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ABSTRACT: In this study, dopamine-assisted deposition combined with layer-by-layer assembly was investigated as an efficient
method for preparing coatings with tunable thickness, roughness, and functional properties. By this method, one can first benefit
from the versatile chemistry of dopamine allowing the co-deposition of various functional materials, for example, polymers, ions, and
nanoparticles, within the coating. Moreover, the layer-by-layer approach allows tuning the coating thickness and surface roughness,
as well as varying the chemical composition of the coating in the vertical direction. Herein, we demonstrated the benefits of using
this method in fabricating both single- and multi-component coatings.

1. INTRODUCTION
Since the first report, in 2007, on the formation of polydopamine
(PDA) coatings through self-polymerization in aqueous
solutions, it has developed into a promising coating method
owing to its simplicity and versatility.1,2 Dopamine (DA) is a
catecholamine that can be oxidized into DA-quinone, followed
by intramolecular cyclization, oxidation to dopaminechrome,
formation of 5,6-dihydroxyindole, and further oxidation to 5,6-
indolequinone. These oligomers then undergo various covalent
and non-covalent pathways self-assembling into supramolecular
PDA structures in solution and at the surface.3−5 Due to the
highly reactive nature of these intermediate compounds, DA can
also be co-deposited with various materials including
polymers,6−10 nanoparticles,6,11 and metal ions,12−14 whereby
hybrid coatings with desired functionalities can be prepared.
Despite the many benefits, preparing PDA-based coatings has
challenges in controlling the coating growth and surface
morphology. For example, the thickness of pure PDA coatings
is usually limited to ∼50 to 100 nm due to the consumption of
DA in the solution.15−17 Moreover, the surface roughness of
PDA coatings drastically increases with the deposition time due
to aggregation, both in solution and at the surface.18,19

More than a decade before the rise of studies on PDA
coatings, layer-by-layer (LbL) deposition was introduced as a
versatile method of preparing polyelectrolyte multilayer coat-

ings. Originally, multilayer coatings were formed by alternate
deposition of oppositely charged polyelectrolytes (electrostati-
cally assisted assembly) and tuning the coating properties by the
polymers type, the number of depositions, and pH/ionic
strength.20,21 Later, the LbL deposition has been extended to
include not only polyelectrolytes but also combinations of
polyelectrolytes, nanoparticles, and lipids.22−24 While other
molecular interactions such as hydrogen bonding can also drive
LbL assembly,25,26 the electrostatically assisted assembly is still
the most effective and used approach. Thus, despite the many
advantages of the LbL method, the need for oppositely charged
polymers is a limitation.
Considering the pros and cons of (i) DA-based deposition

and (ii) LbL assembly of polyelectrolyte multilayers, the natural
next step is to combine these methods to gain better control of
the hierarchal structure of the coating as one has in the LbL
process, while benefiting from the compositional tunability
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found in DA-based deposition. For pure PDA coatings, Ball and
co-workers have reported an LbL approach, where a surface
repeatedly was immersed in a fresh DA solution.15,27 By doing
so, they were able to extend the coating thickness beyond what is
typically obtained, but a natural thought is that such an LbL
approach should also affect the morphology of the PDA
coatings. As the first part of our study, we thus extended this
investigation into a study on both the growth rate and the surface
morphology of PDA coatings fabricated with the LbL method.
Few studies adopted an LbL approach to form multilayers of
PDA and polymers/nanoparticles.28−31 This method is
generally executed by alternate adsorption of polymers/
nanoparticles and PDA, whereby PDA layers practically work
as a “glue” between the layers of polymers/nanoparticles.
However, the LbL approach has been rarely combined with the
elegant co-deposition approach for the formation of PDA-hybrid
coatings. In the second part of our study, we thus investigated if
co-deposition and LbL methods together can provide better
control of the growth of PDA-polymer hybrid coatings.
Specifically, we examined PDA-polyethyleneimine (PEI) hybrid
films, where the assembly is driven by covalent PDA−polymer
interactions, and PDA-dextran hybrid films, where the assembly
is driven by noncovalent hydrogen bonding.
Besides a better control of the thickness and roughness, the

most promising perspective of DA-assisted LbL deposition is the
possibility of constructing hierarchically layered coatings by
sequential deposition of layers with different compositions and
functionalities, suitable for a wide range of surface modification
applications.32−34 For polyelectrolyte multilayer films, this has,
for example, been done by adding a specific initial layer to
promote adhesion of the coating to the substrate35 or by adding
a specific top layer to tune the surface properties.36 As the third
part of this study, we thus prepared a multilayer coating through
DA-assisted deposition of polymers, nanoparticles, and ions
using the LbL approach. It was demonstrated that DA-assisted
LbL deposition allows preparing diverse hierarchal structures
with tunable properties in bulk and at the surface of the coating.

