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Abstract: Gold nanoparticles (AuNPs) have been widely investigated as surface modifiers; never-
theless, most methods still require the pretreatment of surfaces and several steps to control coating
efficiency and patterns for improved functionality. We developed functionalized AuNPs through
borate-protected dopamine (B-AuNPs). The simple activation of B-AuNPs with a strong acid to re-
move the protected borate groups produces adhesive dopamine AuNPs (D-AuNPs). D-AuNP-coated
surfaces with varied but controlled features and properties such as coating density and surface pattern
were achieved using D-AuNPs with a precisely controlled dopamine density and coating conditions.
Such adhesive and easily manipulated AuNPs provide a facile and time-saving technology to achieve
sophisticated surface coatings using AuNPs.

Keywords: patterned coating; gold nanoparticles; dopamine; adhesive nanoparticles

1. Introduction

Nanoparticles possess different properties compared to bulk materials, making them
applicable in various areas. Among the abundant types of nanoparticles, noble metals,
especially gold nanoparticles (AuNPs), have been intensively investigated, as they present
distinct absorbance and fluorescence from visible to the near-infrared (NIR) region [1,2],
potential for several types of functionalization [3], easily manipulated synthesis [4,5], and
biocompatibility [6]. These properties endow AuNPs with great potential for numerous
applications such as sensing, cancer therapy, antimicrobials, enzymatic mimics, and surface
modifications [7–12]. AuNP-modified surfaces play important roles in various areas. For
example, AuNP-coated surfaces are widely used in medical devices to prevent potential
infections and biofilm generation [13,14]. Furthermore, they are used to obtain better
optical properties and surface conductance [15–17]. Thus, AuNPs provide an excellent
platform for surface functionalization.

To obtain modified surfaces for AuNP immobilization, the treatment of AuNPs and
surfaces proceeds normally. Physical methods such as metal evaporators and electron
beam evaporation are employed to apply gold on substrates [18,19]. The pretreatment of
surfaces includes amine- or sulfur-functionalized substrates, a sputtered gold layer, and
then blocking by hexane-1-thiol, polymer graft, or an adhesive layer on the surface [19–22].
Alternatively, reducing surfaces in situ to reduce gold ions to AuNPs can also be per-
formed [23]. Post-treatment includes using Nafion to hold AuNPs after deposition or
simply heating the surface for stronger immobilization [24,25]. Moreover, using linker
compounds such as 1,9-nonanedithiol to continuously adhere AuNPs on surfaces has also
been reported [26].

Surface-modified AuNPs have also been intensively investigated to expand their
usage and to overcome limitations. Functionalized AuNPs include different sizes and
ligands contributing to various areas, especially sensing and biomedical applications [27,28].
Small molecule [29], antibody, and nucleic acid modifications provide novel detection
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and specific therapeutic possibilities [30,31]. Numerous methods were developed for
AuNP surface engineering such as using sulfur-containing ligands, phosphine, amine,
polymers, or other adhesive ligands [32]. Other methods, such as mechanical extrusion,
N-hydroxysuccinimide-activated ester, and electrostatic adhesion, were also reported
in [33,34]. Among these strategies, sulfur–Au bonds are commonly selected [35–37].

In this research, dopamine was selected as a surface anchor for AuNPs, inspired by
mussel byssus [38,39]. The catechol group of dopamine can involve many reactions and
is the essential component of adhesivity [40,41]. Carbon disulfide (CS2) was linked to the
primary amine of dopamine, introducing rapid and robust interactions with AuNP sur-
faces [42,43]. As the catechol group of dopamine was protected by forming dithiocarbamate
(B-DDTC), this resulted in colloidal-stable self-adhesive AuNPs. Such borate-protected
AuNPs (B-AuNPs) can be activated by concentrated hydrochloric acid (HCl) to become ad-
hesive AuNPs (D-AuNPs) for manageable surface coatings. The coating patterns using such
adhesive AuNPs can be manipulated and tuned by controlling dopamine density-varying
AuNP concentrations (Scheme 1).
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Scheme 1. Pattern-controlled coating mechanism. (a) Patterned coating manipulated through the
dopamine amount on the AuNP surface and AuNP concentration in the coating system. (b) Sideview
scheme of different aggregation levels.

This new approach provides a faster and simpler method for nanoparticle immobi-
lization, reducing the processing time and complexity, and has the potential for various
applications that require diverse AuNP surface coating.

2. Materials and Methods
2.1. B-AuNP Synthesis and Characterization

AuNPs were synthesized by employing a previously developed method from gold
(III) chloride (HAuCl4), using sodium borohydride (NaBH4) as the reducing agent [43].
First, 1 mM of HAuCl4 in 10 mL Milli Q water was prepared. Then, 0.627 mg NaBH4
was weighed and made into a 600 µL aqueous solution with Milli Q water. The fresh
NaBH4 solution was added into the HAuCl4 solution dropwise under vigorous stirring and
reacted for at least 2 min. The light-yellow solution then turned into a wine-red color bare
AuNPs solution, and the bare AuNPs were obtained. Then, dopamine monohydrochloride
was dissolved in 1.5 mL of a pH 10 borate buffer (0.1 M Na2B4O7·10H2O, 50 mM NaOH,
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0.1 M NaCl), and the dopamine amount was adjusted as desired. The reaction mixture
was then sonicated for 5 min to get borax protected dopamine. After that, 10 µL CS2 (for
26.4 mg dopamine) was added and sonicated for another 10 min until cloudy precipitation
acquired. The 1.5 mL of borate-protected dopamine dithiocarbamate (B-DDTC) solution
was added to a previously prepared bare AuNP solution, and the mixture was stirred at
room temperature for more than 15 min to obtain B-AuNPs. Basic physical characterization
was achieved via UV–vis spectroscopy (BioTek, Winooski, VT, USA, µQuant microplate
spectrophotometer and Agilent 8453 spectrophotometer) and dynamic light scattering
(DLS, Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK) for hydrodynamic diameter
and zeta potential. As prepared B-AuNPs were diluted in ultra pure water 10 times before
proceeding DLS in order to avoid error caused by solution color and absorbance. B-AuNPs
were harvested from reaction mixture by solvent exchange by adding same amount of pure
ethanol followed by centrifugation at 3000 rpm for 20 min. Resulted supernatant were
collected to monitor DDTC binding efficiency, and B-AuNPs were resuspended in desired
solvents such as 70% ethanol/water solution, water, etc.

