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We present a facile strategy to modify poly(dopamine)(PDA)-
coated substrates. Using thiol-terminated short chain ethylene
oxide oligomers (OEG) under aqueous conditions, we explore
the creation of a model surface exhibiting resistance to
nonspecific protein absorption (RPA) by engineering the
surface properties of a PDA adlayer. Surprisingly, dithiol-
terminated OEG molecules demonstrated significantly
greater coverage on PDA surfaces than analogous monothiol
molecules. Successful RPA is only achieved with dithiol-
terminated OEGs.

Biologically-inspired adhesives and coatings have become
increasingly popular for modifying surfaces of organic and inorganic
materials in various technical and biomedical applications.'? One
such compound, poly(dopamine) (PDA), developed as a mimic to
the mussel adhesive protein,” is emerging as a universal coating
material, capable of adhering to a wide array of surfaces such as
metals, ceramics, and polymers.*> PDA is synthesized by the
condensation of dopamine, a catecholamine, in water under alkaline
solution conditions. The aggregates readily deposit on surfaces upon
contact to form a thin film of controllable thickness.> A distinct
advantage of a PDA coating is that surface properties can be tailored
by further functionalization. “As prepared” PDA films
nonspecifically adsorb protein readily, regardless of the
characteristics of the underlying substrate.®’ Imparting the property
of high resistance to protein adsorption (RPA) is essential for
exploiting the potential usefulness of incorporation of PDA-coated
substrates into various medical/biotechnological devices to
overcome failures due to fouling (e.g., biofilm formation on implants
such as stents) or impeded operation (e.g., spurious signals in
biosensors or heart pacemakers).® Recent studies have demonstrated
high RPA of modified PDA surfaces following polymer
functionalization by ‘grafting from’ or ‘grafting to’ approaches.””!°
Although successful, these strategies are plagued with either tedious
surface-initiated atom transfer radical polymerization reactions or
requirement of elevated temperatures during poly(ethylene) glycols
immobilization for achieving optimal polymer grafting density. In
distinct contrast, surface modification via self-assembly of small
molecules onto coinage metals (i.e., thiols on Au and Ag) and oxidic
surfaces (e.g., phosphonates and silanes on SiO,) is a well-
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established, facile approach.“’12 We, and others, have demonstrated
high RPA on Au using small oligomers of ethylene glycol-
terminated thiols.">'> Herein, we present a detailed characterization
of small organosulfur compound attachment to PDA and explore the
possibility of creating protein-resistant PDA surfaces with
oligo(ethylene glycol) [OEG] compounds without the need for
elevated temperatures. In particular, we report on the structure and
coverage of octadecanethiol (ODT), monothiol- (MTOEG), and
dithiol-based (DTOEG) OEG self-assembled monolayers (SAMs) on
PDA (Figure 1A). A SAM of the dithiol (3) on Au substrates has
been shown to exhibit high RPA to both blood serum and membrane
proteins.'®

