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ABSTRACT: This study describes surface-assisted (SurfAst) urethane
polymerization, providing a modular/postfunctionalizable, biorepellent,
electroactive ∼10 to 100 nm-thick polyurethane (PU) interface on a gold
surface. SurfAst is a functionalization methodology based on sequential
incubation steps of alkane diisocyanates and alkanediol monomers. The gold
surface is functionalized by alkane diisocyanates in the first incubation step,
and our theoretical calculations reveal that while the isocyanate group atoms
(N, C, and O) at one end of the molecule exhibits strong interactions (∼900
meV) with surface atoms, the other end group remains unreacted. After the
first incubation step, sequential alkanediol and alkane diisocyanate
incubations provide formation of the PU interface. The extensive analysis of the PU interface has been conducted via X-ray
photoelectron spectroscopy, and the chemical mapping verifies that the interface is made of PU moieties. The topographical analysis
of the surface conducted by the atomic force microscopy shows that the PU interface consists of mostly a nanoporous texture with
150 nm total roughness. The adherence force mapping of the PU interface reveals that the nanoporous matrix exhibits an adhesion
force of about 14 nN. The electrostatic force microscopy characterizing long-range electrostatic interactions (40 nm) shows that the
PU interface has been attracted by positively charged species as compared to negative objects. Finally, it is demonstrated that the PU
interface is readily postfunctionalizable by polyethylene glycol (PEG 1000), serving as a biorepellent interface and preserving
electroactivity. We foresee that SurfAst polymerization will have potential for the facile fabrication of a postfunctionalizable and
modular biointerface which might be utilized for biosensing and bioelectronic applications.

The new-generation biosensors1,2 and implantable bio-
electronic systems3−5 have become an active research

field by growing interactions of humans and machines.6 Recent
advances correspond that the key to the success of the field are
mostly related to establishing, preserving, and sustaining
delicate balance at the interface between bio- and electronic
components.7 Therefore, the capabilities of interface engineer-
ing have been adapted to fabricate soft and stimuli-responsive
interface on metals or semiconductors which are the electronic
component of bioelectronic systems.8−13 The major challenge
for the functional bioelectronic interface appears to be
biofouling caused by irreversible adsorption by bio-macro-
molecules (proteins and DNAs). Here, “grafting-from”
methodologies such as surface-initiated atom transfer radical
polymerization (SI-ATRP) and activators regenerated by
electron transfer (ARGET) ATRP emerged as a suitable
approach to fabricate biorepellent polymer-functionalized
surfaces.14−17 In the last decade, the SI-ATRP methodology
has emerged as a useful strategy that provides unique
opportunities in surface and interface engineering. Earlier,
Pinto et al. have reported the fabrication of gate insulators of
low-voltage organic field-effect transistors (OFETs) in which
the insulator was made of ultrathin poly methyl methacrylate

brushes synthesized via ATRP.18 Recently, Ge et al. have
shown that modulating the Si surface via polymer brushes that
were synthesized by SI-ATRP facilitates the fabrication of
inkjet-printable OFETs.19

In a recent study, Joh et al. have exemplified that Al2O3,
ZrO2, and SiO2 dielectric-layered complementary metal oxide
semiconductors were modified by poly(oligo(ethylene glycol)
methyl ether methacrylate) brushes. They also showed that
polymer brush-modified biosensor platforms exhibit high
protein repellency and therefore maximizing performance of
sensing devices.20,21 Last but not least, Tang et al. have
presented that poly(oligo(2-alkyl-2-oxazoline)methacrylates)-
functionalized gold surfaces were exhibiting good antifouling
properties and utilized as the surface plasmon resonance sensor
interface.22 As highlighted in these studies, the laborious
degassing steps are a major disadvantage of SI-ATRP that
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limits the applicability. On the other hand, air tolerant
methodologies are emerging as an alternative approach to SI-
ATRP. Yeow et al. have reviewed numerous recent studies that
were reporting the pros and cons of air-tolerant controlled
living radical polymerization methodologies.23 Jeong et al.
recently presented the air-tolerant SI-ARGET ATRP method
for the polymerization of sulfobetaine acrylamide on gold,
glass, stainless steel, and ITO surfaces. It is shown that the

