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Abstract: Interfacial modular assembly has emerged as an
adaptable strategy for engineering the surface properties of
substrates in biomedicine, photonics, and catalysis. Herein, we
report a versatile and robust coating (pBDT-TA), self-assem-
bled from tannic acid (TA) and a self-polymerizing aromatic
dithiol (i.e. , benzene-1,4-dithiol, BDT), that can be engineered
on diverse substrates with a precisely tuned thickness (5–
40 nm) by varying the concentration of BDT used. The pBDT-
TA coating is stabilized by covalent (disulfide) bonds and
supramolecular (p-p) interactions, endowing the coating with
high stability in various harsh aqueous environments across
ionic strength, pH, temperature (e.g., 100 mM NaCl, HCl
(pH 1) or NaOH (pH 13), and water at 100 8C), as well as
surfactant solution (e.g., 100 mM Triton X-100) and biological
buffer (e.g., Dulbecco�s phosphate-buffered saline), as vali-
dated by experiments and simulations. Moreover, the reported
pBDT-TA coating enables secondary reactions on the coating
for engineering hybrid adlayers (e.g., ZIF-8 shells) via
phenolic-mediated adhesion, and the facile integration of
aromatic fluorescent dyes (e.g., rhodamine B) via p interac-
tions without requiring elaborate synthetic processes.

Engineering materials by manipulating their surface chemis-
try provides promise in diverse applications including bio-
medicine, catalysis, optics, and gas separation.[1–7] A versatile
surface functionalization strategy involves phenolic-based

coatings, which display multiple interactions with various
materials and are therefore widely applicable. For example,
covalently crosslinked phenolics (e.g., polydopamine) have
been extensively investigated for producing robust coat-
ings.[8–12] Attention has also been directed toward noncova-
lent, metal-coordinated phenolic coatings owing to their rapid
and facile synthesis, stimulus-responsiveness, and tunable
composition.[13–15] However, those supramolecular coatings
can disassemble in aqueous environments owing to the
presence of noncovalent stabilizing forces (e.g., van der
Waals interactions, electrostatic interactions, hydrogen bond-
ing, metal coordination) in response to changes in the
surroundings (e.g., ionic strength, pH, and temperature).[16–19]

Such disassembly provides advantages with respect to design-
ing adaptive and responsive materials (e.g., drug delivery
systems in biomedicine)[20,21] but may provide challenges in
applications that require long-term robustness and stability
(e.g., imaging, separations, and catalysis).[22,23] Therefore, the
development of robust (i.e., displaying long-term stability in
diverse environments), modular (structural and composi-
tional flexibility), and adaptable (stimulus-responsive) mate-
rials is envisaged to broaden the applications of phenolic-
based coatings.

Self-assembly processes are widely exploited for con-
structing structurally tunable and functional ensembles in
nature, where the assembly process simultaneously involves
covalent and noncovalent interactions among molecular
units.[24, 25] Inspired by this, we recently developed size-tunable
nanoparticles (pBDT-TA) via the assembly of tannic acid
(TA) and a self-polymerizable aromatic dithiol (i.e., benzene-
1,4-dithiol, BDT), and these nanoparticles served as a general-
izable particle template for synthesizing particles with various
shell materials.[26] The presence of both covalent and non-
covalent interactions in the pBDT-TA particles underpins
their robust stability in various synthetic conditions. There-
fore, we hypothesized that pBDT-TA complexes could serve
as suitable coatings that would also exhibit the combined
benefits of covalent and noncovalent interactions. The
application of such pBDT-TA coatings would expand the
library of phenolic-mediated coating strategies for engineer-
ing materials and surfaces.[27]

The interfacial assembly strategy for surface engineering
using TA and BDT is shown in Figure 1 a. Specifically, BDT
first self-polymerizes into polybenzene-1,4-dithiol (pBDT)
via disulfide bridges in aqueous environments and subse-
quently self-assembles with TA to form a coating (i.e., pBDT-
TA) on various substrates (across nano-to-micrometer-scales)
via the adherent properties of phenolics.[26, 28] In contrast,
monothiol-containing molecules do not result in robust
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coatings (Figure S1), indicating the importance of disulfide
bridges for this coating method. This small molecule-medi-
ated strategy allows for precise control over the coating
thickness by varying the concentration of the BDT mono-
mers. The p-p interactions between these building blocks can
be leveraged to prepare highly stable coatings that resist harsh
conditions, such as high salt environments (e.g., 100 mM
NaCl), pH (e.g., pH 1 and pH 13), high temperature (e.g.,
water at 100 8C), surfactant solutions (e.g., 100 mM Triton X-
100), and biological buffer (e.g., Dulbecco�s phosphate-
buffered saline (DPBS)), but can be selectively disassembled
in certain organic solvents such as tetrahydrofuran (THF),
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO),
as confirmed by experiments and simulations in the present
study. The high stability of the coatings allows for diverse
routes of modular postfunctionalization such as growth of
a second material (e.g., ZIF-8 and polypyrrole) on the
preformed pBDT-TA coatings (Figure 1b). Additionally,
aromatic dye molecules (e.g., rhodamine B) can be intro-
duced into the coatings via p-p and/or p-cation interactions,
endowing the coatings with tunable fluorescence properties
(Figure 1c).

