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ABSTRACT: A novel strategy was developed to synthesize polymer-coated metal nanoparticles
(NPs) through reduction of metal cations with 3,4-dihydroxyphenylalanine (DOPA)-containing
poly(ethylene glycol) (PEG) polymers. Catechol redox chemistry was used to both synthesize
metal NPs and simultaneously form a cross-linked shell of PEG polymers on their surfaces. DOPA
reduced gold and silver cations into neutral metal atoms, producing reactive quinones that
covalently cross-linked the PEG molecules around the surface of the NP. Importantly, these PEG-
functionalized metal NPs were stable in physiological ionic strengths and under centrifugation and
hold broad appeal since they absorb and scatter light in aqueous solutions.
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’ INTRODUCTION

Catechol-containing molecules serve diverse functions in
nature including surface adhesion,1,2 photoprotection,3 and
neuromodulation,4 reflecting a chemical versatility that includes
coordination of metal ions5 in solution, formation of π-electron6

and hydrogen bond7 interactions, and redox activity.8 At solid
interfaces, catechols employ one or more of these interactions to
form robust adhesion. An example is given by 3,4-dihydroxyphe-
nylalanine (DOPA), which plays a strong role in mussel foot
protein adhesion.9-12 DOPA residues are believed to be essential
in the solidification of the adhesive during attachment through
oxidative cross-linking1 and may also participate in interfacial
adhesion.13 This versatile chemical repertoire confers upon
catechol-containing molecules the ability to adhere to almost
any material of either organic or inorganic origin.14

Noble metal nanoparticles (NPs) composed of gold and silver
hold broad appeal in optical applications due to their unique
dielectric properties associated with the surface plasmon reso-
nance that interacts strongly with electromagnetic radiation near
the plasma frequency.15 The optical properties can be tuned by
size, shape, and composition of the metal at the nanoscale,16 and
metal NPs can be integrated into aqueous environments when
functionalized with polymers such as poly(ethylene glycol)
(PEG).17-19 Redox reactions are commonly used to form metal
NPs in solutionwith reducing agents such as citric acid and ascorbic
acid.20-22 Hydroxylated aromatics such as hydroquinone23-26 and
tyrosine-containing peptides were used to form silver27,28 and
platinum29 NPs and were selected in silver-binding phage
display.30 Catechol-containing molecules form metal NPs31,32

and hold additional advantages in forming robust interfaces
between metal surfaces and organic molecules compared to

other structures, including the ability to coordinate strongly to
metals through two adjacent hydroxyls and covalently cross-link
when oxidized to quinones by Michael addition and Schiff base
reactions. In this study, DOPA-containing PEG polymers in-
duced spontaneous formation of PEG-coated gold and silver NPs
frommetal salts. A unique feature of the reported approach is the
redox coupling of metal reduction with catechol oxidation and
simultaneous polymerization to yield a stable cross-linked poly-
mer shell on the NP surface.

’MATERIALS

Fmoc-DOPA(Acetonide)-OH and 2-chlorotrityl chloride resin were
purchased from EMD Chemicals (Novabiochem, Gibbstown, NJ);
methoxy-poly(ethylene glycol) amine (mPEG-NH2,Mn = 1937 g/mol)
was purchased from Sunbio Corporation (Korea);N,N-diisopropylethy-
lamine (DIPEA), dichloromethane (DCM), methanol (MeOH),
piperidine, N-methyl-2-pyrrolidone (NMP), benzotriazol-1-yloxytris-
(dimethylamino)-phosphonium hexafluorophosphate (BOP), acetic
anhydride (Ac2O), triflouroacetic acid (TFA), toluene, dimethylforma-
mide (DMF), gold chloride (HAuCl4), silver nitrate (AgNO3), sodium
chloride (NaCl), 2,5-dihydroxybenzoic acid (DBA), sodium phosphate,
glycine, and bicine were purchased from Sigma-Aldrich, Inc. (St. Louis,
MO); TRIS hydrochloride was purchased from J.T. Baker (Phillipsburg,
NJ); and TRIS base was purchased from Thermo Fisher Scientific
(Waltham, MA).
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’METHODS

