same
conditions.

For the spontaneous DOPA wet-adhesion, the hydration repulsion
force becomes one of the determining factors. Hydration layers around
both the hydrophilic silica nanoparticles and DOPA containing Mfps
and PEG polymers form barriers between them. On the other hand,
weakening hydration layers of silica may help DOPA adhesion. For
example, adsorption of surfactant molecules to the silica surface may
disturb the hydration shells of silica. Alkyl side of surfactant molecule
could interfere the distribution of hydration water molecules. Also,
interaction between DOPA and silica surface could be possible during
cross-linking of DOPA functionalized PEG polymers in the presence of
oxidizing agents. Depends on the gelation mechanism, DOPA could
penetrate the hydration barriers and interact with silica surface. Fast
hardening of DOPA containing polymers can be considered as an ap-
plied force to break the hydration barriers of silica surface.

Here, we aim to compare the wet adhesive properties of DOPA
modified four armed poly(ethylene glycol) polymer (PEG-(DOPA)4) and
its hydrogels induced by (IO4)- and (Cr2O7)2- ions by using EPR spec-
troscopy. Without applying external force, DOPA containing polymer
and hydrogels adhere to hydrophobic polystyrene and hydrophilic silica
surfaces differently. This method allows us to compare the adhesive
materials in terms of their ability to cover the surface of colloidal

nanoparticles.

2. Experimental procedure

The synthesis of PEG-(DOPA)4 was prepared as described in pub-
lished procedures [5,22,23].

2.1. Synthesis of protected DOPA

L-DOPA (78.85mg, 0.4 mmol) and triethylamine (86 μL) were mixed
in water:dioxane (1:1) mixture (800 μL) in an ice bath (0 °C). The
mixture was stirred at 0 °C until all compounds were dissolved.
Afterwards, di-tert-butyl dicarbonate (98mg, 0.45mmol) was dissolved
in dioxane (400 μL) and added into the mixture containing L-DOPA and
triethylamine, and stirred at 0 °C for 30min. After 30min, the mixture
was stirred at 25 °C for 17 h. At the end of the reaction, the mixture was
extracted with ethyl acetate (50mL) and the pH of the organic phase
was adjusted to 1.0 by HCl and back extracted with ethyl acetate
(50mL) for 3 times. Combined organic phases were dried over Na2SO4.
Organic solvent was evaporated to afford N-Boc-L-DOPA as a brown oil
which was used in the next step without any purification (100.4 mg,
80% yield). 1H NMR (400MHz, DMSO-d6) δ: 6.87 (d, 1H), 6.58 (d, 2H),
6.44 (d, 1H), 4.01–3.93 (m, 1H), 2.79–2.58 (m, 2H), 1.30 (s, 9H).

2.2. Synthesis of PEG-(DOPA)4

PEG-(NH2)4 (10,000 g/mol) (97mg, 9.7× 10−3 mmol), protected-
DOPA (23.9mg, 80mmol), 1-hydroxybenzotriazol (HOBT) (17.3 mg,
0.128mmol) and triethylamine (17.6 μL) were mixed in a mixture of
DCM (460 μL) and DMF (460 μL) at 25 °C until all compounds were
dissolved. 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) (29.6mg, 0.078mmol) and DCM (460 μL)
were added into the mixture and stirred at 25 °C under argon atmo-
sphere for 5 h. At the end of the experiment ninhydrine test was applied
to control if there is any primary amine in the experiment medium. 2–3
drops of product were dissolved in DCM (1mL) and 2–3 drops of nin-
hydrine solution was put into the solution. The mixture was stirred at
50 °C for 30min, the test result was negative.