2.2. Adhesive AuNP Activation and Controllable Surface Coating

As-prepared borax-protected dopamine dithiocarbamate functionalized gold nanopar-
ticles (B-AuNPs) were activated prior to surface coating by washing with Milli-Q water
adjusted to pH 3 using concentrated HCl. This removes the borax protection from the
dopamine ligands on the nanoparticle surface. The B-AuNPs were gently shaken in acidic
solution for 30 min at room temperature followed by centrifugation at 3000 rpm for 20 min,
DDTC-AuNPs were washed again using pH 3 water and resuspended in a desired solvent
such as 70% ethanol/water solution, water, etc. Coating substrates include silicon wafer,
cover slides and well-plates were immersed into D-AuNPs in a 70% ethanol/water solution
for various time periods and in different concentration to control coating patterns, then
rinsed with a 70% ethanol/water solution, and air-dried. Scanning electron microscopy
(SEM, Zeiss Auriga small dual-beam FIB-SEM, Oberkochen, Germany) images of DDTC-
AuNP coated silicon wafer samples were obtained at an accelerating voltage of 3 kV and a
working distance at 3 mm. Gold sputter coating was not necessary to image the nanopar-
ticles since they are electron dense. Surface morphology and height measurements were
conducted using an atomic force microscope (AFM, Bruker’s BioScope Resolve BioAFM,
Billerica, MA, USA). AFM measurements were carried out with 10 × 10 and 1 × 1 µm scan
areas. AFM images were taken in the tapping mode using a standard force modulation
AFM probe (HQ:NSC19/Al BS) with D-AuNPs coated silicon wafers.

2.3. Image Process and Statistical Analysis

The SEM images of the DDTC-AuNPs coatings were processed using ImageJ Fiji
(version 2.15.0) software to extract nanoparticle size and density across the substrate sur-
faces. The AFM images acquired of DDTC-AuNP coated substrates were analyzed using
NanoScope Analysis software (version 2.0) to process the surface morphological data and
quantify parameters such as surface roughness. The hydrodynamic size distribution and
zeta potential data collected from DLS measurements were processed with the instrument’s
software (Zetasizer software version 8.02) to obtain statistical size information includ-
ing the size distribution and polydispersity index (PDI) as well as zeta potential values.
All data gathered, including SEM, AFM, and DLS, were plotted using OriginPro 2021
(version 9.8.0.200) and analyzed with built-in statistical analysis toolkit.

3. Results and Discussion
3.1. Synthesis of Dopamine-Grafted AuNPs with Varied Dopamine Densities

Grafting dopamine to the surfaces of AuNPs was accomplished through a dithiocarbamate-
based AuNP functionalization approach using carbon disulfide (CS2) of good stability
and efficiency [42]. To avoid potential interference and auto-oxidation, the catechol group
of dopamine was protected with borate prior to the reaction. The resulting AuNPs were
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named as B-AuNPs. Four types of B-AuNPs with varied dopamine-to-Au molar ratios were
synthesized and comprehensively investigated. The dopamine amounts used here were
13.2, 19.8, 26.4, and 39.6 mg, given 0.07, 0.105, 0.14, and 0.21 mmol. This produced different
dopamine to Au precursor molarity ratios a total of 7, 10.5, 14, and 21 times in original
reaction mixture. Thus, the corresponding B-AuNPs acquired were labeled as 7-B, 10.5-B,
14-B, and 21-B AuNPs, although the final ratio would vary. The absorption spectroscopy
and dynamic light scattering (DLS) were employed to confirm the successful dopamine
grafting on AuNPs. The UV–vis spectrum detected the surface plasmon resonance (SPR)
of AuNPs, which reflected their surface properties, sizes, shapes, and aggregations [44].
The attachment of dopamine to the AuNP surfaces led to a change in the maximal peak
position and shape in UV–vis spectrum. The introduction of dopamine made the peak
position shift further to the red-light area (Figure 1a), from 527 nm for the bare AuNPs to
540 nm for the 21-B AuNPs. The shifted peak wavelengths were linear with the [dopamine:
Au] molar ratio. The absorption peak of the bare AuNPs was observed at 527 nm, while
the peak of the B-AuNPs was located 1–8 nm further from the bare AuNP peak on average.
The peak for 21-B AuNPs were observed at 540 nm. The increased part compared to
bare AuNPs was linear to the concentration ratio of dopamine and Au, with an R2 = 0.99
(Figure 1b). The B-AuNPs in the original solutions showed a clear color change from red to
purple, providing a visual indication of a successful modification (Figure 1a). To further
confirm the production of dopamine dithiocarbamate (DDTC) and its binding efficiency to
AuNP surfaces, representative peaks of dopamine and DDTC were monitored by UV-range
spectroscopy (Figure 1c). Free dopamine showed its typical peak at 280 nm while DDTC
shifted this peak close to 287–290 nm. The supernatant after the B-AuNPs were harvested
by centrifugation also detected a DDTC peak with about half intensity. Considering the
same dilution level was used during the UV spectroscopy, the ligation of DDTC to AuNPs
was successful but the efficiency can be improved. In case of solvent affect optical spectrum
accuracy, the UV-vis spectrums of dopamine and DDTC were obtained both in water
and 50% ethanol/water solution to obtain comparable data especially for supernatant of
B-AuNPs washed with ethanol.