Synthesis of Ac-[DOPA(Acetonide)]4-OH Peptide. The pro-
tected tetrapeptide acid was synthesized on 2-chlorotrityl chloride resin
using a standard Fmoc-based solid phase peptide synthesis strategy. To
introduce the first amino acid, Fmoc-DOPA(Acetonide)-OH (1 mmol)
and DIPEA (4mmol) were dissolved in 15mL of DCM and shaken with
2-chlorotrityl chloride resin (1.6 g, 1.6 mmol) for 4 h. After washing, the
resin was capped with methanol using DCM/MeOH/DIPEA (17:2:1).
Fmoc was removed by 20% piperidine in NMP. Subsequent amino acid
additions were performed using Fmoc-DOPA(Acetonide)-OH/BOP/
DIPEA (1.5 mmol each) in the minimum amount of NMP. A ninhydrin
test was performed after each amino acid addition to monitor the
coupling result. After removal of the Fmoc group of the fourth amino
acid, the tetrapeptide was capped with an acetyl group using Ac2O/
DIPEA/NMP (1:4:40). The protected peptide acid was cleaved from
the resin using 2% TFA in DCM solution. MALDI-TOF (negative
mode) yielded a monoisotopic mass [M-H]- of 935.71, matching the
theoretical mass of 935.37 (Supporting Information Figure S1a).
Synthesis of Ac-DOPA4-mPEG. mPEG-NH2 (0.44 g) was azeo-

tropically dried with toluene and stirred with Ac-[DOPA(Acetonide)]4-
OH (0.37 g), BOP (0.32 g), andDIPEA (0.136mL) in dryDCM(3mL)
for two days. The polymer was precipitated with cold dry ethyl ether,
dissolved in MeOH, and precipitated again with ether. The precipitate
was dissolved in water, centrifuged, and filtered. The clear filtrate was
lyophilized into a white powder. MALDI-TOF (positive mode) revealed
a group of peaks centered at 2865.84 m/z. The content of DOPA
was determined using UV-vis spectroscopy. Taking Ac-[DOPA-
(Acetonide)]4-OH peptide as standard, a correlation was established
between the concentrations of the peptide in DMF and the absorption
intensities at 289 nm. The UV absorption of Ac-[DOPA(Acetonide)]4-
mPEG was measured, and the degree of modification was calculated to
be 93%. The synthesized Ac-[DOPA(Acetonide)]4-mPEG (20 mg) was
stirred in 2mL of TFA/MeOH/water/DCM (30: 2.5: 2.5: 65) for 3 h to
give Ac-DOPA4-mPEG (Figure 1). The deprotected catechol structure
was characterized with MALDI-TOF (positive mode); a group of peaks
centered at 2705.93 was confirmed (Supporting Information Figure
S1b).
Metal NP Synthesis. In one series of experiments, 1 mL aliquots

of 370 μM Ac-DOPA4-mPEG in ultrapure deionized water were
prepared, and the pH was adjusted (6.0-9.0) with the addition of small
volumes of 1 M NaOH. Then 107 μM metal salt (HAuCl4 or AgNO3)
was added to each aliquot. In another series, with and without the
presence of 10 mM TRIS buffer, varying concentrations of metal salt
solution (50-3000 μM) were added to aliquots of 370 μMAc-DOPA4-
mPEG at pH 8.5 and mixed vigorously. Identical experiments were
performed with 123 μM Ac-DOPA4-mPEG solutions.
Optical Spectroscopy. Time-dependent spectra of 123 μM Ac-

DOPA4-mPEG solutions during gold and silver NP formation were
acquired in a one beam Hewlett-Packard (Palo Alto, CA) 8452A diode
array spectrophotometer over the 250-820 nm optical range and
compared to a water blank. Spectra were immediately and continually

acquired for the duration of the reaction, and scan times ranged between
0.1 and 0.5 s.
Electron Microscopy (EM). Metal NP samples were centrifuged

at 9000 rpm for 10 min, and the supernatant solution was removed.
5-10 μL of the NP pellet was dropped onto an EM carbon grid
(Electron Microscopy Sciences, Hatfield, PA) and allowed to dry
overnight. For samples stained with phosphotungstic acid, grids with
dried metal NPs were dipped in a 10% solution for 5 min and then
dipped in a solution of deionized water three times, soaked for 30 s, and
allowed to dry. Transmission EM (TEM), Z-contrast (ZC) EM (a mode
that provides bright contrast to high atomic number elements), second-
ary EM (SEM), and electron diffraction imaging were performed on a
Hitachi HD-2300 Ultra High Resolution FE-STEM.

