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Abstract

Nanocapsules can be designed for applications including drug delivery, catalysis, and biological 

imaging. The mussel-inspired material polydopamine is a promising shell layer for nanocapsules 

because of its free radical scavenging capacity, ability to react with a broad range of functional 

molecules, lack of toxicity, and biodegradability. Previous reports of PDA nanocapsule formation 

have relied on a templating approach. Herein, we report a template-free approach to polydopamine 

nanocapsule formation in the presence of resveratrol, a naturally occurring anti-inflammatory and 

antioxidant compound found in red wine and grapes. Synthesis of nanocapsules occurs 

spontaneously in an ethanolic resveratrol/dopamine·HCl solution at pH 8.5. UV-Vis absorbance 

spectroscopy and X-ray photoelectron spectroscopy indicate that resveratrol is incorporated into 

the nanocapsules. We also observed the formation of a soluble fluorescent dopamine-resveratrol 

adduct during synthesis which was identified by HPLC, UV-Vis spectroscopy, and ESI-MS. Using 

TEM and DLS, we studied the influence of solvent composition, dopamine concentration, and 

resveratrol:dopamine ratio on the nanocapsule diameter and shell thickness. The resulting 

nanocapsules have excellent free radical scavenging activity as measured by a DPPH radical 

scavenging assay. Our work provides a convenient pathway by which RV, and possibly other 

hydrophobic bioactive compounds, may be encapsulated within polydopamine nanocapsules.
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1. Introduction

Since the first report of mussel-inspired polydopamine (PDA) a little over a decade ago,1 

PDA has been widely explored for surface modification and as multifunctional coatings.1-4 

PDA coatings can be applied to a wide range of substrates by simple immersion in a mild 

alkaline solution of dopamine·HCl (DA). Under these conditions, DA autoxidation results in 

formation of dopamine-o-quinone and dihydroxyindole, which further react via poorly 

understood reactions culminating in the formation of a conformal coating of PDA on the 

substrate.5-9 PDA serves as a convenient primer layer for further surface modification with 

organic and inorganic species through covalent bonding with amines and thiols, π-π 
stacking, hydrogen bonding, metal ion coordination, and electrostatic interactions.1, 3, 10–12

Colloidal particles such as gold nanoparticles12-16, superparamagnetic iron oxide 

nanoclusters17, mesoporous silica18, carbon nanotubes19-20, and PLGA nanoparticles21 have 

similarly been coated with PDA primer layers for further modification with antibodies, 

peptides, chemotherapeutic drugs, aptamers, microRNAs, and metals. Sunoqrot et al. also 

observed that mPEG-PCL nanoparticles became muco-adhesive following PDA coating.22 

Additionally, colloidal particles of PDA have been prepared by autoxidation of dopamine 

under mild alkaline conditions for applications including free radical scavenging, fluorescent 

imaging, chemotherapeutic drug delivery, UV photoprotection, and near-infrared 

photothermal therapy.23-29 PDA nanoparticles have been observed to be nontoxic in 

mammalian cell culture.23-24, 26

Nanocapsules (NCs), which have liquid cores surrounded by polymer or inorganic shells, 

have applications in drug delivery, vaccine delivery, catalysis, and biomedical imaging.30-37 

Existing literature reports on the formation of PDA micro- and nanocapsules38-45 mainly 

rely upon “hard” or “soft” templates, which are first coated with PDA and then dissolved or 

etched away to yield a PDA capsule. In one study, Caruso and coworkers coated silica 

spheres with PDA by incubation with DA solution at pH 8.5 and then etched away the silica 

with hydrofluoric acid.38 Using the silica templating approach, Caruso and coworkers were 

able to prepare fluorescent PDA capsules by subsequent H2O2 oxidation of the PDA.41 Liu 

et al. deposited PDA on polystyrene beads and subsequently dissolved the beads with THF.
39 Shi and coworkers deposited PDA on a CaCO3 mineral template and then dissolved the 
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mineral template to prepare PDA microcapsules for enzyme catalysis.43-45 Soft-templated 

PDA capsules have also been prepared by creating an emulsion of dimethyldiethoxysilane 

droplets that were coated with PDA and then dissolved to yield 400 nm − 2.4 μm diameter 

PDA capsules could be loaded with CdSe/CdS quantum dots, magnetic Fe3O4 NPs, and 

hydrophobic drugs such as the chemotherapeutic drug doxorubicin.40, 46-47

Template-free approaches to the preparation of PDA capsules have the potential advantage 

of avoiding the need for aggressive treatments to remove the template.38-41, 46 One template-

free approach to PDA NC formation was recently developed by Ni et al,42 who proposed 

that microphase separation of a THF-water solvent mixture formed microdroplets that were 

coated by PDA. However, this group did not report PDA capsules with diameters below 200 

nm, or incorporation of cargo into the PDA capsules.