The hydrodynamic diameters (dH) of the B-AuNPs were also tested using DLS, which
accurately reflected the ligand conjugation status on AuNPs, especially the spherical
particles [45]. Unlike the UV–vis spectrum results, the hydrodynamic diameter of B-
AuNPs kept decreasing along with incremental dopamine amount, indicating increased
diffusion coefficients in aqueous condition (Figure 1d). This is in agreement with the
fact that borate has extremely hydrophilic molecules and can be easily solvated by water
molecules in solution, thus, endowing the B-AuNPs with great stability and solubility.
Such intensive interactions with water molecules result in elevated diffusion speed and
reduced dH, because of the inverse proportional relationship between dH and diffusion
coefficients. With varied surface modifier amounts, the B-AuNPs presented close but
statistically different dH with unchanged core sizes (Figure 1d). The number distribution
curve represented typical B-AuNPs dH range; such sharp peaks suggest good size unity
(Figure 1e).

Following the synthesis of B-AuNPs, pH 3 water adjusted with concentrated hy-
drochloric acid (HCl) was used to remove borate protection and to release the active
catechol group of dopamine without affecting DDTC stability and conjugation on AuNPs,
leading to bio-adhesive AuNPs (D-AuNPs) [42]. Following the naming of the B-AuNPs,
D-AuNPs with different dopamine amounts were named according to their precursors
(7–D, 10.5–D, 14–D, and 21–D AuNPs). D-AuNPs exhibited good dispersion stability if
resuspended in 100% ethanol or 70% ethanol/water solution. However, unlike B-AuNPs,
D-AuNPs in water showed significantly shifted and wide peaks with a long wavelength
(Figure 2b), evidenced by the formation of small but evenly distributed AuNP clusters. The
D-AuNPs of different dopamine densities were easily distinguished from bare AuNPs and
each other in the 70% ethanol/water solution according to solution colors (Figure 2c). Since
the D-AuNPs were reactive, they did not exhibit great dispersity for DLS measurement,
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and the core size was acquired from SEM images. The D-AuNP size was mostly distributed
in the 6–10 nm range, and there was no significant difference between each group at p < 0.05
(Figure 2c). In addition to the DLS result of B-AuNPs, DDTC modification was successfully
achieved on AuNP surfaces on various levels without affecting core structures.
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Figure 1. Dopamine-modified AuNP characterization using a UV–vis spectrum and DLS. (a) UV–vis
spectrum of different B-AuNPs and bare AuNPs in the original synthesis solution; picture of B-AuNPs
in the original reaction solutions, from left to right: bare AuNPs, 7–B, 10.5–B, 14–B, 21–B AuNPs.
(b) Linear fit of B-AuNP absorbance peak position shifted wavelength compared to its original bare
AuNPs (R2 = 0.99). (c) UV spectrum reference of dopamine, dopamine dithiocarbamate (DDTC),
and supernatant after 14-B AuNP centrifugation. (d) B-AuNPs’ hydrodynamic diameter in water for
different [dopamine: Au] molar ratio. (e) Typical hydrodynamic diameter (nm) number distribution
curve of B-AuNPs.
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of different D-AuNPs and bare AuNPs in water. (b) Typical absorbance spectrum of B-AuNPs,
D-AuNPs, and bare AuNPs. (c) Diameter distribution of different D-AuNPs measured from the SEM
images; picture of D-AuNPs in a 70% ethanol/water solution, from left to right: bare AuNPs, 7–D,
10.5–D, 14–D, 21–D AuNPs.

3.2. Surface Coatings Using D-AuNPs

Unlike B-AuNPs, D-AuNPs demonstrated significant adhesivity to various surfaces.
For better controlled surface coating, 70% ethanol/water solutions instead of pure water
were used to reduce the reactivity of D-AuNPs. The substrates tested were mainly silicon
wafers, although glass and plastic substrates were also effectively coated by D-AuNPs. The
results indicate that D-AuNPs could achieve rapid coating within 7.5 min. Specifically, a
high concentration (0.5 mM) of D-AuNPs exhibited a rapid coating rate, and no significant
difference in the numbers of nanoparticles counted from the SEM images was observed
between short and long coating times (Figure 3). Moreover, a shorter coating time resulted
in a neater surface with fewer aggregated pieces, which is the bigger bright dot in the
pictures. To quantify the D-AuNP surface coverage, nanoparticle numbers in a particular
SEM area were counted using software ImageJ Fiji (version, 2.15.0). From 7.5 min to 24 h,
the average density of D-AuNPs on the surfaces were 643.98 ± 26.31, 641.17 ± 95.27,
662.47 ± 12.20, and 648.94 ± 36.30 pieces/µm2. Statistical analysis showed no significant
difference among this group of all types of D-AuNPs at the 0.05 significance level indicating
D-AuNPs coating completed within 7.5 min.