2. MATERIALS AND METHODS
2.1. Materials. DA hydrochloride, tris(hydroxymethyl)-

aminomethane (> 99.9%), PEI (branched, Mw ≈ 600),
tetraethyl orthosilicate (TEOS), copper sulfate pentahydrate
(CuSO4·5H2O), dextran (Mw ∼ 150,000 from Leuconostoc
mesenteroides), and sodium hydroxide were purchased from
Sigma-Aldrich. Hydrochloric acid (HCl, 37%) and sodium
hydroxide (NaOH) were purchased from Fisher Scientific.
Ultrapure water (Arium Pro UV water purification system) with
a resistivity of 18.2 MΩ cm was used for all experiments.

2.2. PDA Coatings. Silicon wafers (WaferNet, San Jose,
USA) were first rinsed with acetone, ethanol, and ultrapure
water and then dried by a stream of compressed dry air. The
wafers were next plasma-cleaned (PDC-32G plasma cleaner,
Harrick Plasma) using high power under a constant water vapor
pressure of 500 mTorr for 30 s. The thickness of the silica layer
was then measured by spectroscopic ellipsometry. DA was
dissolved in Tris buffer solution (pH = 8.5, 50 mM), and the
silicon wafers were immersed in the DA solution (2 mg mL−1)
and stirred at 250 rpm. To keep the individual sample surfaces
fixed and vertically aligned, the wafers were mounted into a
costume-made Teflon holder (Section S1). Coatings were
deposited using the common one-step method or the LbL
approach. In the former, the silicon wafers were immersed in the
DA solution for a certain duration. Afterward, the silicon wafer

was removed from the solution, rinsed with Tris buffer,
sonicated in fresh Tris buffer for 1 min, and dried by compressed
airflow. The ultrasonic cleaning procedure was repeated three
times to ensure the removal of weakly attached PDA aggregates.
In the LbL approach, the DA solution was exchanged with a
fresh solution every 2 h. For example, a total deposition time of
12 h comprised 6 × 2 h deposition steps. Between each
deposition step, the samples were sonicated and dried as
described above. Three replicas were prepared for each sample.
Additionally, coatings were also obtained by 2 × 6 h depositions
and a 12 h one-step deposition (Section S2).

2.3. PDA-Dextran and PDA-PEI Coatings. Dextran (10
mg mL−1) was first fully dissolved in Tris buffer (pH = 8.5, 50
mM), and then DA (2 mgmL−1) was added and dissolved in the
dextran solution. One-step and LbL deposition methods were
then used to prepare PDA-dextran hybrid coatings. PDA-PEI
hybrid coatings were deposited similarly using PEI and DA
concentrations of 0.2 and 2 mg mL−1, respectively.

2.4. PDA-Based Hierarchical Coating. The LbL proce-
dure consisted of five steps, where in each step, a layer with
specific composition was deposited. The silica wafer was first
immersed in DA (2 mg mL−1) solution and then was immersed
inmixed solutions of DA-PEI (2 and 0.2mgmL−1),18 DA-TEOS
(2 and 42 mg mL−1),11 DA-CuSO4·5H2O (2 and 0.3 mg
mL−1),37 and DA-dextran (2 and 10 mg mL−1),38 respectively.
All the solutions were prepared in Tris buffer (pH = 8.5, 50
mM). Each deposition step was 2 h, and between the steps, the
samples were sonicated and dried as described above.