The coatings were prepared by mixing TA and BDT in
bicine buffer (10 mM, pH 8.0) in the presence of substrates,
(e.g., glass slides, Au substrates, silicon wafers, and polyprop-
ylene tubes). The colorless coatings were readily perceived by
eye as the light reflection of the substrates changed after
pBDT-TA deposition (Figure 2a and Figure S2), although
bulk nucleation of pBDT-TA leading to a heterogeneous
coating on the macroscopic scale was also observed. The
pBDT-TA deposition was confirmed by scanning electron
microscopy and energy-dispersive X-ray spectroscopy (EDX)
(Figures S3–S6). Quartz crystal microbalance (QCM) meas-
urements demonstrated the growth kinetics of the coating on

a Au substrate where pBDT-TA grew continuously over 12 h
(Figure 2b). Repeating the pBDT-TA deposition process
allowed for the preparation of thicker films on a given
substrate. For example, a 62 nm film (with a root-mean-
square roughness of 12.8 nm) was obtained after two coating
steps (Figure 2c and d). These results suggest the wide
application range of the pBDT-TA coatings on diverse
surfaces, from inorganic to organic, due to the near-universal
adhesion of TA.[29]

The pBDT-TA coatings were also assembled on nanoscale
substrates of different sizes and shapes (i.e., 50 nm Au
nanoparticles (AuNPs), 14 nm AuNPs, 70 nm � 20 nm Au
nanorods) (Figure 2e–g and Figure S7). For example, mono-
disperse 50 nm AuNPs were used to demonstrate the smooth
and uniform pBDT-TA coating (Figure 2e). This was also
confirmed by dynamic light scattering (DLS): the Au@pBDT-
TA displayed a narrow size distribution profile (Figure S8).
Three-dimensional transmission electron microscopy (TEM)
tomography further confirmed the uniformity of the pBDT-
TA coating around the AuNPs (Figure 2h and Movie S1). The
thickness of the pBDT-TA coatings was precisely controlled
from 5 to 40 nm by simply increasing the amount of the BDT
precursor used (Figure 2 i and j). Owing to the colorless
nature of this coating, an obvious redshift in the localized
surface plasmon resonance (LSPR) of the Au@pBDT-TA
nanoparticles was also observed (Figure 2 j inset) from
535 nm (AuNPs) to more than 600 nm (Figure S9). Moreover,
the thickness of the pBDT-TA coatings can be modulated by
varying the concentration of TA (Figure S10). Specifically,
increasing the TA concentration led to a decrease in thick-
ness.

We next investigated the stability of the pBDT-TA
coatings. The DLS and UV–Vis spectra results showed that
the Au@pBDT-TA nanoparticles retained their original coat-

Figure 1. Surface engineering mediated by pBDT-TA coatings. a) The assembly of pBDT-TA complexes on diverse substrates via covalent and
noncovalent interactions. b) Polyphenol-directed growth of diverse shell materials on preformed pBDT-TA coatings owing to the near-universal
adhesion of phenolic groups. c) Introduction of organic moieties (e.g., fluorescent dyes) into the pBDT-TA coating.
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ing after incubation in various harsh aqueous environments
(Figures 3 a and S11) such as high salt environments (e.g.,
100 mM NaCl), pH (pH 1 (HCl) and pH 13 (NaOH)), high
temperature (water at 100 8C), as well as surfactant solutions
(e.g., 100 mM urea, 100 mM sodium dodecyl sulfate (SDS),
100 mM Triton X-100, and 100 mM Tween 20), and biological
buffer (e.g., DPBS). TEM images further confirmed negli-
gible changes in the thickness of the pBDT-TA coating under
the above conditions (Figures 3 b and S12). In contrast, the
pBDT-TA coating was completely removed when incubated
in THF, DMF, or DMSO. These results indicate the presence
of p-p stacking in the supramolecular coating, which is
consistent with our previous results.[26] The removal of the
coating in DMSO as a function of time was monitored by
UV–Vis spectroscopy; the data showed that the pBDT-TA
coating was effectively depleted within 5 min of incubation
(Figure 3c).