poly(SBAA)-functionalized gold surfaces exhibit 12−14%
protein adsorption.24 In another study, Hong et al. have
shown polymerization of carboxybetaine by SI-ARGET ATRP
to fabricate ultralow fouling gold surfaces.25 Although SI-
ATRP and SI-ARGET ATRP methods are effective method-
ologies to modify the surface of metals, semiconductors, and
high dielectric metal oxides, they still require laborious steps of

Scheme 1. SurfAst Polymerization Requires Monomer (HDI) Incubation on Gold at First Step; Then, Consecutive Urethane
Condensation Reaction Takes Place between HDI and Second Monomer (1,4-BDO) at the Solution−Substrate Interface; the
Multiple Sequential Incubations Yield the PU Layer, and the Final Step Illustrates Post Modification of the PU Layer by PEG

Figure 1. (a) Representative illustration of diffusing HDI molecules with vertically and horizontally aligned NCO atomic groups toward the
Au(111) surface. The possible adsorption sites are signified by colored dots in the top view of the Au(111) surface. (b,c) Top and side views of
optimized HDI molecules with different NCO orientations against the Au(111) surface and their calculated binding energies for each adsorption
site. (d,e) XPS spectra of C 1s and N 1s after HDI incubation.
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polymerization which may be considered as disadvantageous
for practical biosensing applications.26

In this study, we describe surface-assisted (SurfAst) urethane
polymerization, yielding a thin polyurethane (PU) interface on
the gold surface. This new surface functionalization method-
ology does not require inert conditions, degassing, or even
high-cost catalysts that limit the feasibility.
The SurfAst propagates by sequential incubation steps of

substrates in monomer solutions at ambient conditions. The
formation of the PU interface by SurfAst polymerization on the
gold surface is shown in Scheme 1. The first step is initiated by
hexamethylene diisocyanate (HDI) incubation in the presence
of the dibutyltin dilaurate (DBTDL) catalyst, providing the
isocyanate-functionalized gold surface. Seemingly, isocyanate
group atoms (N, C, and O) at both ends of HDI have an equal
tendency to interact with the gold surface. Our density
functional theory (DFT)-based calculations clearly revealed
that adsorption of the HDI molecule through N, C, and O
atoms, exhibiting varying potentials on the Au surface.
As shown in Figure 1a, possible adsorption sites were

selected which were described as top-site, hcp-site, fcc-site, and
bridge-site, to understand how a single HDI molecule is
adsorbed by the Au(111) surface. It is considered to be
necessary to investigate the effect of NCO orientation on the
adsorption characteristics of the HDI molecule to get a clear
knowledge between the HDI and Au interface. Therefore, first,
the HDI molecule is settled at possible adsorption sites relative
to the oxygen atom of the NCO group that aligned vertically
on the surface. Later on, the orientation of the NCO group is
changed parallel to the surface and positioned on sites relative
to the nitrogen atom. According to the calculated binding
energies, as represented in Figure 1b,c, the favorable