The crude product was washed with saturated sodium chloride so-
lution (50mL), NaHCO3 (5% w/mL) solution, HCl (1M) solution
(50mL), and distilled water (50mL). The organic phase was dried over
Na2SO4 and the product was precipitated in cold diethyl ether for 3
times to afford PEG-(N-Boc-L-DOPA)4 as white solid (75.5mg, 70%
yield). 1H NMR (400MHz, CDCl3) δ: 6.77 (t, 8H), 6.57 (d, 4H), 6.15 (s,
4H), 4.21 (s, 4H), 3.81 (t, 8H), 3.64–3.45 (m, 896H), 3.00 (d, 8H), 2.72
(t, 8H), 1.41 (s, 36H). In this study, the attached DOPA groups to PEG
are all N-Boc protected.

2.3. Hydrogel preparation

Final concentrations of 0.12mM PEG-(DOPA)4 and cross-linkers
sodium (meta) periodate, NaIO4, or bis(tetrabutylammonium) dichro-
mate, [(CH3CH2CH2CH2)4N]2Cr2O7, were dissolved in 0.2M MES
buffer at pH 3.0. The ratio of DOPA:cross-linkers are 1:3 and 1:1, re-
spectively. After mixing, solutions colours were changed in a few
minutes from transparent to yellow and orange for (IO4)- and (Cr2O7)2-

cross-linkers, respectively and analysed with UV–vis spectroscopy.
For the EPR measurements PEG-(DOPA)4 in MES buffer at pH 3.0

was mixed with (IO4)- or (Cr2O7)2- oxidizing agents. Then, the obtained
hydrogel fluids were transferred immediately to the spin labeled na-
noparticle solution (1:1 (v:v) ratio) prepared in MES buffer at pH 3.0
with a micropipette (Fig. 1). Final concentration of PEG-(DOPA)4 was
adjusted to 45mg/mL. Acidic medium was used to avoid DOPA oxi-
dation.
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2.4. Preparation of SL-nanoparticles

A nitroxide type 2,2,6,6-tetramethylpiperidine-1-oxyl (Tempo)
based spin label was used. 250 μL 4-carboxy Tempo (10mM) dissolved
in 0.2M MES buffer (pH 3.0) was mixed with 100 μL amine-modified
polystyrene bead (Sigma Aldrich, 50 nm particle size) or 100 μL 3-
aminopropyl functionalized silica (Sigma Aldrich,< 100 nm particle
size), in the presence of a cross linker, 38mM, 90 μL 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC) (Thermo Scientific) for one
day at room temperature [17]. Excess EDC and 4-carboxy Tempo were
washed out several times with MES buffer at pH 3.0. A Malvern dy-
namic light scattering (DLS) Nano-ZS instrument (Worcestershire, UK)
was used for size and zeta potential measurements of nanoparticles. The
nanoparticles were diluted 1: 100 with MES buffer prior to measure-
ment and measured at 25 °C at a scattering angle of 90°. The zeta po-
tential was measured by a zeta potential analyzer using electrophoretic
laser Doppler anemometry. The measured SL-PS and SL-SiO2 beads
diameters are about 50 nm with PDI values less than 0.2.

2.5. EPR measurements and calculations of surface coverage

X-band EPR measurements were done using a CMS 8400 (Adani)
benchtop spectrometer at room temperature in the quartz capillary

tubes. EPR spectra were simulated using a matlab based Easyspin 4.5.5
software package [24].

EPR spectra of SL-PS and SL-SiO2 after addition of PEG-(DOPA)4
polymer or hydrogels were simulated using individual spectral simu-
lations of covered (A) and uncovered (B) spin labels. The complete si-
mulations of experimental results were obtained by combining the in-
dividual components, (A) and (B) with appropriate numbers as given
by:

Measured spectrum=x(A)sim(A) + x(B)sim(B) (1)

Where the simulated individual spectra of A (sim(A)) and B (sim(B)) are
multiplied by the appropriate numbers, x(A) and x(B).

The surface coverage percentage is calculated by the areas under
each spectrum (sim(A) and sim(B)) found by double integration, and
multiplied by the numbers x(A) and x(B), as given by:

%Covering = Covered Area / (Covered Area + Uncovered Area) (2)

Where covered area is calculated from the multiplication of area under
sim(A) with x(A), and uncovered area is calculated from the multi-
plication of area under sim(B) with x(B).