Here, we report the surprising discovery of spontaneous untemplated PDA nanocapsule 

formation from mixtures of dopamine and the bioactive molecule resveratrol (RV) without 

the use of toxic reagents. Naturally found in red wine and grapes, RV is a hydroxylated 

stilbene derivative that has reported anti-inflammatory, anti-cancer, anti-diabetic, 

cardioprotective and anti-aging effects. 48-50 We show that during PDA NC formation, a 

fraction of RV reacts with oxidized dopamine to form a soluble azamonardine fluorophore, 

whereas additional RV is incorporated into the PDA nanocapsules. Control over NC 

diameter and shell thickness was established by varying DA concentration and the RV:DA 

ratio. The antioxidant activity of RV@PDA nanocapsules was confirmed by a DPPH free 

radical scavenging assay, suggesting that the RV@PDA NCs may be useful for biological 

applications that require reduction of oxidative stress.

2. Experimental Section

2.1. Materials

Dopamine·HCl (DA, >98% purity) was purchased from Acros Organics (Thermo Fisher 

Scientific, Geel, Belgium). Resveratrol was purchased from Spectrum Chemical (New 

Brunswick, NJ, USA). 2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Falcon® polypropylene conical tubes (50 mL, 30 × 115 mm 

style) were obtained from Corning (Corning, NY, USA). Ultrapure (UP) water was purified 

from deionized water with a Barnstead Ultrapure Water Purification System (Thermo Fisher 

Scientific, Waltham, MA, USA) to a resistivity of at least 18.0 MΩ cm. Koptec 200 proof 

ethanol was purchased from DeconLabs (King of Prussia, PA, USA). HPLC grade, 

submicron filtered acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA, USA), 

and HPLC grade trifluoroacetic acid (TFA) was purchased from EMD Millipore (Millipore 

Sigma, Burlington, MA, USA).

2.2. Nanomaterial Synthesis and Purification

RV@PDA and PDA Synthesis: All solvents, buffers, and stock solutions were 0.22 μm 

filtered before use. In a typical synthesis, RV@PDA was prepared in solutions containing a 

5:1 volume ratio of 10 mM bicine-buffered water and ethanol, 0.250 mg/mL DA, and 0.125 

mg/mL resveratrol (0.5:1 RV:DA mass ratio). Ultrapure water (36.5 mL) and ethanol (7.83 
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mL) were first mixed in a 50 mL centrifuge tube. To this solution, resveratrol (RV) in 

ethanol (500 μL at 12.5 mg/mL) was added, and the tube was vortexed for several seconds. 

Then, DA in ultrapure water (1 mL at 12.5 mg/mL) was added to this solution. After 

vortexing several seconds, 100 mM bicine buffered water (pH 8.5, 4.17 mL) was added to 

the particle growth solution and vortexed again for several seconds. The growth solution was 

incubated with mild shaking for 24 h (setting #5 (~80 rpm) on a Stovall BDRAA115S Belly 

Dancer Shaker, Cole Parmer). After 24 h, the product was purified by centrifugation at 

12,500 g for 40 minutes, rinsing once with ultrapure water. To evaluate the effect of solvent 

composition on NC diameter, the ratio of ethanol:water was adjusted as needed to achieve 

final solvent ratios of 2:1 – 12:1 of 10 mM bicine buffered water and ethanol.

PDA was synthesized and purified in the same manner as RV@PDA without adding 

resveratrol to the particle growth solution.

Evaluation of the Effect of Delayed Buffer Addition: In order to determine the effect 

of pre-incubating DA and RV before addition of buffer, the RV@PDA and PDA syntheses 

were performed as described above without the addition of buffer. Following mixing of DA, 

RV, water, and ethanol, the reaction mixture was incubated in a 50 mL centrifuge tube at 

either room temperature or at 60 °C for 24 h. Then, 4.17 mL of 100 mM bicine buffer at pH 

8.5 was quickly added to the solution, which was then capped and vortexed for several 

seconds. The samples were then mixed rapidly as described above under non-turbulent 

conditions for 24 h at room temperature before purification by centrifugation at 12,500 g for 

40 min, rinsing once with ultrapure water.