adsorption point is found to be the top-site for each
configuration of the HDI molecule. Besides, it is also revealed
that the HDI molecule reaches its most favorable energy
configuration when the NCO atoms at one end is horizontally
aligned to the surface, while the aliphatic chain is positioned
perpendicular to the surface. This may be attributed to the
tendency of the N atom to interact with the topmost Au atom
and followed by collective organization of neighboring
aliphatic chains. Here, the high binding energies indicate that
much stronger forces exist between the HDI and Au(111)
interface than the van der Waals-type weak interactions. Based
on DFT results, the N atom at one end of the HDI molecule
interacts to the Au surface strongly, while the other end group
NCO remains free.27 The further DFT analysis points out that
the bond between N and Au is of partially covalent and
metallic character (see Figure S1). After step one, the X-ray
photoelectron spectroscopy (XPS) analysis is carried out. The
C 1s spectrum, as shown in Figure 1d, deconvoluted into five
peaks. The peak at 284.99 eV (FWHM: 1.2) corresponds to
C−C aliphatic carbons. Carbon bound to nitrogen (C−N) and
C−O is assigned to 285.99 (FWHM: 1.46) and 287.56 eV
(FWHM: 0.5), respectively. The peak located at 288.72 eV is
assigned to the NCO groups (FWHM: 0.72), and the
high binding energy peak at 289.03 eV (FWHM: 1.57) is
attributed to NHCOOM. In Figure 1e, N 1s spectra are
deconvoluted to two peaks at 399.64 (FWHM: 1.35) and
400.43 eV (FWHM: 1.78), corresponding to the NCO
groups and NHCOOM, respectively.28,29 These results assure
that the Au surface has functionalized by HDI by completion
of step one. At the second step, the isocyanate-functionalized
gold surface is then incubated with 1,4-butanediol (1,4-BDO)
to form a urethane bond. In this study, the resultant PU

Figure 2. (a,b) AFM height image and profile of 11-mercapto-1-undecanol micropattern-passivated Au; (c,d) AFM height image and profile after
eight steps of SurfAst polymerization; (e) 3D chart view of (c) and cross-section (black dashed line); (f) SEM images of SurfAst-modified gold
substrate; (g) RAMAN spectrum of the surface inset: magnified view of the fingerprint region.
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interface on the gold surface is obtained by eight steps (four
sequential condensation reactions; see the schematic 1 for each
steps). At the end of the eighth step, a highly mixed hydrogen
bonding system potentially is formed that consists of both
short and more propagated PU chains. Additionally, free
urethane species may bridge the surface-linked PU by
assembling more chains through strong hydrogen bonding.
Figure 2a,c shows the gold surface before and after SurfAst

polymerization reactions. Prior to SurfAst polymerization, the
gold surface was passivated (micropatterned) by 11-mercapto-
1-undecanol to facilitate determination of thickness via atomic
force microscopy (AFM). In Figure 2a, the height image of the
11-mercapto-1-undecanol-passivated gold surface is shown; the
average height distribution of 2.5 nm was found (Figure 2b).
This height distribution (2.5 nm) refers to the perfect packing
of 11-mercapto-1-undecanol molecules that may avoid non-
specific interaction of diisocyanate by the passivated surface.
Figure 2c shows the AFM image of the gold surface after eight
steps of incubations (four sequential reactions between 1,4-
BDO and HDI). As seen in this figure, the PU interface has
characteristic nanoporous structures and is homogeneously
distributed with a sharp border pattern on the gold surface.
The average height distribution of the PU interface at the
nonpassivated area was found to be ∼70 nm (height profile
shown in Figure 2d). The formation of the nanoporous
structure may be attributed to stimulated hydrogen bonding
between urethane chains which provide collective interchain
interactions. The 3D map presented in Figure 2e shows

topography of the nanoporous structure, and the height profile
reveals that average surface roughness is 150 nm.
The scanning electron microscopy (SEM) image of the gold

