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Marine mussels contain an abundant catechol moiety, 3,4-
dihydroxyphenylalanine (DOPA), in their interfacial foot pro-
teins. DOPA contributes to both surface adhesion and bridging
between the surface and overhead proteins (surface priming)
by taking advantage of the unique redox properties of catechol.
Inspired by the mussel surface priming mechanism, herein we
synthesized a series of DOPA-mimetic analogs – a bifunctional
group molecule, consisting of a catechol group and an acrylic
group at the opposite ends. The surface primers with differently

substituted (� COOH, � CH3) alkyl chains in the middle spacer
were synthesized. Time-dependent oxidation and redox poten-
tials of the surface primers were studied in an oxidizing
environment to gain a better understanding of the mussel‘s
redox chemistry. The thickness and degree of priming of the
surface primers on silicon-based substrates were analyzed by
ellipsometry and UV/Vis absorption spectroscopy. The post-
reactivity of the acrylic groups of the primed layer was first
visualized through a reaction with an acrylic group-reactive dye.

1. Introduction

Controlling surface functionalization is essential for constructing
and utilizing composite materials.[1–5] In particular, failure at the
interface of the composite materials frequently occurs because
of the weak adhesion between two or more materials. Acrylate-
based resins are widely used as surface adhesives in composite
materials because of their tunable bonding strength, design
flexibility, and durability. For these reasons, it has been used in
a variety of biological applications requiring composite materi-
als such as dental fillings (BeautiBond®, Scotchbond™ Multi-
Purpose®, RelyX™ U200 Automix),[6–8] artificial human-like skin
constructs,[9] 3D-printable soft tissue substitutes,[10] and anti-
microbial coatings.[11] The main drawback of acrylate resins is
that they are made from toxic compounds and come from
expensive petroleum sources.[12,13] Because acrylate resins are
irreversibly cross-linked, they cannot be fixed after mechanical
damage.[14] In addition, the strong adhesion of acrylate resins
underwater is challenging for biomedical applications.[15,16]

Therefore, the development of cost-effective, non-toxic, and

strong surface adhesives with the functionality of interfacial
bridging underwater is highly necessary.

Adhesion observed in nature, such as the adhesion of
marine mussels on a wet rock surface, has inspired us to mimic
bioadhesives by investigating the correlation between their
chemical structure and adhesive properties.[17–22] 3,4-Dihydrox-
yphenylalanine (DOPA) is an abundant amino acid, found in the
byssal plaque of a mussel, which has a catechol functionality
that contributes to interfacial surface adhesion. Therefore,
researchers have synthesized DOPA-mimetic small molecules or
polymers for surface coating and functionalization.[23–29] The
adhesive properties of these catecholic materials mainly depend
on the configuration of the vicinal diol in the catechol ring, and
the cohesive property of the catechol materials relies on the
oxidation of catechol. Surface modification using DOPA-mimetic
molecules is utilized in surface-initiated polymer grafting, cell
adhesion, and patterning.[30,31] DOPA-mimetic molecules are
easily oxidized under atmospheric conditions, but the mecha-
nism of their oxidation is quite complex and not yet fully
understood. In general, DOPA-mimetic molecules can be self-
polymerized or cross-linked on the surface of diverse substrates
in terms of oxidative catechol groups.[32]

Therefore, the investigation how the substituents in the
catecholic molecules influence the oxidation and general
properties is critically important. The introduction of a sub-
stituent (� Cl, � NO2) in the catechol ring or a substituent
(� COOH, � OH, � CH3) in the alkyl chain of catecholamine
strongly affects the oxidation of catechol, which promotes
subsequent cross-linking reactions.[33] Catechols with electron-
withdrawing groups (� COOH, � Cl, � NO2) are more resistant to
oxidation and promote interfacial adhesion to metal oxide
surfaces. On the other hand, electron-donating group-substi-
tuted (� OH, � CH3) catechols are more prone to oxidation,
encouraging cohesion through oxidation product cross-linking.
Therefore, the properties of the substituents influence the
oxidation property of catechol, which subsequently affects its
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adhesive and cohesive properties as well as its applications.[34]

The covalent linkage of catechol and amines (e.g., dopamine) is
vital for producing coatings through cohesive forces (e.g.,
polydopamine).[35]