Interestingly, the D-AuNPs of varied dopamine densities displayed distinct coat-
ing patterns at lower concentrations, such as 0.15 mM (Figure 4a). For instance, less
dopamine-modified AuNPs such as 7–D tended to form single particles at this concen-
tration, while more dopamine-modified AuNPs such as 21–D severely aggregated on
the surfaces. Additionally, a clear trend from 7–D to 21–D was observed, indicating that
the coating pattern began with single-particle coating and gradually changed to a small
aggregation (2–10 particles), finally reaching unevenly aggregated sedimentation. These
findings suggest that D-AuNPs could be used as an effective coating material with a con-
trollable coating pattern, which can be achieved by fine-tuning the dopamine amount and
nanoparticle concentrations.

The patterned coating using D-AuNPs was achieved by controlling the extent of
dopamine modification on the AuNP surfaces and the concentration of D-AuNPs in the
coating systems (Scheme 1). D-AuNP coating patterns were categorized into four levels
based on aggregation state: level 1 is dominated by single particles, level 2 is slightly
aggregated but evenly coated particles (2–4 particles), level 3 is larger aggregated but
evenly coated particles (5–10 particles), and level 4 is larger aggregated particles (>11 particles)
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beginning to coat unevenly. SEM images clearly show that the aggregation level increased as
the concentration of D-AuNPs decreased or the dopamine amount increased (Figure 4a).
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D-AuNPs with a higher dopamine density tended to form higher levels of aggregation
at higher concentrations. From the result, 7–D AuNPs began to perform significant aggre-
gation coatings when lower than 0.15 mM, while 14–D AuNPs required a concentration of
0.25 mM or higher to start forming similar coatings (Figure 4a). Single and cluster nanopar-
ticles were counted via ImageJ, and the calculated distribution percentages are included
in Figure 4b. At a 0.5 mM coating concentration, single particles and all D-AuNPs coated
as single nanoparticles or clusters with less than four nanoparticles were predominant on
D-AuNP-coated surfaces. For example, 44% of 7–D AuNP-coated surfaces were single
particles and only 3% of clusters contained more than 10 particles (Figure 4b).

However, the percentage of single particles continuously decreased in all as the
concentration of D-AuNPs decreased from 0.5 mM to 0.15 mM. This is especially true for
14–D and 21–D AuNPs, as single-particle percentiles on their coated surfaces dropped
to 10% and 14%, respectively, at 0.15 mM. Under the same conditions, particle clusters
containing more than 10 particles started to appear on the 7–D AuNP-coated surface at
2%. The number of clusters of more than 10 nanoparticles on 14–D and 21–D AuNP-
coated surfaces reached 54% and 59%, respectively (Figure 4b). It is clear that the coating
patterns changed gradually as the concentration of D-AuNPs decreased and the amount of
dopamine increased. Increasing the amount of dopamine or decreasing the concentration
of D-AuNPs resulted in elevated aggregation levels. Higher concentrations of particles
may be needed if more single-particle coating is desired. To reveal the mechanisms behind
the AuNP-concentration-affected surface coating, the zeta potential (ζ-potential) of D-
AuNPs at different concentrations was assessed. The zeta potential was measured in 70%
ethanol/water solution in agreement with the coating conditions. In addition, after being
harvested from an acidic solution and resuspended in an ethanol-dominant solution, ions
were mostly removed, thus, lowering the charged species in the solution. Given that the
different viscosity and dielectric constant is different from water, the slipping plane charge
would have smaller values. The zeta potential decreased as the concentration of D-AuNPs
decreased. A single-particle coating could not be maintained once the zeta potential was
lower than 1.5–2 mV. At 0.15 mM, 7–D AuNPs still had a higher zeta potential than 1.5 mV,
while 14-D AuNPs reached 2 mV at 0.5 mM (Figure 4c). These results suggest that the
coating pattern of D-AuNPs can be controlled by adjusting the concentration of D-AuNPs
and the amount of modified dopamine; both factors can affect the pattern individually and
synergistically. All changes in AuNP surfaces and concentrations eventually affected the
zeta potential of the nanoparticles, leading to stability variations and these three patterns.
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Figure 4. Patterned D-AuNP coating via dopamine amount and particle concentration manipulation.
(a) D-AuNP coating on a silicon wafer using different particle concentrations. Top: 0.25 mM; middle:
0.15 mM; bottom: 0.075 mM. Left to right: 7–D, 10.5–D, 14–D, 21–D AuNPs. All coated overnight
(scale bar: 250 nm). (b) Percentage of single particles, 2–4 particles clusters, 5–10 particles clusters, and
more than 11 particles clusters counted from the SEM images above. (c) Zeta potential of D-AuNPs
in 70% ethanol/water at different concentrations from 0.15 mM to 1 mM.