2.3. Dopamine-Resveratrol Adduct Purification and Characterization

Purification of Dopamine-Resveratrol (DA-RV) Adduct by High-Performance 
Liquid Chromatography (HPLC): The DA-RV adduct was purified using a C18 column 

in an Agilent Technologies 1260 Infinity II LC System (Santa Clara, CA, USA). Solvent A 

was water with 0.1% trifluoroacetic acid (TFA), and solvent B was acetonitrile (0.1% TFA). 

The full gradient is provided in the supporting information (Figure S6). Samples were 

filtered through a syringe-driven 0.22 um PVDF filter before injection. UV-Vis absorbance 

was monitored at three wavelengths: 286 nm, 304 nm, and 425 nm. The 425 nm wavelength 

corresponded to the dopamine-resveratrol adduct. A peak appeared in the 425 nm channel 

22.7 min into the gradient, corresponding to 36.8% Solvent B. The product was collected 

starting at 22 min elution time until the peak had fully diminished. The collected fluid 

appeared as a bright yellow-green solution.

Characterization of DA-RV Adduct: UV-Vis absorbance spectra of the dopamine-

resveratrol adduct were obtained using a UV2600 spectrophotometer (Shimadzu Scientific 

Instruments, Kyoto, Japan). High-resolution mass spectrometry analysis was performed with 

electrospray ionization mass spectrometry (ESI-MS) on a Thermo LTQ-FT instrument at the 

QB3 core facility (UC Berkeley). Additional absorbance (λabs = 310–600 nm) and 

fluorescence emission scans (λex = 390 nm, λem = 415–750 nm) were collected on a Tecan 

Infinite M200 plate reader at 0.02 mg/mL adduct in various solvents (see supporting 

information). Fourier transform infrared (FTIR) spectra were collected on a Bruker Vertex 
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80 FTIR spectrometer equipped with an attenuated total reflectance accessory with a 

diamond window (LBNL Catalysis Facility, UC Berkeley). 1-, 13C-NMR, and 1H spectra 

were collected on a Bruker 900 MHz instrument equipped with a cryoprobe at the Central 

California 900 MHz NMR facility at UC Berkeley. 1H NMR (900 MHz, DMSO-d6) δ 10.86 

(s, 1H), 9.81 (s, 1H), 9.41 (bs, 2H), 7.85 (bs, 1H), 7.53 (d, J = 8.6 Hz, 2H), 7.21 (d, J = 16.1 

Hz, 1H), 7.18 (d, J = 16.0 Hz, 1H), 6.82 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 1.9 Hz, 1H), 6.38 

(d, J = 2.0 Hz, 1H), 6.36 (s, 1H), 3.28 (app dd, J = 14.0, J = 5.6 Hz, 1H), 3.12 (app td, J = 

13.7, J = 4.2 Hz, 1H), 2.70 (d, J = 12.0 Hz, 1H), 2.61 (dd, J = 11.9, 2.3 Hz, 1H), 2.16 (app 

td, J = 13.4, 5.7 Hz, 1H), 1.82 (app d, J = 13.2 Hz, 1H). 13C NMR (226 MHz, DMSO-d6) δ 
188.61, 166.09, 165.20, 164.14, 158.37, 139.91, 134.07, 128.89, 127.20, 120.09, 115.74, 

113.48, 110.29, 107.66, 96.66, 86.79, 82.77, 43.48, 36.44, 29.13. Graphical spectra are 

presented in supporting information.

2.4. Nanoparticle Characterization

Spectroscopic Characterization: UV-Vis absorbance spectra were obtained using a 

UV2600 spectrophotometer (Shimadzu Scientific Instruments, Kyoto, Japan). To calculate 

extinction coefficients, a UV-Vis absorbance plate reader (Infinite M200 Pro, Tecan Trading 

AG, Switzerland) was used to facilitate high-throughput analysis. For extinction coefficient 

quantification, PDA and RV@PDA were diluted to concentrations of 1, 2, 5, 10, 20, and 50 

μg/mL. The UV-Vis absorbances of these solutions were then measured in triplicate and 

averaged. The curve of absorbance vs. concentration was then fit to a linear relation 

according to Beer’s law (A = εbc) at λabs = 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 

nm, and 977 nm, where A is the absorbance of the sample, c is the concentration in μg/mL, b 

is the path length in cm, and ε is the extinction coefficient in cm−1 * (μg/mL)−1. All linear 

fits with r2 ≥ 0.94 were obtained except for RV@PDA grown in 1:1 RV:DA solution at λabs 

= 800 nm (r2 = 0.89), 900 nm (r2 = 0.88), and 977 nm (r2 = 0.83).