In our previous study, a DOPA-mimetic surface primer (SP),
a small molecule with a catechol group on one side and an
acrylate group on the opposite side with an alkyl chain spacer,
was developed for the surface treatment of composite
materials.[36,37] SPs are beneficial for surface adhesion with
catechol groups and are further cross-linkable with acrylate
groups towards another acrylate resin layer. Herein, we aim to
identify the critical role of the chemical moieties in the
modulation of the oxidation and priming efficiency of the SPs.
By interpretation of the correlation between chemical structure
and their adhesion performance, this study would provide
insight into the molecular principles of self-assembled adhesion
on substrates, the efficiency of priming, and the capacity of
post-reaction onto the primed layer. For this purpose, a series
of catecholic derivatives is synthesized, including different
substituents (� COOH and � CH3) in the alkyl chain spacer.

Three catecholic molecules of dopamine derivatives (D1-D3,
Ds) and three primers (SP1-SP3, SPs) were applied as follows: D1:
dopamine, D2: dopamine with one substituent (� COOH) in the
alkyl chain spacer, D3: dopamine with two substituents (� COOH
and � CH3) in the alkyl chain spacer; SP1: dopamine-derived
surface primer, SP2: surface primer with one substituent
(� COOH) in the alkyl chain spacer, SP3: dopamine with two
substituents (� COOH and � CH3) in the alkyl chain spacer. The
oxidation kinetics of Ds and SPs in aqueous solution were
monitored, and oxidized chemical structures were suggested
based on their UV/Vis absorption spectra. The oxidation and
reduction potentials of Ds and SPs were measured by cyclic
voltammetry and their values were compared. The priming
thickness and degree of priming on silicon-based substrates
were measured using ellipsometry and UV/Vis absorption
spectroscopy, respectively. After optimizing the priming effi-
ciency through the combination of SPs with Ds, we visually
determined whether the surface-primed layers of Ds and SPs

would display reactivity for post-conjugation with an acrylic
group-reactive thiol group-containing dye which is a model for
biomolecules containing functional groups.

2. Results and Discussion

Substitutions in the catechol ring or alkyl chains of catechol-
amines have been established to influence the oxidation
properties and applications of these molecules. For instance,
nitrocatechols have better electron delocalization than unsub-
stituted catechols when they bind to Fe2+ and are efficiently
adsorbed on Fe3O4 surfaces.[38] Dopamine with a methoxy
substituent in the catechol ring (D1� OCH3) is oxidized and
polymerized more readily than dopamine (D1) due to the
electron-donating effect of the methoxy group. As a result, a
poly(D1� OCH3) coating on a silicon wafer surface reduces Ag+

to Ag nanoparticles in the same way as poly(D1), but at a faster
coating rate with the same thickness.[39] Catecholamine-poly

(ethylene glycol) (PEG) gels with different substituents on the
catechol ring/alkyl chain were used to prepare tissue glues.[33]

The chloro (� Cl) substituent on the catechol ring, which is
electron-withdrawing but π electron-donating, resulted in a
faster and more efficient cross-linking, while the strong
electron-withdrawing nitro group (� NO2) had the opposite
effect. Combining the appropriate quick and slow cross-linking
catecholamine-PEG gels resulted in the development of a
surgical sealant with gluing capabilities.[33] The chemical
structures of levodopa (l-3,4-dihydroxyphenylalanine, D2) and
norepinephrine (NE) are similar to D1, with the exception that
D2 has one more carboxylic group (� COOH) and NE has one
more hydroxyl group (� OH) in its ethyl chain (i. e., alkyl chain
substitution). The mechanism of coating of the catecholamines
(D1/D2/NE) on a 316 L SS substrate (stainless steel, a biomaterial
widely used in artificial hip joints) proceeds through different
intermediates because of the alkyl chain substitution, resulting
in different physical, chemical, and biological properties with
various applications.[26,40]

As a result, we attempted to compare the oxidation
properties and priming efficiencies of our synthesized SPs with
those of commercially available catecholamines (Ds) with differ-
ently substituted groups (ethyl chain substituents) (Figure 1a).
To demonstrate the post-reactivity of the SPs priming layer, we
designed an experiment in which a fluorescent dye containing
a thiol group could selectively react with the primed layer
under a photomask, producing patterned fluorescent images
(Figure 1b). SPs with differently substituted groups were synthe-
sized using a one-step process (synthetic routes in Figure S1,
Supporting Information) by reacting the corresponding cat-
echolamine (Ds) with acryloyl chloride at 80% yield. The
chemical structures and molecular weights of the SPs were
confirmed through respective NMR and mass spectra (Figur-
es S2 and S3).