Despite numerous attempts to describe the chemical structure of
surface-adherent PDA films there still is no general consensus about
either PDA structure or the molecular mechanism behind PDA
formation. It is generally described as a conglomerate of quinones,
indoles, and catechols in the form of dimers and oligomers, held
together by covalent bonds, 7 stacking, and hydrogen bonds'™'®
Additionally, it has been observed that the thickness of the deposited
PDA film can be tuned by controlling the time the substrate is in
contact with the alkaline dopamine solution.*'Y We employed
multiple techniques including X-ray photoelectron spectroscopy
(XPS), X-ray reflectivity (XRR), and spectroscopic ellipsometry
(SE) for a detailed physiochemical characterization of the surface
modification of PDA films (experimental details are in ESI). The
high-resolution XPS spectra acquired for PDA indicate not only the
presence of chemical groups of monomeric dopamine (i.e., C-O,
Caromatic (1 — 1), C-C, and R-NH,),% but also include additional
functionalities (i.e., C=0, R,NH) attributed to indolequinones and
other intermediates as previously reported (Figure 1B).'"*' The
small substrate Si peak (< 2%) in the XPS spectra indicates that the
PDA films are likely continuous with thickness on the order of the
XPS sampling depth (~10 nm).>*? Figure 1C shows the XRR profile
of a PDA film as a function of Q, the momentum transfer normal to
the surface (Q= 4 = sin©/A, where O is the incident angle and A is the
wavelength of the incident X-ray beam). The solid blue line
represents a best-fit curve based on a three layer PDA-SiO,-Si
model. The subsequent X-ray scattering length density (SLD)
profiles (Figure 1C)
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were derived from fits to the model. Complete surface coverage of
the SiO,-Si by PDA was deduced from the fact that the fitted PDA
SLD, 1.39 x 107 A2 is close to the theoretical PDA SLD of 1.17 x
10 A (#ESI). Additionally, the XRR data fits indicate a PDA film
thickness of (13.2 £ 0.8) nm with (3.1 £ 0.4) nm interfacial
roughness.”>**
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Figure 1. (A) Monothiol and dithiol compounds used; (1)
octadecanethiol (ODT), (2) 1-mercaptopropyl-hexa(ethylene
glycol) (MTOEG), (3) 1-(3'-mercaptopropyloxy)-hexa(ethylene
glycol) (DTOEG), and (4) 1-(1',7'-dimercaptoheptyl-4'-oxy)-17-
methoxy)-hexa(ethylene glycol). (B) Schematic illustration of a
probable physiochemical structure of poly (dopamine) (PDA) film
on Si substrate, (C) X-ray reflectivity (XRR) (data represented by
circular symbols, best-fitted curves are represented by solid lines,
and curves are offset for clarity) and corresponding scattering
length density (SLD) profiles of PDA film before (blue) and after
DTOEG functionalization (brown).
We also characterized the thin PDA films using SE to complement
the XRR measurements. Our SE (ex situ) data denote PDA film
thickness of (14.2 + 2.1) nm, in good agreement with the XRR
measurements. Atomic force microscopy (AFM) scans illustrate a
granular PDA film with randomly distributed PDA aggregates
(+ESI). Additionally, AFM measurements confirm the roughness of
the film indicated by XRR, and reveal an interfacial root-mean-
squared roughness of (4.6 £+ 2.5) nm. Previous studies also reported
similar topography of PDA films*'** suggesting that this level of
roughness is an intrinsic characteristic of these films.

It is well known that alkanethiols interact with Au substrates and
self-assemble into a one molecule thick layer (Figure 2A).""'> We
investigated thiol modification of PDA surfaces using ODT (Figure
1A(1)) as a model system, employing XPS, SE, and sessile drop
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water contact angle (CA) measurements to characterize the ODT-
modified PDA, and compare these findings to those for ODT on Au.
As shown in the XPS spectrum for sulfur (S 2p, Figure 2B), ODT on
Au exhibited a well-defined doublet peak of the thiolate bond (C-S-
Au) starting at 161.8 eV."" In contrast, the XPS S 2p spectra from
ODT-on-PDA exhibited a doublet peak at 163.3 eV, indicating the
formation of a thioether (C-S-C) bonds®® between the sulfur atom of
ODT and the PDA layer”’ possibly via the previously hypothesized
Michael addition reactions with quinone moieties (Figure 2C).**
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Figure 2. (A) Schematic illustration of ODT-on-PDA and —on-
Au, (B) XPS S 2p spectra of ODT-on-PDA (black line) and —
on-Au (grey line), spectra were fitted with Gaussian-Lorentzian
line shapes (broken lines) for binding energies contribution at S
2py, and S 2p;, with an area ratio of 2:1 and binding energy
difference of 1.2 eV, (C) Michael-addition thiol-on-PDA
structures , (D) sessile contact angle (CA) snapshots of ODT-
on-PDA and ODT-on-Au, and (E) spectroscopic ellipsometry
(SE) thicknesses of ODT-on-PDA and ODT-on-Au.

Contact angle (CA) data (Figure 2D) and SE measurements (Figure
2E) suggest significantly less ODT on the PDA layer compared to
Au. The SE thickness of ODT on PDA (0.6 + 0.1) nm is ~ 4 times
less than the ODT on Au (2.3 + 0.2) nm, corresponding to
approximate ODT interfacial mass densities of 66 ng/cm” and 2.5 x
10% ng/cm?, respectively. CA(oDT-on-ppa) (80 + 6)° is also lower than
CAopT-0n-au) (110 £ 3)°. Previous studies on octadecyltrichlorosilane
(OTS)-Si0,-Si SAMs have shown that incomplete ODT coverage
results in lower wettabilities (CA = 90°).”° We attribute the
intermediate wettability of ODT-functionalized PDA to low ODT
coverage, possibly resulting in both exposed areas (no thiols bound)
of the more wettable PDA [CA=(35 + 5)°] and disordered surface-
bound ODT molecules (Figure 2A). Our structural assessment of
ODT on our surfaces is in contrast to the initial report on alkanethiol
modification of PDA (Lee et al.), who described dodecanethiol
(DDT)-on-PDA as a pseudo-SAM on the basis of CA
measurements.” However, it may have been overlooked that the
CA (DT 0n PDA) was = 20° less than that of well-ordered DDT SAMs
on Au (118°%).30113!1