surface (Figure 2f) reveals that the nanoporous structure is
homogenously distributed in a large area. It has been found
that at least eight steps are required to obtain the nanoporous
structure interface in the SurfAst polymerization. This result
shows that PU functionalization by SurfAst polymerization
may accomplish a perfect interface nearly 0.25 cm2 area.
Moreover, the light microscopy images, as shown in Figure S3,
demonstrate that the large-area interface was readily provided
by SurfAst polymerization. The functional group analysis has
been performed by Raman and Fourier-tranform infrared
(FTIR) spectroscopies. The Raman spectra of the surface, as
shown in Figure 2g, demonstrate asymmetric aliphatic C−H
stretching at 2907 cm−1, symmetric stretching at 2873 cm−1,
C−H bending vibration band at 1445 cm−1, and CHN group
vibration at 1490 cm−1. Hydrogen bond-associated secondary
urethane (−HN−CO−O−) N−H stretching was found at ca.
3330 cm−1 and secondary amide CO stretching (solid
phase) at ca. 1625 cm−1. The peak observed at 1130 cm−1 was
assigned to urethane-attached C−H deformation.30,31 The
Raman spectrum verifies that the nanoporous structure was
made of urethane bonds. As pointed out by Kojio et al., the
FTIR investigation of thin PU films exhibits two characteristic
peaks at 1704 and 1730 cm−1 that are assigned to the
hydrogen-bonded carbonyl stretching band and free one,
respectively.32 We have also conducted FTIR characterization

Figure 3. (a,b) AFM images of the nanoporous structure and rodlike domains after SurfAst polymerization; (c) adherence force mapping of the PU
interface (rectangle black dashed); (d) adhesion force profile (horizontal white dashed line); and (e) distribution of the adherence force of region I
(left), region II (middle), and region III (right).

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.9b03922
Langmuir 2020, 36, 6828−6836

6831

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b03922/suppl_file/la9b03922_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03922?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03922?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.9b03922?ref=pdf


of our PU interfaces (see Figure S5) that shows two
characteristic peaks at 1734 and 1699 cm−1. The peak
intensities at 1699 cm−1 slightly decrease as the number of
steps increases, referring to hydrogen-bonded carbonyl
stretching marginally decreasing. In general, the five absorption
bands are observed nearly at 1740 and 1730 cm−1 for free
carbonyls and 1725, 1713, and 1702 cm−1 for hydrogen-
bonded carbonyls.33,34 The remaining three peaks were
assigned at 1708 and 1718 cm−1 for hydrogen-bonded
carbonyl, and 1750 cm−1 bands for free carbonyl. In particular,
1708 cm−1, NH···O−C, and 1718 cm−1, binary NH···O−C,
was assigned to hydrogen bonds between the hard segments.
These results show that there are at least three types of
hydrogen bonds in the structure (see the Supporting
information S5). We concluded that the presence of
hydrogen-bonded carbonyls may be attributed to the
interacting urethane moieties.
Here, we concluded that the yield of SurfAst polymerization

reaction depends on the increasing number of incubations. At
initial steps, (up to step three), the surface may be
supersaturated by adsorption of the monomers; therefore,
low-molecular weight oligo−urethanes are formed, yielding a
low height profile. Contrary to initial steps, between sixth to
eighth steps, the urethane condensation reaction yields
polymer at the interface and therefore exhibits a 70 nm height
profile.
The AFM characterization shows that the nanoporous

structure exhibits some heterogeneous rodlike domains. In
Figure 3a,b, the AFM image of the PU interface reveals rodlike
domains besides the nanoporous structure. The formation of
rodlike domains may be attributed to parallel stacking of

urethane groups via hydrogen bonding between neighboring
CO···H−N. As reported by Check et al., a linear molecular
structure of urethane monomers induces such parallel
stacking.35 Mishra et al. had also reported that linear
isocyanate-containing PU exhibits microcluster structures
made of parallel stacking of urethane groups.36 As explained
earlier by Yilgör et al., the symmetry of urethane monomers
(HDI/BDO) contributes to the strong interaction of hard
segment contents, thereby increasing hydrogen bond strength.
Therefore, we assume that the symmetry of urethane
monomers contributes the formation of rodlike domains.37,38