All-atom molecular dynamics (MD) simulations were
used to study the structural integrity of the pBDT-TA
complexes in various solvents.[30] The aim of the MD
simulations was to understand at a molecular level the
mechanistic details of the disassembly of the pBDT-TA
complexes in various solvents by modeling smaller pBDT–TA
complexes, which mimic the structure of the larger (exper-
imentally formed) coatings. The evolution of the radius of
gyration (Rgyr) and the solvent-accessible surface area
(SASA) of a pBDT-TA complex system immersed in different
media (e.g., water, methanol (MeOH), DMSO, and DMF)
was monitored and quantified (Figure 3 d and e, and Figur-
es S13–S17). The MD simulation results agree with the
experimental observations. Specifically, the complexes were
stable in water (at 298 and 373 K) and MeOH and displayed
varying degrees of disassembly in both DMSO and DMF on
the time scales accessed by simulation.

Figure 2. Formation of pBDT-TA coatings on various substrates. a) Photographs of pBDT-TA coatings on various substrates. From top to bottom:
glass, Au, and silicon wafers before (left) and after coating (right). The length of each white square is 1 cm. b) Dynamic coating process of pBDT-
TA complexes on a Au substrate, as monitored by QCM. The increased frequency at 18 h was due to a washing step. c, d) Representative atomic
force microscopy height image and corresponding height profile of the pBDT-TA coating on a Au substrate after two coating steps. e–g) TEM
images of pBDT-TA coatings on different nano-objects: 50 nm AuNPs (e), 14 nm AuNPs (f), and Au nanorods (g). Insets show the corresponding
high-magnification TEM images of the coated nano-objects; scale bars are 50 nm (e, g) and 20 nm (f). h) TEM images of Au@pBDT-TA viewed at
different tilting angles. The white dashes indicate the boundary of the interface between pBDT and the TEM grid. i) TEM images of AuNPs
(50 nm) with different pBDT-TA coating thicknesses as a function of the concentration of BDT (7.5–120 mg mL�1). j) Relationship between the
thickness of the coating and concentration of BDT monomers. Inset shows a photograph of AuNPs with different pBDT-TA coating thicknesses in
solution.
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The simulation studies revealed a three-stage disassembly
mechanism (Figures 3e and S16 and S17): reorganization of
the complex-solvent interface (Stage 1), TA dissociation
(Stage 2), and pBDT core disassembly (Stage 3). Specifically,
the annotated exemplar trajectory for the complex immersed
in DMSO illustrates the progression and overlap of the stages
of the disassembly mechanism (Figure 3e and S16). Stage
1 was observed between 0 to 0.2 ms where Rgyr of TA increased
steadily as some of the aromatic “arms” of the TA molecules
stretched from the complex to interact with DMSO. Stage 2
began at 0.2 ms where Rgyr of TA increased unsteadily as some
of the TA molecules detached from the complex to be fully
solvated in DMSO. In Stages 1 and 2, Rgyr of pBDT increased
only slightly as the edges of the core “frayed”. From 0.55 ms
onwards, Stage 3 of the disassembly mechanism began as
pBDT molecules detached from the core. This detachment is
highlighted by a decrease in the covered fraction of both the
core and TA (Figure 3e). In Stage 3, there was continued

disassociation of TA from the pBDT core until most of the TA
molecules were fully solvated in the DMSO (Figure 3 d).

The simulations suggest that progression through the
stages is dictated by the polarity of the solvent. Complexes in
DMF also progressed through the three stages and the onset
of core disassembly was observed (Figure S17). SASA
evolution for the complexes of TA and pBDT in MeOH
indicated significant interfacial reorganization of molecules
with limited polyphenol disassociation, however, the steady
Rgyr of pBDT indicates the absence of the third stage of the
disassembly mechanism within the simulation time frame
studied (Figure S15).