The oxidation mechanism and polymerization/cross-linking
behavior of Ds and SPs were investigated by monitoring time-
dependent UV/Vis absorption spectra through the addition of
the oxidant NaIO4 in distilled (DI) water or methanol (Figures 2,
3, and Figure S5). The UV/Vis absorption spectra of Ds and SPs in
DI water showed a characteristic peak at 281 nm, representing
the symmetry-forbidden transition of the catechol group.[41,42]

Upon addition of NaIO4 to the D1 solution, a new absorption
maximum appeared at λ=300 and 475 nm, corresponding to
the formation of orange-colored dopaminochromes (Fig-
ure 2a).[41,43] The oxidation of D1 in DI water under NaIO4

proceeds through intramolecular cyclization, Michael-type con-
jugated addition, isomerization, and a free radical reaction
mechanism. In the oxidation studies of D2 and D3, a similar
spectral change was observed (Figures 2b and 2c). The time-
dependent absorbance study at fixed wavelengths of 281, 300,
and 475 nm also indicates that D1 undergoes faster oxidative
polymerization than D2 and D3, particularly between 120 min
and 24 h (Figures 2d–f).

Upon oxidation of SP1, the intensity of the peak at 281 nm
decreased immediately, and a new peak was formed at 395 nm
which corresponds to the formation of dopaquinone (Fig-
ure 3a). The resulting yellow-colored dopaquinone disappeared
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instantaneously and a new intermediate was formed with time,
resembling the insect cuticle sclerotization process.[44] It has
been reported that the oxidation of N-acetyl dopamine does
not involve cyclization to the 5,6-dihydroxyindole intermediate;
instead, it undergoes oxidative and cross-linking pathways.[33]

Therefore, we expected that the reaction pathway, which is
similar to the N-acylated dopamine, takes place in SP1 because
it also lacks the primary amine functionality, which is connected
to the acrylate cross-linking unit by an amide bond.

Figure 1. (a) Catecholic molecules used for surface priming: Dopamine derivatives (D1-D3, Ds) and surface primers (SP1-SP3, SPs) based on parent compound of
Ds. (b) A schematic procedure for demonstrating reactivity of the SPs priming layer. The primed layer is reacted with red fluorescent acrylic group-reactive dye
under a patterned mask with UV irradiation.

Figure 2. Time-dependent oxidation studies of (a–c) Ds (5×10� 4 m) in distilled water with NaIO4 (5×10� 4 m). (d–f) Comparison of absorption intensity of all
samples at fixed wavelengths
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Oxidation studies of SP2/SP3 showed a characteristic dop-
aquinone peak at 395 nm, which decreased instantaneously,
and a new weak and broad peak at 510 nm was formed
(Figures 3b and 3c). In addition, a new band was formed at 370
and 360 nm for SP2 and SP3, indicating the formation of 6,7-
dihydroxyhydrocoumarin (dihydroesculetin) derivatives result-
ing from the instantaneous intramolecular cyclization reaction
of dopaquinone and the carboxylate anion.[45] It has been
reported in the literature that the peak above 500 nm suggests
the formation of a hydroxyquinone chromophore from the
hydrolysis of 6,7-dihydroxy hydrocoumarin.[33] Similar transient
species were formed during the spectral studies of hydrocaffeic
acid, and the SP2 molecule further confirmed the same
mechanistic pathway of the polymerization reaction (Figure S4).
The time-dependent absorbance study at fixed wavelengths
(particularly at 281 and 510 nm) also indicates that SP1 as well
as SP2 and SP3 react through a different mechanism (Figur-
es 3d–f). The kinetic oxidation study, changing the solvent from
DI water to methanol in the SP solution, supported a different
mechanistic pathway of oxidation, as mentioned in the
literature (Figure S5).[35] In the case of SP1 oxidation, it resulted
in the formation of a characteristic oligomer (e.g., coupling of
phenol and quinone) through dopaquinone which has charac-
teristic peaks at 420 and 390 nm, respectively (Figure S5–1). The
presence of a carboxyl group at the α-carbon and a hydrogen
at the β-carbon of SP2 induced the formation of an α,β-
dehydro-DOPA acetyl derivative intermediate, which has a
characteristic peak at 320 nm (Figure S5–2). However, the
hydrogen at the α-carbon of SP3, which was replaced by a