The rodlike domains in the PU interface may be considered as
heterogeneous domains that may influence interfacial proper-
ties. Therefore, to understand the effect of rod and nanoporous
structures on interface properties such as the antifouling
property, adherence force measurements have been performed.
Figure 3c shows adherence force mapping of the PU interface
including both rodlike domains and nanoporous structure. The
adhesion value of the rodlike domains is 13.30 nN and for the
nanoporous structures, it is 14.36 nN (Figure 3d,e). This result
assures that the nanoporous structure exhibits a uniform
adhesion profile through some structural inhomogeneities such
as rodlike domains.
XPS analysis was performed to obtain the binding energies

and chemical mapping of the PU nanoporous structure on the
gold surface. The C 1s spectrum is shown in Figure 4a. C−
(C−H) species at 284.8 eV are dominant, and the minor peak
at 283.5 eV is present; 286.0 eV corresponds to ether carbon
C−O(CO), 288.35 eV refers to the N−(CO)−O
carbamate group. The N 1s spectrum exhibits a sharp peak
at 399.4 eV (OC)−N (Figure 4b), while the O 1s spectrum

Figure 4. (a) XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s chemical mapping results of (d) C 1s, (e) N 1s, and (f) O 1s after SurfAst
polymerization; (g) XPS chemical mapping of the PU interface.
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shows a peak at 531.4 eV (FWHM: 1.24 eV), corresponding to
group C−(CO)−O; the peak broadening toward higher
energy (532.5 eV) may refer to ether oxygen in C−(CO)−
O in Figure 4c.39−41 XPS chemical mapping of the PU
interface is shown in Figure 4d−f results (500 × 400 μm) blue,
green, and red regions refer to the sum concentration
distributions of C 1s, N 1s, and O 1s of the PU interface on
the gold surface. The chemical abundance of carbon, oxygen,
and nitrogen was analyzed based on the ratio of black to
colored regions, and it demonstrates that carbon was found to
be the most abundant on the surface as compared to oxygen
and nitrogen. As shown in Figure 4g, XPS chemical mapping is
consistent with AFM topography mapping, and this result
proves that the nanoporous structure is made from PU.
The electrostatic interactions are assumed to be long-range

interactions that play a pivotal role in the case of protein

adsorption. Here, we aimed to mimic the attraction profile of a
charged object (protein) by the nanoporous surface. There-
fore, we performed electrostatic force microscopy (EFM)
imaging, as shown in Figure 5a to monitor the electrostatic
interactions between charged species and nanoporous surfaces.
The EFM tip has been positioned above 40 nm to the PU
surface and charged by applying 0, +1, and −1 V. Figure 5b
represents the EFM (phase shift) measurement for three
different voltages applied to the tip. In Figure 5b, Vtip is set to
−1 V, causing a 0.49° phase shift between the polymer and
gold layer. When Vtip is set to +1 V, it results in a 1.57° phase
shift between the polymer and gold layer. These results
demonstrate that positively charged species prone to interact
with the surface because they induce long-range electrostatic
interactions as compared to negatively charged species.42

Figure 5. (a) EFM image after SurfAst polymerization with −1, 0 and +1 V, respectively; (b) phase-shift profiles.