Furthermore, atomic force microscopy (AFM) was utilized to evaluate the height of D-
AuNPs at 0.15 mM (Figure 5a–d). Despite the increased aggregations at this concentration,
a few large clusters of more than 11 particles were observed. To investigate the actual
height of each cluster, several lines were selected from each AFM image to perform the
section measurement using the software NanoScope Analysis 2.0. The height of the blue
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and red lines (Figure 5a–d) represent a typical region plotted in the chart below each image.
From these charts, most cluster heights are less than 10 nm above the baseline. Given
the 8–10 nm physical diameters measured via SEM (Figure 2b), and most clusters remain
in a single layer. From the red and blue lines, the number of peaks also decreased while
the grafted dopamine density increased, which means that less clusters or nanoparticles
were detected. This is because there are fewer single particles coated and some of them
aggregate together to form small aggregations. The height distribution of all objects on
each surface was calculated from several different section lines (Figure 5e). The height
range increased from ~15 nm to ~35 nm as small aggregations became dominant. For 7–D
AuNPs, most particles remained under 10 nm, suggesting a single-AuNP-particle layer
coating. From 10.5–D to 21–D AuNPs, the mean and maximum height values started to
increase, while the minimum value remained the same (Figure 5f). All D-AuNPs have a
significantly different height distribution except for 10.5-D and 14-D, indicating different
heights of small aggregation and single particles. However, the actual height difference
was not comparable to the diameter of a AuNPs (8–10 nm). Such a height difference can be
attributed to the squeeze or unbalanced aggregation rather than the formation of AuNP
multilayers. That is, some nanoparticles within an aggregate may exhibit a slightly higher
protrusion. In addition, 14–D and 21–D AuNP-coated surfaces have significantly less
pieces than 7–D and 10.5–D AuNPs (Figure 5g). Given the aggregation level increase, the
number of particles/aggregations decreased along with the dopamine amount changes.
When higher dopamine amount or lower D-AuNP concentrations were used, the coating
pattern tended to be aggregated and there was a lower coating density, and vice versa. Such
equilibrium provided guidance for selecting the correct dopamine amount and D-AuNP
concentration combination.

D-AuNPs demonstrated a rapid, uniform monolayer deposition, as well as patterned
aggregation-mediated coating under certain conditions. D-AuNPs exhibit a net positive
charge within a coating system, while a silicon wafer surface possesses a net negative
surface charge around a neutral pH; D-AuNPs would be attracted to surfaces as they come
into contact with them [46]. Once D-AuNPs attach to the silicon surface, a hydrogen bond
between dopamine and silanol forms. Close contact ensures additional van der Waals
interactions, which helps avoid removal. Such a combined attraction is strong enough
against most rinses. Upon exposure to atmospheric oxygen, dopamine is oxidized and
forms a stronger interaction with the surface. For lower particle concentrations, individual
particles’ zeta potentials approach neutrality; thus, single particles have less attraction
to the surface and less repulsion to one another. Therefore, they prefer to form small
aggregations in solutions first, and then adhere to surfaces. Upon aggregation, they carry
more charges and become heavier. Such clusters would need a longer time to gradually
deposit on surface. However, D-AuNP deposition was limited to a monolayer in our
study. At higher D-AuNP concentrations, the higher surface charge and high charge
density provided a repulsive potential. However, these interactions only occurred over
short distances. Based on the interparticle spacing visualized on the surface via SEM,
double-layered repulsion is more reasonable. The dopamine layer is sufficient to form a
sufficient hydration layer surrounding each particle, and more dopamine attracts more
water molecules, as confirmed by the DLS results. Once a monolayer is formed, the surface
charge and energy change to stop an additional layer, and aggregation occurs even within
one monolayer. As the particle concentration decreased, electrostatic repulsion decreased
and non-electrostatic contributions (e.g., hydrogen bonding) led to the formation of larger
clusters. The coating pattern resembled the Volmer–Weber (VW)-like mode and particles
formed small aggregations in a solution, and then were deposited on the surface.
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Figure 5. Surface morphology and particles/aggregations counting of patterned D-AuNP coating.
(a–d)AFM images and related height measurement of 0.15 mM 7–D AuNPs (a), 10.5–D AuNPs (b),
14–D AuNPs (c), 21–D AuNPs (d); (e) height distribution measured from AFM; (f) actual height
measured from AFM; (g) number of particles/aggregations per 10 µm range.

4. Conclusions

Our research focused on novel adhesive AuNPs for controlled surface coatings. We
could achieve a pattern-controllable coating by adjusting both the dopamine grafting
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density and adhesive AuNP concentrations guided by the equilibrium between aggregation
level and cluster number. These adhesive AuNPs offer a simple and efficient way to modify
surfaces without any pretreatment. The colloidal stability of adhesive AuNPs was ensured
through protection with borate and can be easily activated by deprotection to achieve
excellent coating surfaces. Our findings offer a promising avenue for developing new
coating materials for a wide range of applications.

Author Contributions: Conceptualization, J.W. and J.L.; methodology, J.W.; validation, J.W.; formal
analysis, J.W.; investigation, J.W.; resources, J.L.; data curation, J.W.; writing—original draft prepa-
ration, J.W.; writing—review and editing, J.W. and J.L.; visualization, J.W.; supervision, J.L.; project
administration, J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research project was partially supported by a grant (R15GM140421) from National
Institute of Health (NIH).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: This research project used instrumentation and expertise at the Laboratory of
MultiScale Imaging (LMSI) at the Stevens Institute of Technology.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Fleischer, M.; Zhang, D.; Braun, K.; Jager, S.; Ehlich, R.; Haffner, M.; Stanciu, C.; Horber, J.K.; Meixner, A.J.; Kern, D.P. Tailoring

gold nanostructures for near-field optical applications. Nanotechnology 2010, 21, 065301. [CrossRef]
2. Abdelhalim, M.A.K.; Mady, M.M.; Ghannam, M.M. Physical properties of different gold nanoparticles: Ultraviolet-visible and

fluorescence measurements. J. Nanomed. Nanotechnol. 2012, 3, 178–194. [CrossRef]
3. Amina, S.J.; Guo, B. A Review on the Synthesis and Functionalization of Gold Nanoparticles as a Drug Delivery Vehicle. Int. J.