2.5. Atomic Force Microscopy. Atomic force microscopy
(AFM, NanoWizard 3, JPK Instruments AG, Berlin, Germany)
operating in tapping mode in air was used to obtain
topographical images and to estimate the thickness of the
coatings (scratching test). The topographical images were
collected with a scan rate of 0.2 Hz, a pixel resolution of 128 ×
128, a scan area of 10 × 10 μm2, and a standard tapping mode
cantilever (HQ: NSC5/AL BS, tip radius of 8 nm, k = 40 N/m,
Mikromasch, USA). For each sample, a total number of nine
AFM height images (three randomly-selected areas on three
replicas) were obtained. Root mean square roughness (Rq) was
next calculated from the AFM images (a polynomial fit was
subtracted from each scan line independently) using the
standard software of the instrument (JPK SPM Data
Processing). To reduce the influence of error from the randomly
chosen surface positions, the smallest and largest values of the
roughness were eliminated, and the reported Rq values are thus
the average of seven values for each sample. For the thickness
evaluation, the coatings were carefully scratched using a tweezer,
and AFM images were collected over the scratched area (scan
rate of 0.1 Hz).

2.6. Spectroscopic Ellipsometry. Spectroscopic ellipsom-
etry (M-2000X, J.A. Woollam Co., Inc.) measurements were
performed to assess the thickness and optical properties of the
coatings. The ellipsometric ψ (amplitude ratio) and Δ (phase
shift) were collected in air in the wavelength range of 245−1000
nm at 5 different angles of incidence (50, 55, 60, 65, and 70°).
For each sample, a total number of 15 measurements (five
randomly-selected spots on three replicas) were conducted.
Depending on the deposition time, different optical models were
used to describe the optical behavior of the coatings,39 namely,
Cauchy with Urbach absorption for short depositions, B-spline
for intermediate depositions, and B-spline with a roughness layer
for long depositions (Section S3).
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2.7. X-ray Photoelectron Spectroscopy. To analyze the
chemical composition of the PDA-based coatings, angle-
resolved X-ray photoelectron spectroscopy (XPS, Nexsa,
Thermo Fisher Scientific, USA) measurements were performed
with a monochromated Al K-alpha source (1486.6 eV) and a
flood gun for charge compensation. For each sample, three
random points were characterized and analyzed using Avantages
software.

2.8. Zeta Potential. Zeta potential (SurPASS3, Anton Paar
GmbH, Austria) measurements were conducted to evaluate the
charge properties of coatings. Two samples (2 × 1 cm) were
mounted into the instrument flow cell separated by a 100 ± 5
μm capillary channel. The solution (1 mM NaCl) was pumped
through the capillary channel between the two samples,
producing a linearly decreasing measurement pressure (600−
400 mbar). The measurements were conducted in two pH
conditions (3 and 9). To ensure the reliability of the data, the
measurements were repeated five times in each condition.

2.9. Stability of PDA Films. The stability of the PDA
coatings, prepared by one-step and LBL deposition, was assessed
according to a previously reported approach.40 Briefly, PDA
coatings (made by one-step 6 h deposition and 3 × 2 h LbL
depositions) were immersed in (i) HCl solution (pH = 1) for 24
h and (ii) NaOH solution (pH = 13) for 0.5 h. The ellipsometric
thickness of the coatings before and after acid/base treatment
was measured to examine the stability of the coatings.

3. RESULTS AND DISCUSSION
3.1. LbL Deposition of PDA. PDA coatings were

constructed using the LbL approach to investigate how it can
provide control of the growth rate and the morphology of the
coatings. To do so, the substrate was immersed in a fresh DA
solution for 2 h, rinsed to remove the loosely bound aggregates,
and then immersed in a fresh DA solution. This cyclic process
was repeated several times to obtain coatings of varying
thicknesses. In Figure 1a,b, the thickness of the coatings,
obtained by ellipsometry, and the surface roughness (Rq) of the
coatings, obtained by AFM, are directly compared to the values
for PDA coatings obtained by the common one-step deposition
method (i.e., DA solution is not exchanged with a fresh
solution). For the one-step method, the coating thickness
linearly grows for deposition times up to 12 h, after which it
starts to flatten out. Such a decaying growth is in agreement with
the literature observations, which has been attributed to the
consumption of DA and the formation of excessively large
aggregates (>∼50 nm) in the aged solution.41 The thickness of
the PDA coatings obtained by the LbL method (for the same
total deposition time) is, however, relatively larger, for example,
the average thickness from a one-step deposition for 24 h is∼50
nm, whereas 12 × 2 h LbL depositions yield a thickness of∼100
nm. In addition, a linear growth behavior is obtained when using
the LbL approach, suggesting a roughly constant adsorbed
amount through each deposition step.