It is noted that the outermost layer of the pBDT-TA
coating is composed of TA (Figure 3d), which is expected to
give the coated nanoparticles improved colloidal stability.[31]

Therefore, the colloidal stability of the pBDT-TA-coated
nanoparticles was examined. AuNPs (14 nm) with a 15 nm
pBDT-TA coating remained monodisperse without aggrega-
tion when dispersed in up to 200 mM NaCl (Figures 3 f and

Figure 3. Stability of pBDT-TA coatings in different environments. a) DLS results of the Au@pBDT-TA nanoparticles after incubation for 1 h in
various media (including water at 100 8C). The concentration of NaCl, urea, SDS, Triton X-100, Tween 20, NaOH (pH 13), and HCl (pH 1) was
100 mM. b) Representative TEM images of the Au@pBDT-TA nanoparticles after the different treatments. c) UV–Vis spectra of the Au@pBDT-TA
nanoparticles in DMSO. Inset shows changes in intensity of the absorbance peak as a function of time. d) Simulation snapshots of the complexes
comprised of pBDT (yellow) and TA (red) measured in DMSO; the snapshots show disassembly at 0, 0.2, 0.5, and 1.3 ms. e) Evolution of the
covered fraction (i.e., fraction of molecules that are not accessible to the solvent) of pBDT (red) and TA (blue). The gray area represents the
number of unconnected pBDT aggregates. f) Colloidal stability of 14 nm AuNPs and pBDT-TA-coated AuNPs in response to different ionic
strengths (i.e., NaCl).
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S18). Such colloidal stability was in stark contrast with
pristine AuNPs stabilized by citrate acid, which aggregated
when the concentration of NaCl was above ~ 20 mM (Figur-
es 3 f and S18). The improved colloidal stability was likely due
to the electrostatic repulsive forces arising from the negative
charge of the deprotonated phenolic groups (Figure S19),
which also leads to steric hindrance from the hyperbranched
structure of TA.[32–34]

The presence of TA on the surface can also act as
a versatile platform for secondary reactions, leading to
tailorable secondary coatings,[35] as the strong p-p interactions
between pBDT and TA maintain the structure of the
supramolecular network in different synthetic environments.
For example, the pBDT-TA coating allowed for the deposi-
tion of uniform secondary layers of ZIF-8 in MeOH, yielding
monodisperse core–shell particles (Figure 4a).[36] EDX map-
ping indicated the preservation of pBDT-TA networks
underneath the ZIF-8 shell (Figure 4 b). The pBDT-TA
intermediate layer was removed after incubation in DMF to
generate yolk-shell structures (Figure 4c). Similarly, polypyr-
role (PPy) shells could be synthesized on the surface of the
Au@pBDT-TA nanoparticles (Figure 4d), and complex yolk-
shell structures were obtained by selectively removing pBDT-
TA (Figure 4e). This platform exhibited flexibility in creating
complex multimaterial nanostructures that are not easily
accessible to other surface coating strategies.

The dominant p-p interactions in pBDT-TA also allowed
for the integration of aromatic dyes into the coatings through
p-p and/or p-cation interactions.[37] We employed a fluores-
cent dye (i.e., rhodamine B, RhB) to validate our design. RhB
was mixed with BDT and TA in bicine buffer to co-assemble
into supramolecular coatings (pBDT-TA-RhB) on AuNPs
(Figure S20). The Au@pBDT-TA-RhB exhibited both the
LSPR of Au and the characteristic absorbance peak of RhB
(Figure 4 f). The dye-labeled nanoparticles exhibited distinct

fluorescence compared with Au@pBDT-TA (Figure S21),
confirming the incorporation of the fluorescent RhB dye in
the coatings. Moreover, the built-in Au cores can serve as
additional contrast agents, as they have a high molar
extinction coefficient and a scattering yield due to the
LSPR.[38] Thus, this makes Au@pBDT-TA-RhB a dual-mode
imaging probe–the scattering signal from the Au core and the
fluorescent signal from the coating (Figure 4 g).[39] Other
aromatic dyes (e.g., rhodamine 19) can also be incorporated
to tune the emission of these nanosystems (Figure S22). Such
a platform could potentially be employed for tracking the fate
of nanoparticles in bio-nano interactions and be used as
multimodal imaging agents.[40,41]

In summary, the self-assembly of pBDT-TA coatings has
been developed by exploiting p-p interactions between
polyphenols and a self-polymerizable aromatic dithiol.
These coatings can be assembled on diverse substrates in
mild aqueous conditions with controllable thickness owing to
the adhesive properties of the phenolic groups and the facile
control of the supramolecular assembly. The strong p-p
interactions promote stability of the coatings in various harsh
environments (e.g., high ionic strength, high pH, high
temperature, surfactant solution, and biological buffer),
therefore allowing for secondary reactions under different
synthetic conditions. Moreover, the pBDT-TA coatings
enable the modular integration of aromatic fluorescent tags.
This coating strategy is expected to expedite advances in
functional supramolecular assemblies with potential in
diverse fields.
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