Dynamic Light Scattering and Zeta Potential Analysis: Dynamic light scattering 

(DLS) and zeta potential analysis of PDA and RV@PDA nanostructures was conducted 

using a Malvern Zetasizer Nano ZS instrument (Malvern, Worcestershire, UK). The 

hydrodynamic diameter (Dh) of each batch of NPs or NCs was taken as the z-average 

particle diameter obtained from cumulants analysis by the Malvern Zetasizer software. 

During zeta potential measurement, pH was controlled with 10 mM citrate buffer (pH 2.5 – 

6.5), 10 mM HEPES buffer (pH 7.0 – 7.5), or 10 mM bicine buffer (pH 8.0 – 9.0). Zeta 

potential was calculated by the Malvern Zetasizer software utilizing the method detailed by 

Wiersma et al. using the Smoluchowski approximation (f1(ϰa) = 1.5).51

Electron Microscopy Imaging: Conventional transmission electron microscopy (TEM) 

imaging was performed on an FEI Tecnai 12 TEM (Hillsboro, OR, USA). Samples were 

prepared by dropping 5 μL of PDA or RV@PDA suspension onto a carbon film-coated 400 

mesh copper TEM grid (Electron Microscopy Sciences, Hatfield, PA, USA) and rinsing with 

UP water. Scanning electron microscopy (SEM) images were obtained using an FEI Quanta 

3D FEG SEM (Hillsboro, OR, USA). SEM samples were sputter coated with 20 nm of gold 

to prevent charging. The images were taken at a beam voltage of 10 kV and current of 0.33 

Amin et al. Page 5

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nA. Freeze fracturing of SEM samples was performed by freezing drop-casted NPs in liquid 

nitrogen before striking them with a hammer.

X-ray Photoelectron Spectroscopy (XPS): XPS samples were prepared as we have 

previously described.24 Substrates were cleaned by serial sonication in ultrapure water, 

acetone, and isopropanol for 10 min each followed by plasma cleaning at 60 W for 10 min 

(Harrick Plasma Cleaner, Ithaca, NY, USA). Then, 20-50 μL droplets of concentrated PDA 

or RV@PDA suspensions (~ 0.25-1 mg/mL) were placed onto clean gold-coated silicon 

substrates and dried overnight. Substrates were dried completely under high vacuum prior to 

analysis in a PHI 5600 spectrometer (PerkinElmer) equipped with an Al monochromated 2 

mm filament and a built-in charge neutralizer. The X-ray source operated at 350 W, 14.8 V, 

and 40° take-off angle. The atomic concentrations (atom %) of nitrogen, oxygen, and carbon 

of drop-casted nanomaterial was determined relative to total nitrogen, oxygen, and carbon 

content by performing survey scans between 0 and 1100 eV electron binding energies. 

Charge correction was performed setting the C1s peak at 285.0 eV. Data analysis was 

conducted using MultiPak software version 9.6.015 (Physical Electronics, Chanhassen, MN, 

USA) and OriginPro 2017 software (Student version, OriginLab, Northampton, MA, USA).

DPPH Free Radical Scavenging Assay: To measure antioxidant activity of the PDA 

and RV@PDA, a DPPH assay was adapted from the literature for use on a UV-Vis 

absorbance plate reader (Synergy H1, BioTek, Winooski, VT, USA).52 Briefly, between 0 

and 50 μg/mL of antioxidant (PDA, RV@PDA, RV, DA, or ascorbic acid) were mixed with 

100 μM DPPH in ethanol. Trace water was present in wells containing DA to improve 

solubility (<10 vol %). The scavenging of DPPH was observed by monitoring absorbance of 

the DPPH radical at λabs = 517 nm from 5 min – 60 min. In order to control for the 

background absorbance of each antioxidant, the absorbances of each well containing DPPH 

and antioxidant were subtracted by the absorbances of wells containing the antioxidant 

dissolved in ethanol without DPPH. As the initial free radical of DPPH was converted to 

DPPH-H, the absorbance at 517 nm decreased. Fraction of DPPH remaining was calculated 

using absorbance at 517 nm at a given time and the initial absorbance at 517 nm. 