methyl group, resulted in the formation of a quinone methide
intermediate (Figure S5–3). The formation of the oligomer, of
the α,β-dehydro-DOPA acetyl derivative, and of the quinone
methide intermediates from SP1, SP2, and SP3, respectively, in
the polymerization/oxidation mechanism are due to the differ-
ences in the substituted groups of the α-carbon atom of the
SPs. Eventually, the solvent methanol itself acts as a nucleophile
and reacts with the formed dopaquinone intermediate to form
a substituted ether, which is a Michael-addition product. These
ethers were further oxidized to methoxy orthoquinones, which
had a characteristic peak above 500 nm. The substituents at the
α-carbon of the SPs resulted in the formation of various
intermediates during the oxidative polymerization. In particular,
SP2 formed an intramolecular cyclized 6,7-dihydroxyhydrocou-
marin intermediate in water, and the α,β-dehydro-DOPA
derivative in methanol might account for the decrease in the
number of reactive sites for cross-linking and eventual
polymerization.[33,46] Thus, a slow-cross-linking adhesive primer
such as SP2 could act as a sealant in surgery, cell encapsulation,
and cell therapies.[47]

To evaluate their redox potential, electrochemical studies of
SPs and their parent compounds (Ds) were conducted (Figure 4
and Table 1). In the case of D1, a redox pair with a peak anodic
potential (Epa) of 0.5848 V and a peak cathodic potential (Epc) of
0.2917 V versus Ag/AgCl was detected, which is consistent with
previously reported values.[48] The potential peak difference of
Ds (ΔE=Epa-Epc) is approximately 300 mV, indicating that these
reactions are not reversible and that they follow the mecha-
nistic sequence including an initial two electron oxidation to a

Figure 3. Time-dependent oxidation studies of (a–c) SPs (5×10� 4 m) in distilled water with NaIO4 (5×10� 4 m). (d–f) Comparison of absorption intensity of all
samples at fixed wavelengths
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quinone, which is then rapidly cyclized to the 5,6-dihydrox-
yindole and a chemical redox transfer.[49]

A considerable shift towards positive potential was ob-
served for the SPs containing acrylic groups compared to their
parent compounds (D1:0.5848 V!SP1:0.6090 V; D2:0.6621 V!
SP2: 0.6859 V; D3: 0.5756 V!SP3:0.6127 V), which are compara-
ble to those of dopamine and its methylated derivatives.[48]

Thus, the attachment of an acrylic group to the catecholamines
made them relatively resistant to oxidation. D2 exhibits a higher
anodic oxidation potential Epa (0.6621 V) when compared to D1

(0.5848 V; α-H) and D3 (0.5756 V; α� COOH/α’� CH3 groups). The
modification of nucleophilicity (the presence of the α-COOH
group) in the side chain may induce toxicity in biological
environments.[50]

Ellipsometry was performed to evaluate the priming thick-
ness of Ds and SPs on a silicon wafer substrate (Figure S6). It was
confirmed that the covalent attachment of catechol and amine
(i. e., in the case of Ds) resulted in a better coating performance
than the corresponding SPs. These findings also verified the
effect of the substituted group on the coating performance,
which was in the order of D1>D3>D2>SP1>SP3>SP2. To
compare the degree of priming of Ds and SPs, the absorption of
both Ds and SPs primed on glass slides were measured using
UV/Vis absorption spectroscopy. As shown in Figure 5a, Ds

priming showed broadband spectra around 400 nm, whereas
SPs priming showed spectra similar to blank glass (Figure 5b).