Figure 6. (a) Fluorescence image of the PU-functionalized surface with Texas Red-conjugated bovine serum albumin (BSA-T) adsorption of PU;
(b) PEG-end PU-functionalized surface; (c) fluorescence intensity of PU and PEG-end PU-functionalized surface; (d) cyclic voltammogram of
bare gold and PU-functionalized surface measured against Ag/AgCl (3 M KCI) (scan rate: 10 mV/s to 0.01 M phosphate buffer (pH: 6.8)1 mM
K4Fe(CN)6).
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The XPS and AFM results prove that surfAst polymerization
yields uniform PU made up of the nanoporous interface which
provide homogeneous surface properties in large areas. The
methodology described here shows that nanoporous PU may
be designed as a postfunctionalizable interface and may serve
as a modular platform depending on end use. As a proof of this
concept, we have shown the postfunctionalization of poly-
ethylene glycol (PEG 1000) on PU. Figure S9 shows the
attenuated total reflection spectra prior and post modification
of PEG, exhibiting an increase in intensity of C−O−C
stretching at 1100 cm−1 and decrease in intensity of NCO
stretching at 2250 cm−1. The yield of PEG functionalization
was found to be ∼30% (calculation details are given in the
Supporting Information section). This result refers to
accomplishment of PEG functionalization. Figure 6a is the
fluorescence image of the PU-coated surface after incubation
with BSA-T. It demonstrated that uniform protein adherence
occurs on the PU interface. In contrast, after PEG
functionalization, a significant drop in fluorescence intensity
of BSA-T has been observed (Figure 6b) which proves the
efficient functionalization of the PEG layer on PU. As shown in
Figure 6c, the total fluorescence intensity has been lowered
nearly 10 folds by the PEG-end PU surface. This result
demonstrated that postfunctionalization of the PU interface
has been accomplished, and the PEG layer exhibits an efficient
protein repellent property. Finally, we have conducted cyclic
voltammetry measurements for the PEG-end PU surface;
Figure 6d shows the electroactivity of the PU-functionalized
surface, where PU thickness is about 70 nm; it displays 11 μA
of peak current. It assures that the PU-functionalized Au
surface is electroactive.
In summary, we have demonstrated that a novel gold

functionalization methodology named SurfAst urethane
polymerization is suitable for utilization of the nanoporous
polymer interface on a solid substrate. The described
methodology provides a postfunctionalizable, modular ∼10
to 100 nm-thick PU interface on the gold surface. The PU
interface consists of nanoporous structures with some rodlike
domains. EFM monitoring has showed that the PU interface
was found to be more attractive by positively charged species
as compared to negatively charged species. We also
demonstrated that the nanoporous PU interface was
postfunctionalizable by PEG and served as the protein
repellent surface. The methodology is holding a great promise
of easy fabrication of an electroactive, antifouling biointerface.
In this study, we described the PU interface on the gold surface
obtained by the SurfAst polymerization method, but further
studies on the other noble-metal and high-κ metal oxide
surfaces are ongoing.

■ EXPERIMENTAL SECTION
11-Mercapto-1-undecanol, poly(ethylene glycol) (Mw: 1000 Da), 1,4-
BDO, HDI, acetone, and DBTDL 95% were purchased from Sigma-
Aldrich and used as received without further purification. T-BSA was
purchased from Thermo Fisher.
Theoretical Calculations. The adsorption of the HDI molecule

on the Au(111) surface is investigated by carrying out the DFT
method conducted in the Vienna Ab initio Simulation Package
(VASP)43,44 related to projector augmented wave45 pseudopotentials.
Exchange−correlation energy of the system is approximated by the
generalized gradient approximation functional developed by Perdew−
Burke−Ernzerhof,46 and weak dispersion forces are corrected by
including the DFT-D2 method of Grimme47 that enables to identify
more accurate correlation energies. Cut-off energy for the plane−wave

basis set is limited with 500 eV, and the 2 × 2 × 1 k-point mesh is
found to be efficient to integrate the Brillouin zone of the system.
Partial occupancies are determined according to the Gaussian
smearing method which smears the Fermi level with a width of
0.05 eV. For a realistic model of the Au(111) surface, a rectangular
conventional cell is constructed, cutting the unit cell of the bulk Au
crystal from the (111) lattice plane. Later on, the created unit cell is
enlarged to a 5 × 3 × 1 supercell, and the vacuum spacing along the z-
direction is increased to 30 Å to avoid the neighboring interactions in
adsorption calculations. Before structural relaxations, the HDI
molecule is settled 2.5 Å above from the topmost layer of the relaxed
Au(111) surface. After the structural optimization of the HDI−
Au(111) system, binding energies are calculated by using the equation
Ebinding = EHDI + Esurface − EHDI+Au(111). While EHDI and Esurface stand for
the total energies of the bare Au(111) surface and HDI molecule,
EHDI+Au(111) stand for the total energy of the HDI + Au(111) system.