Figure 1. PDA coatings obtained by one-step and LbL deposition methods: (a) ellipsometry thickness vs deposition time (n = 15). (b) Root-mean-
square roughness (Rq) vs deposition time (n = 7) calculated over 10 × 10 μm2 area. (c) Rq vs ellipsometry thickness. (d) Representative AFM images
and corresponding height profiles of PDA films.
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Regarding surface morphology (Figure 1b), in both methods,
Rq is found to generally increase with the deposition time;
however, surface aggregation is reduced by the LbL approach, as
shown in AFM images and corresponding height profiles (also
see Section S4). For instance, the coating obtained by 18 h one-
step deposition contains surface aggregates of ∼5 to 200 nm
height. The relatively large standard deviation of the calculated
Rq herein can also suggest the heterogeneous nature of the
surface. For 9 × 2 h LbL depositions, the size of the aggregated
domains is found to be much smaller, that is, ∼5 to 50 nm. The
benefit of using the LbL approach on coating thickness/
morphology can be better perceived from Figure 1c, where the
Rq-values are plotted against the coating thicknesses. Accord-
ingly, the surface roughness increases exponentially with the
coating thickness for the one-step method, whereas the LbL
approach provides a moderate linear correlation.
In addition, the stability of the PDA films obtained by one-

step and LbL deposition were assessed in HCl (pH = 1) and
NaOH (pH = 13) solutions (Section S5), suggesting that the
coatings made by the LbL approach are relatively more resistant.

3.2. LbL Co-Deposition of PDA and Polymers. DA-
quinone oligomers can form various covalent (e.g., Schiff base
and Michael addition) and non-covalent (e.g., hydrogen
bonding and coordination) interactions with polymers, nano-
particles, and metal ions.8 Benefiting from this versatile
chemistry, co-deposition of DA and other materials, that is,
DA-assisted deposition, thus allows entrapping functional units
within a PDA coating to yield desired bulk and surface
properties. We herein investigated to what extent the LbL
approach can provide control over the growth behavior and the

surface morphology of PDA-polymer hybrid coatings. To do so,
two model polymers, that is, PEI and dextran, were selected,
which represent covalent and non-covalent DA-assisted
depositions.
PEI is a cationic polymer rich in amine groups that can form

covalent (Schiff base and Michael addition) interactions with
the quinone derivatives.18,42 In a mixed solution of DA and PEI,
PDA-PEI aggregates grow with time and simultaneously adhere
to the substrate, providing PDA-PEI hybrid coatings. PEI, by
reacting with the quinone derivatives, interrupts PDA-PDA
hydrogen bonding and π−π stacking interactions; thus,
hindering excessive PDA aggregation. Therefore, PDA-PEI
hybrid coatings in general are thinner with smoother surface
morphologies, compared with PDA coatings.18 Herein, PDA-
PEI hybrid coatings were prepared using one-step and LbL
deposition methods (Figure 2, top row). Using the one-step
deposition method, a decaying growth rate is found, and the
thickness reaches a plateau of ∼12 nm after 10 h. The surface
morphology of the coating is found to be relatively smooth (Rq =
9.1 ± 0.7 nm) compared with PDA coatings (Rq = 19.9 ± 0.7
nm), yet surface aggregates of ∼5 to 40 nm height are still
present (for 12 h deposition). The LbL approach provides a
linear growth behavior where the coating thickness reaches ∼50
nm after 6 × 2 h depositions. The surface morphology herein is
also found to be smoother (7.7 ± 0.4 nm), as the size of
aggregates is reduced to ∼5 to 20 nm. The elemental
composition (Table 1) of PDA-PEI coatings prepared by one-
step and LbL depositions show a rather similar C/N ratio for
both coatings, thus suggesting a rather similar chemical
composition in both cases.

Figure 2. PDA-polymer hybrid coatings obtained by one-step and LbL deposition methods: (top row) PDA-PEI coatings (bottom row) and PDA-
dextran coatings.