As expected, both D2 and D3 can self-polymerize to form
priming on a glass surface under oxidative conditions (alkaline
pH or the use of NaIO4 as an oxidant), as D1 does. D2 and D3

formed a weaker priming in comparison with D1 by forming
soluble, melanin-like intermediate products or non-precipitating
supramolecular nanoaggregates.[44,51] The impressive priming
ability of Ds in the order D1>D3>D2 may be due to
intermolecular covalent linking between the free primary amine
and catechol. A weak, thin, or no priming was observed in the
case of SPs. Our explanation is that the primary amine
functionality of Ds was lost, resulting in the prevention of self-
oxidation polymerization; therefore, they could mostly form
self-assembled monolayers (SAMs) on variable substrates.[32,52,53]

Co-deposition of Ds and SPs, for example, SP1 blended with
the corresponding D1 (SP1:D1), was applied to boost the priming
efficiency of SP1, as it provided the primary amine functionality
(nucleophile) and helped create 5,6-dihydroxyindole that played
a dual role in initiating the coating process and acted as a
‘cross-linker’ in the formation of a polydopamine-like coating.[53]

The priming on the glass substrate through the co-deposition
method was also measured using UV/Vis absorption spectro-
scopy, confirming the enhancement of the degree of priming in
the order of (SP1:D1)> (SP3:D3)> (SP2:D2) (Figures 5c and 5d).

To visualize the effectiveness of the priming and the
availability of a post-conjugation step, a thiol-ene click reaction
was performed on the primed glass slides. An anthraldehyde
disulfide (Dye-S-S-Dye) was synthesized, which could be
reduced in situ to generate a free thiol-containing dye (Dye-SH)
and subsequently reacted with the primed glass substrate
through a thiol acrylate-radical pathway. The primed glass
containing a catechol and an acrylamide functionality was
conjugated to the in situ-generated free thiol dye ND showed

Figure 4. Cyclic voltammograms of Ds (1 mm) and SPs (1 mm) solution in 1 m

NaCl aqueous solution as a supporting electrolyte at a scan rate of
300 mVs� 1.

Table 1. Anodic potential (Epa), cathodic potential (Epc), and potential peak
difference (ΔE=Epa-Epc) of Ds and SPs

Compound Epa [V] Epc [V] ΔE [V]

D1 0.5848 0.2917 0.2931
D2 0.6621 0.3373 0.3248
D3 0.5756 0.2474 0.3282
SP1 0.6090 0.1950 0.4140
SP2 0.6859 0.1462 0.5397
SP3 0.6127 0.1847 0.4280

Figure 5. (a–c) UV/Vis absorption spectra of the priming layer of (a) Ds, (b)
SPs, (c) SPs:Ds on glass slide. (d) Absorption intensity at 400 nm of priming
layer of Ds, SPs and SPs:Ds (5 : 1 molar ratio) on glass slides.

ChemistryOpen
Full Papers
doi.org/10.1002/open.202100158

856ChemistryOpen 2021, 10, 852–859 www.chemistryopen.org © 2021 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.08.2021

2108 / 217826 [S. 856/859] 1

https://doi.org/10.1002/open.202100158


strong fluorescence in the 350 nm region, in which the
chromophore fluoresces.[54]

Comparisons were carried out with Ds, SPs, and co-
depositions of SPs:Ds priming. After priming, the glass substrates
were thoroughly rinsed with methanol to remove any remain-
ing unbound primers. The fluorescent dye was then applied to
the primed substrate, and a cross-section-patterned grid was
placed on the dye-primed glass surface to enable the thiol-ene
click reaction to occur with irradiation, resulting in a fluorescent
pattern.

The fluorescent pattern of Ds priming was observed using
fluorescence microscopy images (Figure 6). It seems that the
covalent coupling/Michael-addition reaction between catechol/
quinone groups was present in the polydopamine-like coating
with the nucleophilic thiol dye.[55–57] Relatively poor and
scattered fluorescence patterns were observed in the case of
SPs priming because they formed SAMs instead of coatings on
the glass substrate. Therefore, non-uniform SAMs were less
reactive to the available fluorescent dye. A stronger and clearer
fluorescence pattern was observed for the co-deposition
technique priming, since it formed a strong priming on the

glass substrate. As a result, a well-defined covalent coupling/
Michael-addition reaction took place between the catechol/
quinone and acrylamide groups present in the co-deposition
technique priming with the nucleophilic thiol dye as suggested
in Figure 7.[55–57]

3. Conclusion

DOPA-mimetic surface primers with different substituents were
synthesized and characterized, and their priming efficiencies
were investigated. UV/Vis absorption spectroscopy and cyclic
voltammetry were used to describe the possible oxidative
cross-linking properties of the surface primers. With the co-
deposition of the surface primers and primary amine-containing
catechol molecules, their priming capability was improved.
Priming was first visualized in regulated patterns with dye
labeling after the post-reaction on the primed layer on the glass
slides. This study will provide insight to develop wet-adhesives
and catecholic materials for demanding post-conjugation
chemistry and interfacial engineering in composite materials.