Nanomed. 2020, 15, 9823–9857. [CrossRef]
4. Wozniak, A.; Malankowska, A.; Nowaczyk, G.; Grzeskowiak, B.F.; Tusnio, K.; Slomski, R.; Zaleska-Medynska, A.; Jurga, S. Size

and shape-dependent cytotoxicity profile of gold nanoparticles for biomedical applications. J. Mater. Sci. Mater. Med. 2017, 28, 92.
[CrossRef]

5. Xie, X.; Liao, J.; Shao, X.; Li, Q.; Lin, Y. The Effect of shape on Cellular Uptake of Gold Nanoparticles in the forms of Stars, Rods,
and Triangles. Sci. Rep. 2017, 7, 3827. [CrossRef] [PubMed]

6. Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R.R.; Sastry, M.J.L. Biocompatibility of gold nanoparticles and their
endocytotic fate inside the cellular compartment: A microscopic overview. Langmuir 2005, 21, 10644–10654. [CrossRef] [PubMed]

7. Zhang, Y.; Shareena Dasari, T.P.; Deng, H.; Yu, H. Antimicrobial Activity of Gold Nanoparticles and Ionic Gold. J. Environ. Sci.
Health Part C 2015, 33, 286–327. [CrossRef]

8. Abdalla, S.S.I.; Katas, H.; Azmi, F.; Busra, M.F.M. Antibacterial and Anti-Biofilm Biosynthesised Silver and Gold Nanoparticles for
Medical Applications: Mechanism of Action, Toxicity and Current Status. Curr. Drug Deliv. 2020, 17, 88–100. [CrossRef] [PubMed]

9. Surendran, S.P.; Moon, M.J.; Park, R.; Jeong, Y.Y. Bioactive Nanoparticles for Cancer Immunotherapy. Int. J. Mol. Sci. 2018,
19, 3877. [CrossRef]

10. Panahi, Y.; Mohammadhosseini, M.; Nejati-Koshki, K.; Abadi, A.J.; Moafi, H.F.; Akbarzadeh, A.; Farshbaf, M. Preparation, Surface
Properties, and Therapeutic Applications of Gold Nanoparticles in Biomedicine. Drug Res. 2017, 67, 77–87. [CrossRef] [PubMed]

11. Falahati, M.; Attar, F.; Sharifi, M.; Saboury, A.A.; Salihi, A.; Aziz, F.M.; Kostova, I.; Burda, C.; Priecel, P.; Lopez-Sanchez, J.A.;
et al. Gold nanomaterials as key suppliers in biological and chemical sensing, catalysis, and medicine. Biochim. Biophys. Acta
(BBA)-Gen. Subj. 2020, 1864, 129435. [CrossRef]

12. Lou-Franco, J.; Das, B.; Elliott, C.; Cao, C. Gold Nanozymes: From Concept to Biomedical Applications. Nano-Micro Lett. 2020, 13, 10.
[CrossRef]

13. Chen, Y.; Gao, Y.; Chen, Y.; Liu, L.; Mo, A.; Peng, Q. Nanomaterials-based photothermal therapy and its potentials in antibacterial
treatment. J. Control. Release 2020, 328, 251–262. [CrossRef]

14. Joshi, A.S.; Singh, P.; Mijakovic, I. Interactions of Gold and Silver Nanoparticles with Bacterial Biofilms: Molecular Interactions
behind Inhibition and Resistance. Int. J. Mol. Sci. 2020, 21, 7658. [CrossRef]

15. Fang, P.-P.; Chen, S.; Deng, H.; Scanlon, M.D.; Gumy, F.; Lee, H.J.; Momotenko, D.; Amstutz, V.; Cortés-Salazar, F.; Pereira, C.M.
Conductive gold nanoparticle mirrors at liquid/liquid interfaces. ACS Nano 2013, 7, 9241–9248. [CrossRef]

16. Huang, X.; El-Sayed, M.A. Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal
therapy. J. Adv. Res. 2010, 1, 13–28. [CrossRef]

https://doi.org/10.1088/0957-4484/21/6/065301
https://doi.org/10.4172/2157-7439.1000133
https://doi.org/10.2147/IJN.S279094
https://doi.org/10.1007/s10856-017-5902-y
https://doi.org/10.1038/s41598-017-04229-z
https://www.ncbi.nlm.nih.gov/pubmed/28630477
https://doi.org/10.1021/la0513712
https://www.ncbi.nlm.nih.gov/pubmed/16262332
https://doi.org/10.1080/10590501.2015.1055161
https://doi.org/10.2174/1567201817666191227094334
https://www.ncbi.nlm.nih.gov/pubmed/31880259
https://doi.org/10.3390/ijms19123877
https://doi.org/10.1055/s-0042-115171
https://www.ncbi.nlm.nih.gov/pubmed/27824433
https://doi.org/10.1016/j.bbagen.2019.129435
https://doi.org/10.1007/s40820-020-00532-z
https://doi.org/10.1016/j.jconrel.2020.08.055
https://doi.org/10.3390/ijms21207658
https://doi.org/10.1021/nn403879g
https://doi.org/10.1016/j.jare.2010.02.002