Atomic Force Spectroscopy. Nanosurf AFM (Stat0.2LAuD,
static force) was used for topographical characterization of gold
surfaces. Electrostatic force microscopy was employed to characterize
the electrostatic behavior of PU interface. The EFM measurement was
conducted in contour mode (tip altitude was fixed 40 nm above from
the surface), at ambient temperature. The data analysis of nano-
mechanical characterization was conducted from 0.25 μm2 region by
SPIP 6.7.8 and AtomicJ software. The surface morphology of the gold
surfaces was examined by using the Quanta 250 FEG scanning
electron microscope.

Raman spectra (MonoVista-Princeton Instruments) were recorded
in a spectral range between 700 and 3700 cm−1 using 532 nm laser to
observe PU functional groups on the gold surface. The measurements
were taken in combination with a 100× microscope objective.

X-ray Photoelectron Spectroscopy. XPS mapping analyses
(500 × 400 μm) were performed at a pass energy of 30 eV. An Al Kα
monochromatic (1486.68 eV) beam was used with a spot size of 30
μm (3 number of scans). XPS point analyses were conducted with
400 μm spot size. The gold surface is prepared by the following
procedure: HDI (160 mM) and DBTDL (90 × 10−3 mM) were
dissolved in the 2 mL acetone solution. The gold surface was
incubated in acetone at 40 °C for 30 min. After incubation, the gold
was sonicated with acetone thoroughly three times.

Gold Surface Preparation. Gold (Au) substrates (1 cm2) were
cleaned by the RCA cleanser that contains deionized water (DI), 30%
hydrogen peroxide, and 27% ammonium hydroxide (5:1:1 per
volume) at 80 °C for 30 min. Gold surfaces were rinsed with excess
DI water and dried by N2 blowing.

11-Mercapto-1-undecanol was used for gold surface passivation.
Polydimethylsiloxane stamp was incubated in 1 mM 11-mercapto-1-
undecanol in ethanolic solution for 5 min. The stamp was dried by a
jet of nitrogen. The stamp was placed on the gold surface by applying
slight pressure to ensure good contact and passivated to the surface.
The stamp remained in contact for 5 min, and the gold surface was
rinsed with plenty of EtOH (Figure S10).48

SurfAst Urethane Polymerization. Generally, SurfAst polymer-
ization was carried out by the dip-coating process after passivation
with 11-mercapto-1-undecanol on the gold surface for the
determination of thickness via AFM. 1,4-BDO and HDI concen-
trations were prepared equimolar (80 mM) in the acetone solutions.
DBTDL (4.5 × 10−2 mM) was used as the catalyst in the PU reaction.
The functionalized gold was incubated with HDI in acetone at 40 °C
for 20 min. After every incubation step, the gold was sonicated with
acetone thoroughly three times. Then, gold was incubated with 1,4-
BDO in acetone at 40 °C for 20 min. Also, at the end of the eighth
step, the theoretical molecule length was calculated to be around 9 nm
(see Figure S11).

Protein Absorption Assay. PEG 1000 was added to the top of
the layer of 1,4-BDO/HDI to further investigate the effect of PEG
1000 on the hydrophilicity property of a gold surface that can be
tailored in a controlled manner. After passivated with 11-mercapto-1-
undecanol, 1,4-BDO/HDI SurfAst polymerization was carried out on
the gold surface. PEG 1000 reacted with HDI at the end of the fourth
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step to enlighten the effect of PEG (PEG 1000) on antifouling
properties.
PEG-end PU and PU-end gold surfaces were incubated with BSA-

T in 1 mg/mL concentration in 1× PBS for 3 h at room temperature.
After incubation, the gold surfaces were rinsed five times with 1×
PBS. Fluorescence imaging of the gold surfaces was performed using
Zeiss fluorescence microscopy with an exciting wavelength of 541 nm.
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