3. Results and discussion

3.1. Characterization of PEG-(DOPA)4 and hydrogels with UV–vis
spectroscopy

UV–vis absorption spectra of 0. 12mM PEG-(NH2)4 and synthesized
PEG-(DOPA)4 were compared to show DOPA conjugation in MES buffer
at pH 3.0 (Fig. 2). For the UV–vis spectrum of PEG-(DOPA)4, the ab-
sorption signal at 278 nm corresponds to the catechol moiety which
confirms the presence of the reduced form of DOPA [25]. As expected,
PEG-(NH2)4 does not have an absorption signal. Hydrogel formation of
PEG-(DOPA)4 with (IO4)- and (Cr2O7)2- were also followed by UV–vis
spectroscopy (Fig. 2). Concentrations of (IO4)- and (Cr2O7)2- are
1.44mM and 0.48mM, and the ratios of DOPA:cross-linker are 1:3 and
1:1, respectively. After addition of the (IO4)-, a new broad signal at
395 nm and a shoulder at 325 nm were observed, corresponding to
DOPA quinone and α,β-dehydrodopamine, respectively [26]. While
DOPA quinone signal decreased, α,β-dehydrodopamine signal in-
creased with time, leading to subsequent polymerization. In addition,
catechol groups transformed into phenolic intermediates with similar
absorbance values. Therefore, the signal around 278 nm increased
continuously. On the other hand, the UV–vis spectrum of hydrogel in-
duced by the (Cr2O7)2- yielded the characteristic signal of (Cr2O7)2- ion
at 348 nm [27]. In addition, broad signals around 278 nm and 450 nm
were appeared immediately. With time, the signal at 348 nm gradually
decreased due to the reduction of Cr(VI) and broad signals around
278 nm and 450 nm increased due to the polymerization of DOPA at pH

Fig. 1. Schematic representations of (A) PEG-(DOPA)4 hydrogel formation with
(IO4)- and (Cr2O7)2- ions, and their mixtures with SL-PS or SL-SiO2 nano-
particles in MES buffer at pH 3.0, (B) DOPA and (C) 4-carboxy Tempo as spin
label (SL).

Fig. 2. (A) UV–vis spectra of PEG-(NH2)4, PEG-(DOPA)4, PEG-(DOPA)4 + (IO4)- hydrogel and PEG-(DOPA)4 + (Cr2O7)2- hydrogel. Time dependent UV–vis ab-
sorption results of PEG-(DOPA)4 + (IO4)- hydrogel (B) and PEG-(DOPA)4 + (Cr2O7)2- hydrogel (C). Concentrations of PEG polymers and cross-linkers ((IO4)- and
(Cr2O7)2-) are 0.12mM, 1.44mM, and 0.48mM, respectively. The attached DOPA groups to PEG are all N-Boc protected.
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3.0.

3.2. Determination of surface adhesion using EPR spectroscopy

EPR spectroscopy can be used in systems having paramagnetic
molecules. Although, most of the systems are diamagnetic, they can be
still studied with EPR spectroscopy associated with spin labeling
method. Here, Tempo based stable nitroxide radicals are used as spin
labels. 4-carboxy Tempo has been covalently attached to amine sides of
polystyrene or silica surfaces by carbodiimide chemistry.