Biomimetics 2024, 9, 146 12 of 13

17. Jawad, M.; Khan, A.F.; Waseem, A.; Kamboh, A.H.; Mohsin, M.; Shahzad, S.A.; Shah, S.H.; Mathur, S.; Shaikh, A.J. Effect of
gold nanoparticles on transmittance and conductance of graphene oxide thin films and efficiency of perovskite solar cells. Appl.
Nanosci. 2019, 10, 485–497. [CrossRef]

18. Driskell, J.D.; Lipert, R.J.; Porter, M.D. Labeled gold nanoparticles immobilized at smooth metallic substrates: Systematic
investigation of surface plasmon resonance and surface-enhanced Raman scattering. J. Phys. Chem. B 2006, 110, 17444–17451.
[CrossRef] [PubMed]

19. Moirangthem, R.S.; Chang, Y.-C.; Wei, P.-K. Ellipsometry study on gold-nanoparticle-coated gold thin film for biosensing
application. Biomed. Opt. Express 2011, 2, 2569–2576. [CrossRef] [PubMed]

20. Indrasekara, A.S.; Meyers, S.; Shubeita, S.; Feldman, L.C.; Gustafsson, T.; Fabris, L. Gold nanostar substrates for SERS-based
chemical sensing in the femtomolar regime. Nanoscale 2014, 6, 8891–8899. [CrossRef] [PubMed]

21. Gupta, S.; Agrawal, M.; Uhlmann, P.; Simon, F.; Oertel, U.; Stamm, M.J.M. Gold nanoparticles immobilized on stimuli responsive
polymer brushes as nanosensors. Macromolecules 2008, 41, 8152–8158. [CrossRef]

22. Cheng, H.-W.; Huan, S.-Y.; Wu, H.-L.; Shen, G.-L.; Yu, R.-Q. Surface-enhanced Raman spectroscopic detection of a bacteria
biomarker using gold nanoparticle immobilized substrates. Anal. Chem. 2009, 81, 9902–9912. [CrossRef] [PubMed]

23. Fang, X.; Ma, H.; Xiao, S.; Shen, M.; Guo, R.; Cao, X.; Shi, X. Facile immobilization of gold nanoparticles into electrospun
polyethyleneimine/polyvinyl alcohol nanofibers for catalytic applications. J. Mater. Chem. 2011, 21, 4493–4501. [CrossRef]

24. Zhao, S.; Zhang, K.; Bai, Y.; Yang, W.; Sun, C. Glucose oxidase/colloidal gold nanoparticles immobilized in Nafion film on glassy
carbon electrode: Direct electron transfer and electrocatalysis. Bioelectrochemistry 2006, 69, 158–163. [CrossRef]

25. Villa, J.E.L.; Santos, D.P.D.; Poppi, R.J. Fabrication of gold nanoparticle-coated paper and its use as a sensitive substrate for
quantitative SERS analysis. Microchim. Acta 2016, 183, 2745–2752. [CrossRef]

26. Vossmeyer, T.; Stolte, C.; Ijeh, M.; Kornowski, A.; Weller, H. Networked Gold-Nanoparticle Coatings on Polyethylene: Charge
Transport and Strain Sensitivity. Adv. Funct. Mater. 2008, 18, 1611–1616. [CrossRef]

27. Tiwari, P.M.; Vig, K.; Dennis, V.A.; Singh, S.R. Functionalized Gold Nanoparticles and Their Biomedical Applications. Nanomateri-
als 2011, 1, 31–63. [CrossRef]

28. Zeng, S.; Yong, K.-T.; Roy, I.; Dinh, X.-Q.; Yu, X.; Luan, F. A Review on Functionalized Gold Nanoparticles for Biosensing
Applications. Plasmonics 2011, 6, 491–506. [CrossRef]

29. Chen, Y.; Xianyu, Y.; Jiang, X. Surface Modification of Gold Nanoparticles with Small Molecules for Biochemical Analysis. Acc.
Chem. Res. 2017, 50, 310–319. [CrossRef]

30. Khongkow, M.; Yata, T.; Boonrungsiman, S.; Ruktanonchai, U.R.; Graham, D.; Namdee, K. Surface modification of gold
nanoparticles with neuron-targeted exosome for enhanced blood-brain barrier penetration. Sci. Rep. 2019, 9, 8278. [CrossRef]

31. Wang, S.; Yan, C.; Zhang, X.; Shi, D.; Chi, L.; Luo, G.; Deng, J. Antimicrobial peptide modification enhances the gene delivery and
bactericidal efficiency of gold nanoparticles for accelerating diabetic wound healing. Biomater. Sci. 2018, 6, 2757–2772. [CrossRef]

32. Mahato, K.; Nagpal, S.; Shah, M.A.; Srivastava, A.; Maurya, P.K.; Roy, S.; Jaiswal, A.; Singh, R.; Chandra, P. Gold nanoparticle
surface engineering strategies and their applications in biomedicine and diagnostics. 3 Biotech 2019, 9, 57. [CrossRef]

33. Filbrun, S.L.; Filbrun, A.B.; Lovato, F.L.; Oh, S.H.; Driskell, E.A.; Driskell, J.D. Chemical modification of antibodies enables the
formation of stable antibody-gold nanoparticle conjugates for biosensing. Analyst 2017, 142, 4456–4467. [CrossRef]

34. Su, H.; Sun, B.; Chen, L.; Xu, Z.; Ai, S. Colorimetric sensing of dopamine based on the aggregation of gold nanoparticles induced
by copper ions. Anal. Methods 2012, 4, 3981–3986. [CrossRef]