Experimental Section

Materials

Acryloyl chloride (97%) was distilled under reduced pressure and
stored under an argon atmosphere. 2-(3,4-Dihydroxyphenyl) ethyl-
amine hydrochloride (D1, 98%), 3,4-dihydroxy-l-phenylalanine (D2,
�98%), (� )-3-(3,4-dihydroxyphenyl)-2-methyl-l-alanine sesquihy-
drate (D3, 99%), cystamine dihydrochloride (96%), 9-anthraldehyde
(97%), tris(2-carboxyethyl) phosphine hydrochloride (TCEP, 98%),
sodium tetraborate decahydrate (Na2B4O7 · 10H2O), sodium
carbonate (Na2CO3), magnesium sulfate (MgSO4), sodium chloride
(NaCl), and anhydrous calcium chloride (CaCl2) were of the highest
grade and were purchased from Sigma Aldrich (USA) and used
without further purification. 2,2-Dimethoxy-2-phenylacetophenone
(DMPA, 98%) was purchased from TCI Chemicals (Japan). Deuter-
ated DMSO-d6, deuterium oxide, and methanol-d4 were purchased
from Cambridge Isotope Laboratories, Inc. (USA).

Synthesis of SP1-SP3 and Anthracene Schiff-Base Dye
(Dye-S-S-Dye)

N-(3,4-Dihydroxyphenethyl) acrylamide (SP1)

A modified procedure was adopted from Detrembluer et al.[58,59] A
two-neck round-bottom flask was charged with 12.1 g (31.6 mmol)
of Na2B4O7 ·10·H2O and 5.0 g of Na2CO3 and 475 mL of Milli-Q water
(18.2 MΩcm). This basic aqueous solution was degassed in a
sonicator bath (Nexul NXP 1002, 100 W, 40 kHz) for 1 h, followed by
argon bubbling for another 2 h. 3 g (15.8 mmol) of D1 were added
under an argon atmosphere and allowed to continue stirring for
30 min. The flask was then cooled to 0 °C before the dropwise
addition of 5.1 mL (63.2 mmol) of acryloyl chloride with stirring.
Then 9.0 g of Na2CO3 were added to maintain the pH of the
solution above 9.0 during the reaction. After stirring for 12 h at
23�2 °C, the solution was acidified to pH 1-2 with 6 N HCl and
stirred continuously for 1 h in an open vessel. The mixture was
extracted five times with ethyl acetate, washed twice with 0.1 m

Figure 6. Fluorescence microscopy images of surface-primed glass after
post-conjugation with red fluorescent thiol group-containing dye under a
patterned mask. The surfaces are primed by Ds, SPs, and a co-deposition of
SPs:Ds (5 : 1 molar ratio).

Figure 7. Plausible chemical species that formed on the glass slides during
the surface priming of (a) D1, (b) SP1, and (c) co-deposition of SP1:D1.
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HCl, and dried over MgSO4. The solvent was removed in a vacuum
to yield a crude grayish paste, which was further purified by flash
silica gel column chromatography and eluted with a dichloro-
methane–methanol (9 : 1) mixture (white solid, 80% yield).

2-Acrylamido-3-(3,4-dihydroxyphenyl) propanoic acid (SP2)

The same protocol was followed, in which D1 was replaced with D2.
(pale yellow resin, 80% yield)

2-Acrylamido-3-(3,4-dihydroxyphenyl)-2-methylpropanoic
acid (SP3)

The same protocol above was followed, in which D1 was replaced
with D3. (ash powder, 80% yield).

Anthracene Schiff-Base Dye (Dye-S-S-Dye)

A modified procedure was employed for the synthesis of an
anthracene Schiff-base dye (Dye-S-S-Dye) containing a disulfide.[60]

9-Anthraldehyde (1.0 g, 4.8 mmol) and 2–2’-diaminodiethyl disul-
fide dihydrochloride (0.544 g, 2.4 mmol) were mixed in dry
methanol (20 mL) in the presence of triethylamine (0.490 g,
4.8 mmol) and the mixture was refluxed at 60 °C for 12 h under a
nitrogen atmosphere. The reaction mixture was cooled, and the
solvent was evaporated to give the crude product, which was
recrystallized from a dichloromethane/ethanol mixture to produce
a pure compound (yellow powder, 90% yield).