In solution, EPR line shape analysis allows monitoring the changes
on the surface of nanoparticles [5,17]. Spin labels on the surface of
nanoparticles behaves like reporters for the possible adhesive interac-
tions. Spin labels buried under the adhesive molecules could lose their
motion flexibility, and thus rotational correlation time (τR) of the spin
label increases. EPR spectra of the bare SL-PS (τR= 2.8 ns) and SL-SiO2

(τR=2.9 ns) nanoparticles are shown in Fig. 3A and B (black lines),
respectively. Their τR numbers found by simulations showed that spin
label attached on the nanoparticles has nearly a hundred times slower
motions compared to the motion of free spin label (4-carboxy Tempo)
in the solution, τR= 20 ps (Fig. 3C). Also, addition of 45mg/mL of
PEG-(DOPA)4 to the SL-PS solution further slows down the motions of
some spin labels on PS from 2.8 ns to 10 ns. Since DOPA groups attach
to the PS surface via hydrophobic interactions, they cover the spin la-
bels and restricts the motion of them [17]. In the previous studies, using
EPR spectroscopy, we showed that Mfps and PEG-(DOPA)4 can adhere
to polystyrene without applying force in the solution but PEG-(NH2)4
cannot adhere to polystyrene [5,6,17]. This shows the function of
DOPA in the wet adhesion. Also, these results showed that the PEG
polymer without DOPA groups does not have a wet adhesion ability.

EPR spectroscopy can be also used to study the adhesive properties
of hydrogels. PEG-(DOPA)4 polymers can be transformed into hydrogels
with the help of oxidizing agents [23]. Here, (IO4)- and (Cr2O7)2- were
used to cross-link the DOPA molecules and to obtain cured adhesive
materials at pH 3.0. Similar to the result of PEG-(DOPA)4 addition, EPR
spectrum of SL-PS changed after additions of both types of hydrogels
(Fig. 3A, (2) and (3), red). Hydrogels were added into nanoparticle
solution while they were still fluids. Simulations of their EPR spectra
revealed that two types of signals with different τR values were ob-
tained (Fig. 4A). The shorter τR value with 2.8 ns belongs to uncovered
spin labels on polystyrene, and the longer τR values with 8 ns and 9 ns
belong to spin labels on polystyrene that are covered by (Cr2O7)2- and
(IO4)- induced hydrogels, respectively.

Adhesion behaviors of PEG-(DOPA)4 polymers and hydrogels on the
hydrophilic surface of silica nanoparticles are also different (Fig. 3B). It
has been known that DOPA can adhere to the wet silica surface upon

applied force [28], however strong hydration layers around the silica
form barriers between DOPA and silica surface which averts the spon-
taneous adhesion [5,17]. Therefore, the EPR spectrum of bare SL-SiO2

did not change upon addition of 45mg/mL of PEG-(DOPA)4 (Fig. 3B (1)
red). Similarly, cross-linked PEG-(DOPA)4 hydrogels prepared with the
(IO4)- did not adhere to the surface of silica nanoparticles (Fig. 3B (2)
red). Instead, hydrogel of PEG-(DOPA)4 cross-linked with the help of
(Cr2O7)2- adhered to the silica nanoparticles in solution (Fig. 3B (3)
red). Two types of EPR signals, covered (τR=8 ns) and uncovered
(τR= 2.9 ns) types, were observed upon addition of hydrogel (Fig. 4B).

In addition, the percentages of covered spin labels on the nano-
particles can be calculated from the double integrations of the simu-
lated EPR spectra of covered and uncovered spin labels (Fig. 5). Ac-
cording to simulations and calculations explained in the experimental
part, we observed that 65%, 76% and 93% of the spin labels on the
polystyrene were covered upon additions of PEG-(DOPA)4 polymer,
(IO4)- induced PEG-(DOPA)4 hydrogel and (Cr2O7)2- induced PEG-
(DOPA)4 hydrogel, respectively (Fig. 6). These findings showed that
DOPA hydrogels compared to the PEG-(DOPA)4 polymer adhere to the
polystyrene surface more extensively. Moreover, according to simula-
tions of spin labels on silica nanoparticles after (Cr2O7)2- induced PEG-
(DOPA)4 hydrogel adhesion, 59% of spin labels on silica were covered
(Fig. 6).