35. Tang, J.; Wu, P.; Hou, X.; Xu, K. Modification-free and N-acetyl-L-cysteine-induced colorimetric response of AuNPs: A mechanistic
study and sensitive Hg(2+) detection. Talanta 2016, 159, 87–92. [CrossRef]

36. Li, X.Y.; Feng, F.Y.; Zhou, X.D.; Hu, J.M. Rational design of an anchoring peptide for high-efficiency and quantitative modification
of peptides and DNA strands on gold nanoparticles. Nanoscale 2018, 10, 11491–11497. [CrossRef]

37. Garcia Calavia, P.; Bruce, G.; Perez-Garcia, L.; Russell, D.A. Photosensitiser-gold nanoparticle conjugates for photodynamic
therapy of cancer. Photochem. Photobiol. Sci. 2018, 17, 1534–1552. [CrossRef] [PubMed]

38. Waite, J.H. Nature’s underwater adhesive specialist. Int. J. Adhes. Adhes. 1987, 7, 9–14. [CrossRef]
39. Waite, J.H.; Tanzer, M.L.J.S. Polyphenolic substance of Mytilus edulis: Novel adhesive containing L-dopa and hydroxyproline.

Science 1981, 212, 1038–1040. [CrossRef] [PubMed]
40. Lee, H.A.; Park, E.; Lee, H. Polydopamine and Its Derivative Surface Chemistry in Material Science: A Focused Review for

Studies at KAIST. Adv. Mater. 2020, 32, e1907505. [CrossRef] [PubMed]
41. Ryu, J.H.; Messersmith, P.B.; Lee, H. Polydopamine Surface Chemistry: A Decade of Discovery. ACS Appl. Mater. Interfaces 2018,

10, 7523–7540. [CrossRef] [PubMed]
42. Zhao, Y.; Pérez-Segarra, W.; Shi, Q.; Wei, A. Dithiocarbamate assembly on gold. J. Am. Chem. Soc. 2005, 127, 7328–7329. [CrossRef]

[PubMed]
43. Liu, T.; Yang, F.; Wang, X.; Liang, J.F. Adhesive Gold Nanoparticles for Easy and Controlled Surface Coating. Langmuir 2019, 35,

2728–2737. [CrossRef] [PubMed]
44. Englebienne, P.; Van Hoonacker, A.; Verhas, M.J.S. Surface plasmon resonance: Principles, methods and applications in biomedical

sciences. Spectroscopy 2003, 17, 255–273. [CrossRef]

https://doi.org/10.1007/s13204-019-01134-x
https://doi.org/10.1021/jp0636930
https://www.ncbi.nlm.nih.gov/pubmed/16942083
https://doi.org/10.1364/BOE.2.002569
https://www.ncbi.nlm.nih.gov/pubmed/21991549
https://doi.org/10.1039/C4NR02513J
https://www.ncbi.nlm.nih.gov/pubmed/24961293
https://doi.org/10.1021/ma801557u
https://doi.org/10.1021/ac9014275
https://www.ncbi.nlm.nih.gov/pubmed/19928907
https://doi.org/10.1039/c0jm03987j
https://doi.org/10.1016/j.bioelechem.2006.01.001
https://doi.org/10.1007/s00604-016-1918-0
https://doi.org/10.1002/adfm.200701509
https://doi.org/10.3390/nano1010031
https://doi.org/10.1007/s11468-011-9228-1
https://doi.org/10.1021/acs.accounts.6b00506
https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1039/C8BM00807H
https://doi.org/10.1007/s13205-019-1577-z
https://doi.org/10.1039/C7AN01496A
https://doi.org/10.1039/c2ay25794g
https://doi.org/10.1016/j.talanta.2016.05.068
https://doi.org/10.1039/C8NR03565B
https://doi.org/10.1039/c8pp00271a
https://www.ncbi.nlm.nih.gov/pubmed/30118115
https://doi.org/10.1016/0143-7496(87)90048-0
https://doi.org/10.1126/science.212.4498.1038
https://www.ncbi.nlm.nih.gov/pubmed/17779975
https://doi.org/10.1002/adma.201907505
https://www.ncbi.nlm.nih.gov/pubmed/32134525
https://doi.org/10.1021/acsami.7b19865
https://www.ncbi.nlm.nih.gov/pubmed/29465221
https://doi.org/10.1021/ja050432f
https://www.ncbi.nlm.nih.gov/pubmed/15898778
https://doi.org/10.1021/acs.langmuir.8b04110
https://www.ncbi.nlm.nih.gov/pubmed/30669837
https://doi.org/10.1155/2003/372913


Biomimetics 2024, 9, 146 13 of 13

45. Jans, H.; Liu, X.; Austin, L.; Maes, G.; Huo, Q. Dynamic light scattering as a powerful tool for gold nanoparticle bioconjugation
and biomolecular binding studies. Anal. Chem. 2009, 81, 9425–9432. [CrossRef]

46. Vigil, G.; Xu, Z.; Steinberg, S.; Israelachvili, J. Interactions of silica surfaces. J. Colloid Interface Sci. 1994, 165, 367–385. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ac901822w
https://doi.org/10.1006/jcis.1994.1242

	Introduction 
	Materials and Methods 
	B-AuNP Synthesis and Characterization 
	Adhesive AuNP Activation and Controllable Surface Coating 
	Image Process and Statistical Analysis 

	Results and Discussion 
	Synthesis of Dopamine-Grafted AuNPs with Varied Dopamine Densities 
	Surface Coatings Using D-AuNPs 

	Conclusions 
	References