The synthesized primers (SP1-SP3) and Dye-S-S-Dye were stored in a
desiccator filled with CaCl2 for later use.

UV/Vis Absorption Spectroscopy Studies of the Ds and SPs
Solutions

Respective Ds/SPs (1 mm) were dissolved in distilled water (DI water)
or methanol and then mixed with NaIO4 (1 mm) in DI water at a 1 :1
volume ratio. The UV/Vis absorption spectra of the D and SP
solutions were recorded at 23�2 °C using a UV/Vis spectropho-
tometer (Biochrome Libra S50, UK) in DI water or methanol before
and after the addition of the oxidant NaIO4 according at pre-
determined incubation times (10, 30, 60, 120 min, and 24 h).

Cyclic Voltammetry (CV) of D and SP Solutions

CV measurements of the D and SP solutions were performed using
a Versastat 3 potentiostat (Ametek Co., USA). These analyses were
conducted using a three-electrode cell with a Pt wire as the counter
electrode, an Ag/AgCl reference electrode, and a glassy carbon
electrode as the working electrode. Electrochemical analyses of the
D and SP solutions (1 mm) were recorded in 1 m NaCl aqueous
solution as a supporting electrolyte at a scan rate of 300 mVs� 1 at
room temperature. Catechol autoxidation was avoided by perform-
ing electrochemical experiments with degassed DI water under
nitrogen.

Preparation of Ds, SPs and a Blend of Ds and SPs (Ds:SPs)
Priming on Silicon-based Substrates

The silicon wafer substrates were sonicated in methanol for 5 min,
followed by nitrogen flushing, ozone treatment, and immersion in a
1 :1 (v/v) mixture of an aqueous solution of Ds/SP2/SP3 (10 mm,
20 mL) (methanol in the case of SP1) and an aqueous solution of
NaIO4 (10 mM, 20 mL). After 24 h, the priming substrates were

rinsed with methanol, deionized (DI) water, and dried under
nitrogen. The thickness of the priming on the silicon wafer was
measured by spectroscopic ellipsometry at an angle of incidence of
70° in a wavelength (λ) range of 400–700 nm (alpha-SE, J.A.
Woollam, USA) using the Cauchy model.

For priming onto glass slides with Ds/SPs, we prepared primer
solutions by dissolving Ds (2 mm)/SPs (10 mm) with the correspond-
ing equivalent moles of the oxidant NaIO4 (2 mm or 10 mm,
respectively) in DI water (or methanol, in the case of SP1). For
priming onto glass slides with Ds:SPs, the following primer solution
was prepared: 4 mm Ds/20 mm SPs as a mixture were dissolved in
10 mL DI water (methanol in the case of SP1), and a 24 mm NaIO4

solution was separately added to 10 mL of DI water. Then, 5 mL of
each sample was mixed to generate a primer solution. Accordingly,
the molar ratio of SPs:Ds was 5 :1, and the primer mixture and
oxidant were 1 :1. The ozone-treated glass slides were immersed in
this solution for 24 h at room temperature, the glass slides were
cleaned in DI water and dried with nitrogen gas. The degree of
priming by Ds/SPs/SPs:Ds on glass slides was measured using UV/Vis
absorption spectra.

Post-Reaction of Fluorescent Dyes onto Primed Glass Slides

Immediately before the post-reaction onto the priming (Ds/SPs/SPs:
Ds) of glass slides, Dye-S-S-Dye (0.002 g, 0.0029 mmol) was added
to a round-bottom flask containing DMF (1 mL) and a stir bar. TCEP
(0.0012 g, 0.0044 mmol) was added, and the reaction was allowed
to proceed for 30 min to reduce and generate a thiol functional dye
(Dye-SH). This in situ-generated Dye-SH solution was carefully
added to the primed glass slides along with the photoinitiator
DMPA (0.0011 g, 0.0044 mmol). Then, a transmission electron
microscopy copper grid was placed over the glass surface, which
was irradiated under a 350 nm UV lamp (233 mWcm� 2, distance of
1 cm) for 5 min. The glass slides were washed with DMF and dried
under nitrogen. The pattering images from the reacted fluorescent
dye were examined using optical/fluorescence microscopy (Eclipse
TS100, Nikon).
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