The effect of viscosity increasing on the spin label dynamics was
studied with free spin label of 4-carboxy Tempo. Rotational correlation
time of a spin label increases in a viscous solution due to the restriction
of motion [29]. However, EPR spectrum of free spin label in solution
did not change upon additions of hydrogels (Fig. 3C). This can be ex-
plained by the dissolution of spin labels in the water pools of hydrogels.
Therefore, dynamics of spin labels are not affected from the bulk
viscosity of the hydrogels.

A similar trend in the adhesive functions of poly[(3,4-dihydrox-
ystyrene)-co-styrene] and PEG-(DOPA)4 was observed after cured with
(IO4)- and (Cr2O7)2- [7]. It has been known that (IO4)- initiates covalent
cross-linking of PEG-(DOPA)4 molecules [23]. Instead, coordinated
cross-linked PEG-(DOPA)4 hydrogel was obtained with (Cr2O7)2-. At pH
3.0, (Cr2O7)2- induced PEG-(DOPA)4 hydrogel was completely dissolved
overnight in the EDTA solution which is a chelating agent. However,
(IO4)- induced gel did not dissolve in the EDTA solution due to the
formation of covalent cross-linked DOPA molecules (Fig. 7). In the lit-
erature, (Cr2O7)2- ion was proved to be the strongest inducer of hard-
ening for Mfps and also for the poly[(3,4-dihydroxystyrene)-co-styrene]
polymers [7,9]. Also, its curing mechanism is faster than that of (IO4)-

ion at pH 3.0. For the spontaneous adhesion, hardening of hydrogel in a
few minutes could be considered as an applied force to break the hy-
dration layers of SiO2 surface. These could be the reasons for the better

Fig. 3. EPR spectra of SL-PS (A), SL-SiO2 (B), and 4-carboxy Tempo (C), black solid lines, and after additions of 45mg/mL of PEG-(DOPA)4 (1), (IO4)- induced PEG-
(DOPA)4 hydrogel (2), and (Cr2O7)2- induced PEG-(DOPA)4 hydrogel (3), red dashed lines. The ratio of DOPA:cross-linker is 1:3 and 1:1 for (IO4)- and (Cr2O7)2-,
respectively. The attached DOPA groups to PEG are all N-Boc protected. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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adhesion ability of (Cr2O7)2- induced PEG-(DOPA)4 hydrogel to the
both polystyrene and silica nanoparticles.

In order to improve the surface coverage with spontaneous adhe-
sion, the concentration PEG-(DOPA)4 was increased in the solutions of
spin labeled polystyrene or silica nanoparticles and studied with EPR
spectroscopy [5]. As the final concentrations of PEG-(DOPA)4 increases

from 11mg/mL to 180mg/mL, the surface coverage of polystyrene
increases from 49% to 82%. However, PEG-(DOPA)4 did not adhere to
silica surface even at 180mg/mL of concentration. On the other hand,

Fig. 4. (A) EPR spectrum of SL-PS after addition of (IO4)- induced PEG-(DOPA)4 hydrogel (black) and its simulation (red). (B) EPR spectrum of SL-SiO2 after addition
of (Cr2O7)2- induced PEG-(DOPA)4 hydrogel (black) and its simulation (red). The simulated spectrum was obtained by the addition of simulated covered SL and
uncovered SL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. (A) Single integrations of simulated spectra of covered and uncovered spin labels (SL) on SiO2 nanoparticles upon addition of 45mg/mL of PEG-(DOPA)4
hydrogel induced by (Cr2O7)2- ions. (B) Double integrations of spectra in (A). Double integration gives the area under the EPR spectrum.

Fig. 6. The percentages of covered spin labels on SL-PS (black) and SL-SiO2

(red) after additions of PEG-(DOPA)4 polymer, (IO4)- induced PEG-(DOPA)4
hydrogel and (Cr2O7)2- induced PEG-(DOPA)4 hydrogel. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 7. 10 times excess EDTA relative to concentrations of (Cr2O7)2- and (IO4)-

ions were added to the hydrogel samples.
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hydrogel forms of PEG-(DOPA)4 adhere to both polystyrene and silica
surfaces much better than the PEG-(DOPA)4 polymer at the same con-
centrations. For the (Cr2O7)2- induced hydrogel prepared even with
45mg/mL of PEG-(DOPA)4 concentration, 93% and 59% of the surface
coverages for polystyrene and silica nanoparticles were obtained.