Measurements were performed in triplicate.

2.5. Statistical Analysis

Statistical analysis was performed in Minitab 17 (Minitab Inc., State College, PA, USA) by 

conducting ANOVA followed by post-hoc Tukey tests. All error bars represent standard 

deviations (SD) of at least three samples unless otherwise noted.

3. Results and Discussion

3.1. Preparation of PDA and RV@PDA

To prepare RV@PDA, an ethanolic RV solution (12.5 mg/mL) was first added into a 5:1 

water:ethanol mixture (Figure 1). Immediately after mixing, light scattering (derived count 

rate = 247 kcps by DLS) indicated that either emulsion or nanoprecipitate formation 

occurred, possibly driven by the poor water solubility of RV (0.03 mg/mL).53 The addition 

of dopamine·HCl (DA) to this mixture accompanied by neutralization of the solution pH to 
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8.5 resulted in a darkening of the color of the solution, qualitatively indicating the formation 

of PDA. To prepare the RV-free PDA control, the first step of RV addition into growth 

solution was omitted.

The effects of solvent composition and particle growth time on hydrodynamic diameter (Dh) 

were evaluated by in situ DLS analysis of solutions containing 0.125 mg/mL RV and 0.25 

mg/mL DA. Over approximately the first six hours of particle growth, it was not possible to 

measure Dh by DLS due to significant polydispersity. Between 7 h and 24 h of growth, it 

was observed that Dh of RV@PDA increased for solvent compositions of 3:1 – 12:1 

water:ethanol (Figure S1). The final diameters ranged from 109 nm to 222 nm after 24 h and 

were lower at higher water:ethanol ratios (Figure S1). The 5:1 water:ethanol solvent 

composition and 24 h growth time was utilized for subsequent experiments.

The optical density of the final solutions inversely correlated with the RV:DA mass ratio, 

with solutions containing DA alone darkest and solutions containing RV alone lightest 

(Figure 2a). No darkening occurred in RV solutions with or without DA when the pH of the 

solution was not adjusted to pH 8.5, indicating that basic conditions were required in order 

to form nanoparticles (Figure S2). The overall mass of PDA and RV@PDA isolated from the 

growth solutions decreased as RV:DA mass ratio increased, suggesting that RV interferes 

with PDA growth in some manner. This result is consistent with the partial consumption of 

RV and DA to form soluble fluorescent byproduct (see section 3.2).

Nanoparticles prepared from pure DA exhibited a PDA-like broadband UV-Vis absorbance 

that monotonically decayed with increasing wavelengths (Figures 2b, S3, S4), consistent 

with what has been reported previously for PDA.23-24, 26 On the other hand, the UV-Vis 

absorbance spectra of purified RV@PDA prepared from solutions containing DA and RV 

had an absorbance peak at λabs = 305 nm superimposed on the PDA-like broadband 

absorbance spectra (Figure 2b). This distinctive absorbance peak at 305 nm is consistent 

with that of RV, suggesting that RV is incorporated into RV@PDA product. The extinction 

coefficients of the PDA and RV@PDA nanoparticles decreased as more RV was added into 

the growth solutions, showing that RV@PDA are less intensely absorbing than pure PDA 

(Figure S4, Table S1). This result suggests that RV incorporation into RV@PDA may disrupt 

the highly conjugated, optically absorbent PDA structure. No broadband absorbance 

occurred in solutions that did not contain DA or pH 8.5 buffer (Figure S2).

Zeta potential measurements on pure PDA and RV@PDA nanoparticles grown at 0.5:1 

RV:DA were measured at a range of pH values from 2.5 to 9.5 (Figure 3a). The pH-

dependence of zeta potential matches closely with published results on PDA, with the 

isoelectric point of both PDA and RV@PDA lying between pH 4.0 and pH 4.5.24 This result 

suggests that the surface charge of the nanoparticles is governed primarily by PDA.