We functionalized PDA to evaluate RPA with small OEG
compounds using MTOEG (2), similar to previous OEG compounds
known to engender protein resistance on Au substrates'!, and
DTOEG (3) — a new dithiol analog of the previous bissulfur
(bisthiolacetate) OEG, N,N(bis3 thioacetylpropyl)-3,6,9,12,15,18
hexaoxanonadecanamide, BTHA" (Figure 1A). The position of the
signal in the S 2p region of XPS spectra indicates that both the
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MTOEG and DTOEG are bound to the PDA via thioether (C-S-C)
bonds (B.E. 163.3 eV) [Figure 3A], as expected. Thiol coverage,
estimated from the areas under the S 2p peaks, indicates the surface
density of DTOEG as = 25 times higher than that of MTOEG (inset
Figure 3A). Film thickness increases from SE and XRR data support
the surprisingly large differential surface modification by DTOEG
indicated in the XPS data. The thickness increase after DTOEG
functionalization, by SE (4.2+0.6) nm (Figure 3B) and XRR (3.7 +
0.4) nm (Figure 1C), is significantly higher than that for MTOEG,
SE = (0.4+0.2) nm. From the SE data we calculated approximate
interfacial mass densities of 4.6 x 10° ng/cm® (DTOEG) and 44
ng/cm®> (MTOEG) on PDA. The higher interfacial mass density
achieved with dithiols maybe a general phenomenon as modification
with an alternative, methyl terminated dithiol OEG molecule'
(Figure 1C (4)) results in ellipsometric thickness on PDA (4.4 nm)
similar to that of DTOEG.
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Figure 3. (A) XPS S 2p spectrum of DTOEG (black solid line)
on PDA was fitted with Gaussian-Lorentzian line shape (broken
lines) for binding energy contributions at S 2p;,, and S 2p;,, with
an area ratio of 2:1 and binding energy difference of 1.2 eV, and
inset shows quantification of corresponding S 2p areas under the
peak, (B) SE thickness of DTOEG and MTOEG on PDA
substrates, (C) adsorption profiles of DTOEG on Au (brown)
and on PDA (black) and the horizontal black line represents the
maximum obtained SE thickness of DTOEG on PDA surfaces,
and (D) schematic illustration of DTOEG attachment on PDA by
a probable disulfide-mediated DTOEG multilayer structure
formation.

The SE thickness increase after MTOEG functionalization
on PDA, (0.4 + 0.2) nm (Figure 3B), is significantly lower than
MTOEG SAMs on Au, (1.3 = 0.08) nm,'* analogous to the lower SE
thickness found for ODT on PDA vs. Au (Figure 2E). In contrast,
the SE thickness increase after DTOEG functionalization on PDA,
(4.2 + 0.5) nm is strikingly higher than DTOEG SAMs on Au, (1.8 +
0.19) nm. Additionally, adsorption rates of DTOEG on Au and PDA
are significantly different (Figure 3C). A rapid initial adsorption is
observed on Au, attaining 90% of the maximum SE thickness (1.8 +
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0.19) nm in ~ 10 min. In contrast on PDA, a significantly slower
adsorption is observed, requiring ~ 6 h to attain the maximum SE
thickness increase [(4.2 £+ 0.5) nm]. This DTOEG thickness increase
is larger than expected for a simple monolayer on the basis of the
number of atoms in the molecule [24] from the sulfur (HS group) to
the oxygen (terminal OH group)]. Although a definitive structural
model of DTOEG-on-PDA remains to be established, we conjecture
the possibility of a DTOEG multilayer structure formation via in-situ
oligomerization of DTOEG molecules (Figure 3D). As mentioned
earlier that during PDA synthesis, oxidation of dopamine results into
multiple intermediate species comprising indole in different
oxidation states.’> One such intermediate species, semiquinone, has
been recently demonstrated by electron paramagnetic resonance
spectroscopy to be present in the PDA samples.”® Additionally,
previous studies have illustrated that semiquinone radicals can
transform thiols into thiyl radicals by abstraction of a hydrogen
atom.”* Based on these studies, we hypothesized that the presence of
semiquinone radicals in PDA films might also have an influence in
the thiol attachment process on PDA. In particular, DTOEG, due to
the presence of two thiol moieties on a molecule, may have multiple
reaction pathways available for PDA-mediated interactions, yielding
products such as thioether bond with randomly distributed
indolequinones on PDA by the aforementioned Michael-addition,
semiquinone-mediated DTOEG oligomeric species containing
disulfide bonds®* or thiyl radical formation at the PDA/solution
interface (details are in ESI). We propose that DTEOG-on-PDA is
comprised of small oligomers of DTOEG in which a DTOEG
molecule is chemically attached to the PDA surface via a thioether
bond, and the other thiol moiety is subsequently linked to DTOEG
through disulfide bonds (Figure 3D). In a preliminary experiment to
test for the presence of the disulfide-mediated DTOEG multilayer
structure, we introduced a disulfide bond reducing agent, tris(2-
carboxyethyl)phosphine (TCEP) [50 mM solution] to a DTOEG-on-
PDA surface. We observed a significant drop in the DTOEG
thickness to less than a simple monolayer thickness within 10 min,
suggesting degradation in the DTOEG multilayer due to reduction of
the disulfide linkage.