Another way to succeed spontaneous wet adhesion of DOPA on
hydrophilic silica surface is weakening hydration shells of the surface.
Since hydration layers obstruct the spontaneous adhesion, they could
be distracted upon additions of different solvents or attachment of
hydrophobic molecules on surface. When less polar water-miscible
solvent of dioxane was mixed with MES buffer containing silica nano-
particles, it did not promote the spontaneous adhesion. EPR spectra of
spin labeled silica in MES buffer:dioxane (1:6, v:v) mixture before and
after addition of PEG-(DOPA)4 were almost identical. This shows that
dioxane could not displace the hydration water molecules on silica.

Next, an anionic surfactant molecule of sodium dodecyl sulfate
(SDS) was used to disturb the hydration layers of silica. Since silica
surface is functionalized with amine groups, the nanoparticles are ca-
tionic at pH 3.0. In addition, after spin labeling silica nanoparticles are
still positively charged with a zeta potential of +14 mV. Addition of
SDS solution with a final concentration of 2 mM neutralizes the nano-
particles in charge, with a zeta potential of approximately 0 mV. While
anionic part of SDS attaches to the positively charged silica surface,
hydrophobic part of SDS become accessible to hydration water mole-
cules. Fig. 8A shows the EPR spectra of SL-SiO2 before and after addi-
tion of SDS (2mM). Adsorption of SDS molecules on silica nanoparticles
does not change the EPR spectrum of SL-SiO2 significantly. On the other
hand, the EPR line shape of SL-SiO2 has changed and a second type of
signal was observed upon addition of PEG-(DOPA)4 polymer (45mg/
mL) on the SDS adsorbed SL-SiO2 nanoparticles (Fig. 8B). This shows
that PEG-(DOPA)4 is able to adhere to wet silica surface after the strong
hydration barriers of silica are disturbed with the presence of SDS.

4. Conclusion

EPR spectroscopy can be used as a direct method for the determi-
nation of surface coverage upon addition of adhesive materials. Spin
labels attached on the surface allow monitoring the adhesion. Since the
EPR spectra of covered and uncovered spin labels are different, they can
be differentiated in the same spectrum. The ratio of covered and un-
covered signals are used to calculate the fraction of surface coverage.

Here, without applying an external force, we determined the sig-
nificant adhesion ability of (Cr2O7)2- induced PEG-(DOPA)4 hydrogels
to the both SL-PS and SL-SiO2 nanoparticles in solution with EPR
spectroscopy. About 93% of spin labels on polystyrene and 59% of spin
labels on SiO2 are covered with the PEG-(DOPA)4 hydrogel cured with
(Cr2O7)2-. Although, PEG-(DOPA) 4 polymer and hydrogel induced with
(IO4)- ions adhere to polystyrene with surface coverages 65% and 76%,
respectively, they cannot adhere to SiO2 surface due to the strong hy-
dration layers around the silica.

Gelation mechanisms of PEG-(DOPA)4 polymers depend on the
types of cross-linkers. Using (Cr2O7)2- ions, coordinated type of cross-
linking results in a fast and high degree hardening that helps DOPA to
penetrate the hydration layers of both polystyrene and silica surface.
On the other hand, covalently cross-linked PEG-(DOPA)4 hydrogel
cannot penetrate the strong hydration barriers of silica. This shows the
importance of gelation mechanism of DOPA for the spontaneous wet
adhesion. Another way to achieve spontaneous wet adhesion to silica
surface is weakening the strong hydration layers. Adsorption of SDS
surfactant molecules on silica disturbs the hydration layers and PEG-
(DOPA)4 could adhere to silica spontaneously.
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