As expected for PDA and RV@PDA, XPS scans of drop-cast PDA and RV@PDA 

nanoparticles all have peaks corresponding to O 1s at ~533 eV, C 1s at ~285 eV, and N 1s at 

~400 eV (Figure 3b). Atomic ratio analysis from high resolution O 1s, C 1s, and N 1s scans 

(Figure 3c-d, Figure S5) reveal trends in C and N at% consistent with incorporation of RV 

into the PV@PDA nanoparticles. The lack of significant differences between the C and N 
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composition of RV@PDA prepared at 0.5:1 RV:DA and 1:1 RV:DA may indicate that the RV 

content of RV@PDA nanomaterials has a saturation limit, beyond which additional RV 

incorporation does not occur. Deconvoluted high resolution XPS scans of the C 1s and O 1s 

peaks of PDA and RV@PDA prepared at 0.5:1 and 1:1 RV:DA provide further support for 

RV incorporation (Figure S5).

3.2. DA-RV Adduct Formation

We noted earlier that growth solutions of RV@PDA became a distinctive yellow-green color 

over the course of 24 h, which was not observed in reaction solutions containing only DA or 

only RV at pH 8.5 (Figure 2a). The supernatants recovered from RV@PDA growth solutions 

following centrifugation had a UV-Vis absorbance peak at λabs = 420 nm in addition to the 

absorbance peak at λabs = 309 nm associated with RV (Figure 4d, S3b). We hypothesized 

that this peak represented an azamonardine-type chromophore formed by the reaction of DA 

and RV (Figure 4a). Semi-preparative reverse phase HPLC of both 0.5:1 and 1:1 RV:DA 

grown solution supernatants revealed a single major peak with strong absorbance at 425 nm 

(Figure S6). The pure product, isolated as a bright yellow trifluoroacetate salt, demonstrated 

two distinct UV-Vis absorbance peaks, at λabs = 309 nm and λabs = 398 nm (Figure S7), and 

solutions in DMSO were fluorescent under UV excitation (Figures S8-S10). Analysis by 

high resolution electrospray ionization mass spectrometry (ESI-MS) in positive and negative 

ion modes revealed peaks at 378.1336 m/z and 376.1184 m/z, respectively, corresponding to 

a parent molecular formula C22H19NO5 (Figure 4b). These results are consistent with a 1:1 

adduct between dopamine and resveratrol with a degree of unsaturation of 14.

Further analyses of the adduct by 1H- and 13C-NMR spectrometry, as well as 1H-13C HSQC 

and HMBC experiments, and infrared spectrometry support the formation of an 

azamonardine moiety with the proposed structure shown in Figure 4a (Figures S11-S15). 

This structure is analogous to the previously described monardine and azamonardine 

fluorophores formed between resorcinol and either 3,4-dihydroxyphenethyl alcohol or 

dopamine, respectively, under mildly basic conditions (pH >8) in the presence of dissolved 

oxygen at room temperature.54-55 These conditions are similar to the nanomaterial growth 

conditions used in our work.

The UV-Vis absorbance peak shift of the DA-RV adduct is consistent with the findings of 

Acuña et al., who observed that azamonardine has an absorbance maximum at λabs = 389 

nm at pH 6 and λabs = 419 nm at pH 9.55 These peaks are close to the higher wavelength 

absorbance maxima of the DA-RV adduct peaks at λabs = 398 nm following purification via 

HPLC under acidic conditions and λabs = 425 nm in the pH 8.5 supernatant of the 

nanomaterial synthesis. The presence of a second strong absorbance peak in the DA-RV 

molecule at 309 nm suggests that the 4-hydroxystyryl fragment of the DA-RV adduct is not 

fully conjugated with the azamonardine moiety, and is likely out of the plane of the 

conjugated system derived from dopamine and the resorcinol fragment of RV. Furthermore, 

the DA-RV adduct fluorescence emission intensity is pH dependent, with a maximum 

emission intensity at 495 nm observed at pH 8.5 (λex = 390 nm) among the buffer pH values 

examined (Figure 4c). This behavior is consistent with the pH-dependent absorbance and 
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fluorescence properties of azamonardine fluorophores that have been previously reported by 

both Acuna and Zhang.54-55

The azamonardine scaffold presumably forms first by trapping of the highly reactive 

dopamine quinone by resveratrol (Figure S16). At low concentrations of reactants, this 

substitution occurs quickly enough that it competes with formation of aminochrome and 

dihydroxyindole from dopamine55, essential intermediates for PDA generation, potentially 

explaining the reduced yield of RV@PDA relative to PDA. Following electrophilic 

substitution of resveratrol and additional oxidation of the DA fragment, cyclization by 

Michael addition of a pendant phenol of the RV fragment onto the DA carbon bearing the 

aminoethyl moiety can occur. Subsequent tautomerization enables nucleophilic addition by 

the pendant amine to the proximal ketone, forming the hemiaminal characteristic of the 

azamonardine fluorophores (Figure S16).