In order to probe the protein resistance of our OEG-functionalized-
PDA surfaces, we used fibrinogen (Fb), a rod-shaped blood plasma
protein, as a model protein. As shown in Figure 4, protein adsorption
on MTOEG-derivatized and non-derivatized PDA surfaces are
similar. This suggests that the low interfacial mass density of
MTOEG (44 ng/cm?) results in exposed PDA areas, allowing direct
protein-PDA contact and adsorption (Figure 4A upper schematic).®
In contrast, the DTOEG-derivatized PDA shows significantly higher
RPA to Fb (~ 3% binding response as compared to that on non-
derivatized PDA surfaces). Additionally, DTOEG-on-PDA exhibits
excellent RPA to fetal bovine serum (FBS, a complex mixture of
proteins), ~10% binding response as compared to that on non-
derivatized PDA surfaces. The ultra-low adsorbed amount of FBS
[(26 + 4) ng/cm?] is comparable to that previously reported for the
higher molecular weight PEG functionalization.”'® We further
explored the DTOEG functionalization by Fb-mediated PDA
substrate screening. As illustrated in Figure 4B, Fb adsorption
decreases linearly with increasing DTOEG mass density on the
PDA, tuned by varying the immersion times of the PDA in the
DTOEG solution [Figure 3C, maximum mass density (final SE
thickness) obtained at longer immersion times (> 6 h)]. Moreover,
aforementioned TCEP-reduced DTOEG-functionalized PDA surface
lost its protein-resistant property when exposed to Fb. Therefore, the
high RPA of the DTOEG-functionalized-PDA is attributed to
effective screening of underlying PDA (Figure 4A lower schematic)
due to the higher surface coverage enabled by the dithiol attachment
(Figure 3D).
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Figure 4. (A) Schematic illustration of protein interaction
with MTOEG and DTOEG on PDA surfaces, (B) plot of
Fibrinogen (Fb) adsorption as a function of DTOEG
interfacial mass density on PDA surfaces (mass densities were
normalized by dividing with maximum mass density of
DTOEG on PDA, and the solid line represents the linear fit of
the experimental data), and (C) in situ SE protein adsorption
studies using Fb and fetal bovine serum (FBS) on PDA with
and without thiols (MTOEG, DTOEG) modification. The
standard deviations are ~5% of the mean for all conditions.

We have developed a straightforward method for creating functional
materials based on substrate-independent PDA modification
followed by thiol functionalization and have demonstrated the
fabrication of protein-resistant surfaces using small organic
compounds at room temperature under aqueous conditions. We
conclusively show that small monothiols [HS(CH;);R, where R = an
oligo(ethylene glycol) segment] do not attain sufficiently high mass
density on PDA to provide protein adsorption resistance. However,
simply modifying the functionalizing approach to employ
compounds with a dithiol motif [(HS(CH,););CHR] results in
adequate coverage/screening of the underlying PDA. Expanding the
substantial library of small organosulfur compounds, now
commercially available for surface modification, to the dithiol motif
may empower PDA functionalization for diverse applications.'>*®
Future efforts will be directed towards developing an understanding
of the higher dithiols coverage and oligomerization on PDA
substrates, and extending the scope of PDA functionalization for the
fabrication of biomimetic constructs such as solid-supported bilayer
and tethered-lipid bilayer membranes.*”*®
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