Table 1. Elemental Composition of Hybrid PDA-Polymer Coatings Obtained by One-Step and LbL Deposition Methods

C (%) N (%) O (%) Si (%) C/N

PDA-dextran (12 h) 65.7 ± 0.3 7.4 ± 0.3 25.5 ± 0.1 1.4 ± 0.1 8.9 ± 0.4
PDA-dextran (6 × 2 h) 68.9 ± 0.3 6.6 ± 0.2 24.5 ± 0.2 10.5 ± 0.4
PDA-PEI (12 h) 69.2 ± 0.3 14.8 ± 0.3 14.5 ± 0.2 1.5 ± 0 4.7 ± 0.1
PDA-PEI (6 × 2 h) 72.6 ± 0.4 14.4 ± 0.4 13.0 ± 0.1 5.1 ± 0.2
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Dextran is a polysaccharide with a backbone rich in hydroxyl
and ether groups that can form hydrogen bonds with DA
oligomers.38 Therefore, dextran can be incorporated into the
coating by non-covalent hydrogen bonding interactions. Similar
to the case of PDA-PEI, it has been suggested that dextran also

can prevent excessive aggregation of PDA by inhibiting the
noncovalent assembly routes. PDA-dextran coatings were herein
prepared by one-step and LbL deposition methods. For the one-
step deposition method, rather linear growth is found where the
coating thickness after 12 h reaches ∼12 nm. The coating shows

Figure 3. Hierarchical multilayer coating obtained by LbL depositions (2 h) of DA, DA-PEI, DA-TEOS, DA-CuSO4, and DA-dextran on a silica
substrate; (a) schematic illustration of the multilayer structure and thickness of each layer calculated by ellipsometry (n = 3), (b) representative AFM
images and corresponding height profiles of the multilayer coating after each deposition, (c, d) modeled refractive index (n) and extinction coefficient
of each layer from ellipsometry, (e) surface zeta potential after each deposition, and (f) water contact angle after each deposition.
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a relatively rough surface morphology (Rq = 5.1 ± 0.9 nm),
where aggregates of∼5 to 60 nm are observed. LbL deposition is
found to both increase the film thickness and significantly reduce
the surface roughness (Rq = 3.6 ± 1 nm), that is, surface heights
<10 nm. The elemental composition of the two coatings is also
found to be relatively similar according to the XPS analysis
(Table 1).
In summary, our data demonstrate that the LbL approach

allows preparing hybrid PDA-polymer coatings with enhanced
thickness and reduced surface roughness. This approach is
found to be effective for both cases of covalent and non-covalent
co-depositions.

3.3. Hierarchically Layered Coating. The benefits of
combining the DA-assisted deposition with the LbL approach
are not limited to increased coating thickness and reduced
surface aggregation. This combination enables vast possibilities
to construct hierarchal composite coatings where the
compositions and functional properties can be tuned in the Z-
direction (perpendicular to the substrate). As a proof of concept,
we herein constructed a model coating comprising five different
layers by LbL deposition of (i) PDA, (ii) PDA-PEI, (iii) PDA-
SiO2, (iv) PDA-Cu2+, and (v) PDA-dextran. These different
materials (polyelectrolyte, inorganic compound, metal ion, and
uncharged polymer) associate with DA-quinone oligomers via
different interactions (covalent bonds, hydrogen bonding, and
coordination bonds). By constructing such a layer, we thus
aimed to demonstrate the versatility of the proposed LbL
approach.
Figure 3 summarizes the examined properties of the

multilayer coating following each deposition step. Table 2
summarizes the elemental composition of the coating after each
deposition step, which confirms the incorporation of the co-
deposited units in each step. Clear variations in the properties of
the coating are found after each deposition step, which affirms
how each deposition step allows tuning the coating properties.
Variations in the surface topography (Figure 3b) are found after
each deposition step. For instance, when the PDA-PEI layer is
deposited (layer #2), rather smooth surface morphology is
achieved. On the other hand, the PDA-SiO2 layer produces a
rather heterogeneous surface morphology due to PDA
aggregates or entrapped nanoparticles. Overall though, the
final multilayer coating has a relatively smooth surface owing to
the LbL approach. The combination of LbL and DA-assisted
deposition herein thus provides the possibility to modulate the
surface roughness of composite coatings, for example, through
(i) deposition of an intrinsically smooth hybrid layer such as
PDA-PEI, as shown in Figure 3b, or (ii) a shorter deposition of a
desired hybrid layer as the top layer. From the ellipsometry
measurements (Section S6), the optical constants of each
deposited layer were also estimated (Figure 3c,d). It should be
noted that the values of n and k herein are not directly measured
but obtained from a modeling analysis; hence, some degree of
uncertainty in the absolute values and shape of the optical
dispersions is inevitable. Yet, comparing the different layers with