3.3. Morphology of RV@PDA Nanostructures

The RV@PDA morphologies were evaluated by TEM and SEM. PDA nanoparticles formed 

in the absence of RV were found to be predominantly solid and spherical. In contrast, 

increasing the RV:DA ratio in the growth solution from 0:1 to 0.5:1 RV:DA resulted in 

increased nanocapsule formation as indicated by TEM (Figure 5a-c). At 0.5:1 RV:DA, the 

product was predominantly NCs. As the RV:DA ratio was further increased to 1:1, the NCs 

have thinner shells and more irregular appearances. Some NCs appear to deform during 

synthesis or in the high vacuum environment of the EM (Figure 5d). At 2:1 RV:DA, low 

electron-contrast nanoparticles were observed by TEM (data not shown), which may 

indicate the presence of resveratrol aggregates rather than electron-dense polydopamine.

SEM images show that the outer surfaces of the PDA and RV@PDA nanostructures are 

smooth and spherical (0:1 and 0.5:1 RV:DA, Figure 6a,b). SEM micrographs of freeze-

fractured RV@PDA (0.5:1 RV:DA) reveal that the inner core is hollow, consistent with a 

nanocapsule morphology (Figure 6c). It is possible that this morphology reflects the initial 

formation of RV nanoparticles due to low solubility in the growth medium, followed 

subsequently by deposition of a dense PDA shell.

3.4. RV@PDA Nanocapsule Diameter and Shell Thickness Control by DA Concentration

The diameter and shell thickness of the RV@PDA particles were tunable through DA 

concentration. At a constant 0.25 mg/mL RV concentration in the growth solution, TEM 

analysis of particles revealed a general trend toward greater overall diameter and shell 

thickness with increasing DA concentration ≥ 0.25 mg/mL (Figure 7). Particle diameter 

increased with DA concentration, with Dh = 221.6 ± 40.4 nm for 0.25 mg/mL DA (1:1 

RV:DA), 319.7 ± 16.6 nm for 0.50 mg/mL DA (0.5:1 RV:DA), and 471.6 ± 26.3 nm for 1.00 

mg/mL DA (0.25:1 RV:DA). The shell thickness of NCs increased from ~10 nm at 0.25 

mg/mL DA (1:1 RV:DA) to ~100 nm at 1.00 mg/mL DA (0.25:1 RV:DA). These results 

indicate that the predominant effect of additional DA in solution is to increase PDA shell 

thickness.
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3.5. Antioxidant Activity of RV@PDA NCs

Using a DPPH assay, the antioxidant activities of both PDA NPs and RV@PDA NCs were 

evaluated by monitoring the reduction of DPPH radicals (Figure 8). PDA NPs were prepared 

in 0.25 mg/mL DA solution, and RV@PDA NCs were prepared in 0.125 mg/mL RV, 0.25 

mg/mL DA solution (0.5:1 RV:DA). Free RV, DA, and ascorbic acid were used as controls. 

The antioxidant performance of RV@PDA NCs was better than both DA and RV alone at 5 

min over the 5—50 μg/mL concentration regime (Figure 8a). At 60 min, the antioxidant 

activity of RV@PDA NCs was comparable to that of DA and remained greater than that of 

RV (Figure 8b). Furthermore, the antioxidant activity of RV@PDA NCs is not significantly 

different from that of ascorbic acid at concentrations of ≥ 20 μg/mL at 60 min.

4. Conclusions

In this work, we have demonstrated a novel technique to synthesize PDA nanocapsules 

(NCs) without the use of nanoparticle templates. In this approach, the presence of the 

hydrophobic stilbene resveratrol (RV) during auto-oxidative formation of PDA induces 

nanocapsule formation and incorporation of RV in the NCs, as confirmed by UV-Vis 

spectroscopy and XPS. The surfaces of RV@PDA NCs have zeta potentials similar to PDA 

NPs, indicating that the surface ionization is governed predominantly by PDA. Although 

more studies of the formation mechanism are needed, our data suggest that NC formation is 

triggered by nanoscale aggregation of RV followed by stabilization with and overgrowth of 

PDA. Additionally, a fluorescent azamonardine adduct is formed between RV and DA 

during NP synthesis. The morphology, shell thickness and diameters of RV@PDA NCs was 

dependent on the RV:DA mass ratio in growth solution, and the RV@PDA NCs have 

excellent antioxidant activity. The convenient approach to nanocapsule synthesis detailed in 

this work may prove useful in the encapsulation of other hydrophobic cargo, such as other 

bioactive phenols and chemotherapeutic drugs. Furthermore, the demonstrated chemical 

versatility of the resulting PDA shell can be exploited for convenient post-functionalization 

with biomolecules, enabling applications such as targeted drug delivery or imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Chemical structures of DA and RV, and experimental method for RV@PDA preparation. 

PDA was prepared by omitting the addition of RV into growth solution.
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Figure 2: 
Optical characterization of PDA and RV@PDA. (a) Appearance of growth solutions 

containing 0.25 mg/mL DA containing 0.1:1, 0.5:1, and 1:1 RV:DA versus 0.25 mg/mL DA 

and 0.25 mg/mL RV after 24 h. (b) UV-Vis absorbance spectra of pure PDA and RV@PDA. 

Spectra of DA and RV only are also shown for comparison.
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Figure 3: 
Surface properties of PDA and RV@PDA evaluated by zeta potential and XPS. (a) Zeta 

potential vs. pH of PDA and RV@PDA. (b) Representative XPS survey spectra of PDA and 

RV@PDA prepared with 0.5:1 RV:DA and 1:1 RV:DA with O 1s, C 1s, and N 1s peaks 

indicated. (c) at% C and (d) at% N derived from high resolution XPS scans of C 1s and N 1s 

scans relative to total C, N, and O content for PDA (0:1 RV:DA) and RV@PDA (0.5:1 

RV:DA and 1:1 RV:DA). The theoretical at% C and at% N for DA are indicated by dashed 

lines and those of RV with dotted lines. Error bars indicate SD. *: p < 0.01 versus 0:1 

control.
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Figure 4: 
Formation of a fluorescent azamonardine-type dopamine-resveratrol adduct. (a) Reaction of 

dopamine and resveratrol under alkaline conditions in air results in an azamonardine 

product. (b) High resolution positive and negative ion mode ESI mass spectrometry of 

dopamine-resveratrol adduct. (c) Absorbance and fluorescence emission spectra (λex = 390 

nm) of pure dopamine-resveratrol adduct at 0.2 mg/mL in aqueous buffers (0.1 M) at various 

pH values. Spectrum in DI water was collected on the isolated trifluoroacetate salt of the 

adduct, obtained after purification by semi-preparative HPLC. (d) UV-Vis absorbance 

spectrum of pure RV@PDA (0.5:1 RV:DA) and the supernatant removed from the growth 

solution during centrifugation.
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Figure 5: 
TEM imaging of PDA and RV@PDA synthesized from solutions containing 0.25 mg/mL 

DA and 0:1, 0.1:1, 0.5:1, 1:1, and 2:1 RV:DA mass ratios. (a) PDA, (b-d) RV@PDA grown 

from solutions containing (b) 0.1:1 RV:DA, (c) 0.5:1 RV:DA, (d) 1:1 RV:DA.
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Figure 6: 
SEM images of PDA and RV@PDA. (a) Native PDA. (b-c) RV@PDA (0.5:1 RV:DA) in 

native form (b) and following freeze-fracture (c).
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Figure 7: 
Effect of DA concentration on RV@PDA grown in 0.25 mg/mL RV solution. (a-d) TEM 

images of RV@PDA grown with (a) 0.10, (b) 0.25, (c) 0.50, and (d) 1.00 mg/mL DA. TEM 

grids for (b-e) were prepared from purified nanostructures, and the TEM grid for (a) was 

prepared directly from growth solution after 24 h. (e) Hydrodynamic diameters and PDI of 

RV@PDA prepared with 0.10—1.00 mg/mL DA and 0.25 mg/mL RV measured by DLS. 

Error bars represent ± 1 SD of 3 independently prepared batches of RV@PDA. Data for 

DLS obtained from RV@PDA purified via centrifugation for 0.25 mg/mL—1.00 mg/mL DA 

and from growth solutions directly at 0.10 mg/mL DA after 24 h.
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Figure 8: 
Antioxidant activity of PDA NPs and RV@PDA NCs as evaluated by a DPPH assay. The 

fraction of DPPH radicals remaining after (a) 5 min and (b) 60 min is shown. DPPH 

scavenging for NPs is compared with free RV, DA, or ascorbic acid. Error bars indicate 

standard deviations.
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