each other, variations in the optical constants are noticeable,
which originates from different chemical compositions of the
layers. For instance, the layer containing Cu2+ shows relatively
larger values of n and k, while the next deposited layer including
dextran has reduced values of n and k.
Surface charge is another parameter that showed large

dependence on the deposited layers. We measured this
parameter in both acidic and alkaline pH to better see the
effects of protonation/deprotonation of the incorporated
ionizable groups (Figure 3e). Starting from the bare silica
substrate, one can expect only minor deprotonation of the
silanol groups at acidic pH and notable deprotonation toward
higher pH, which is confirmed by a negative near-zero zeta
potential at pH 3 and a large negative surface potential at pH 9.
Having PDA deposited as the first layer, a more cationic surface
at pH 3 and a more anionic surface at pH 9 are found due to the
ionization of amine and carboxyl groups found in PDA particles.
When the next layer containing PEI is deposited, the surface
charge at pH 3 becomes significantly more positively charged
due to the amine-rich and cationic nature of PEI. Deposition of
the third layer produced an overall shift to a more negatively
charged surface, resulting from the negatively charged groups on
both DA and SiO2. While the fourth layer with copper ions does
not alter the surface charge notably, the last layer including
dextran showed reduced surface charge (in magnitude) possibly
due to the incorporation of uncharged dextran molecules. Aside
from the general trends demonstrated here, the surface charge is
a key parameter that greatly matters when dealing with
adsorption, binding, or adhesion of charged molecules and
particles to a surface, for instance, in designing anti-fouling
coatings or cell-adhesive substrates. Herein, the ability to readily
tune the surface charge of the coating using the LbL approach
can provide great control of the surface interactions/proper-
ties.43 In the same line, hydrophilicity (wettability) is another
important surface property of a coating.44 Herein, the surface
hydrophilicity (Figure 3f) of the multilayer coating was also
shown to greatly depend on each deposited layer. Silica being
highly hydrophilic showed an expected contact angle of ∼20°.
PDA added as the first layer made the surface more
hydrophobic, increasing the contact angle to ∼55°. In the
same line, depending on the chemistry of the deposited units,
the surface hydrophilicity of the coating was shown to be easily
adjustable using the LbL approach. For instance, layers
including hydrophilic units such as SiO2 or dextran were
shown to reduce the contact angle notably.

4. SUMMARY AND CONCLUSIONS
A combination of DA-assisted deposition with the LbL approach
allows for constructing functional coatings with tunable
thickness, roughness, and chemical composition. The versatile
catechol chemistry herein enables the incorporation of various
materials into the coating. On the other hand, the LbL approach
allows extending the thickness of the coating, reducing the
surface aggregation, and finally varying the composition and

Table 2. Elemental Composition for Hierarchical Multilayer Coating after Deposition of Each Layer

C (%) N (%) O (%) Si (%) Cu (%) C/N C/O

PDA 58.0 ± 1.8 7.5 ± 0.1 26.4 ± 0.9 8.1 ± 0.8 7.7 ± 0.3 2.2 ± 0.1
PDA-PEI 67.3 ± 0.4 13.2 ± 0.2 18.1 ± 0.2 1.4 ± 0.1 5.1 ± 0.1 3.7 ± 0.1
PDA-SiO2 38.3 ± 0.7 4.6 ± 0.2 41.7 ± 0.3 15.4 ± 0.5 8.3 ± 0.3 0.9 ± 0.1
PDA-Cu2+ 67.3 ± 0.1 8.2 ± 0.2 22.5 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 8.2 ± 0.2 3.0 ± 0.1
PDA-dextran 68.7 ± 0.3 7.1 ± 0.3 24.2 ± 0.3 9.6 ± 0.4 2.8 ± 0.1
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properties of the coating in the vertical direction as desired. Such
“lego-like” construction provides infinite possibilities for
constructing composite coatings, where the chemistry and
functional properties can be tuned at the coating−substrate
interface, within the coating bulk, and at the coating surface.
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