’RESULTS

Addition of gold chloride into a basic solution of Ac-DOPA4-
mPEG (Figure 1) induced a red color change in the solution
that darkened over the span of a minute (Figure 2a, inset,
and Supporting Information Figure S2a). To characterize this
color transformation, optical spectroscopy was performed before
and after the addition of gold chloride into PEG solutions
(Figure 2a). Before gold addition, a lone 280 nm DOPA
absorption peak was detected. Ten seconds after addition of
HAuCl4, a 390 nm peak and a 550 nm peak formed, and within
1 min the 390 and 550 nm peak intensities stabilized.

A series of experiments were performed in which the con-
centration of gold chloride was varied (107 μM - 1970 μM)
under constant polymer concentration (Table 1). A red color
change occurred in samples with gold concentrations less than
1000 μM, whose optical spectra contained both a transient
390 nm peak and a stable peak centered between 525 and 560 nm.
The 525-560 nm peak broadened, and the center wavelength
red-shifted with increasing amounts of gold up to 1000 μM.
Importantly, when 1970 μM gold chloride was added to 370 μM
polymer solutions, no red color change or absorbance at
525-560 nm was observed, and the sample remained similar
in appearance to the yellow color of pure gold chloride solution
(Supporting Information Figure S2b). Experiments were also
performed in the presence of TRIS buffer at 8.5 pH and yielded
qualitatively similar color changes and optical spectra as their
unbuffered counterparts (Supporting Information Figure S3).

To confirm the formation of gold NPs, samples were imaged
with electron microscopy. In all samples with visible absorbance
in the 525-560 nm range, sub-80 nm NPs were evident.
Additionally, control over gold NP size between 10 and 70 nm
was achieved by varying the concentration of gold chloride
between 107 μM and 625 μM in 370 μM polymeric solutions
(1480 μM catechol). Table 1 lists the polymer and metal ion
concentrations and the resulting plasmon center wavelength and
particle size. Micrographs of 70 nm gold NPs are shown in
Figure 2. High resolution imaging under TEmode of a single NP
provided evidence of a metal core and a less electron dense
coating 9.4 nm thick (Figure 2b), SEM provided NP surface
morphology of the metal core (Figure 2b, inset), and EDS
spectral imaging confirmed that gold was localized to the core
(data not shown). Electron diffraction was performed on the gold
core of single NPs (Supporting Information Figure S4),and gave
evidence of polycrystalline features including twinning doublets
and crystal orientation changes. Furthermore, multimode elec-
tron microscopy was performed on a group of gold NPs that
appeared as closely packed spheres under SEM (Figure 2c).

Figure 1. Molecular structure of Ac-DOPA4-mPEG polymer.
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Under Z-contrast imaging (Figure 2d), the same cluster of NPs
was observed to be separated from each other by up to 20 nm.
When cryo-TEMwas performed on a sample of goldNPs formed
with the DOPA-containing PEG polymers to characterize their
dispersion in suspension, well-dispersed gold particles were
observed (Supporting Information Figure S5).

To observe changes in polymer mass correlated to oxidation-
induced polymerization, samples were plated at various times
during the gold NP synthesis, and MALDI-TOF-MS was per-
formed (see Supporting Information for methods). Prior to the
addition of HAuCl4, a distribution of peaks centered at 2749m/z
with spacing of 44 (the weight of a PEGmonomer unit) between
peaks was detected in all pH conditions, representing individual
Ac-DOPA4-mPEG molecules. No peak distributions at higher
masses were detected. Likewise, when gold was added at pH 6
(where NP formation did not occur as indicated by spectroscopic
analysis), signals from the Ac-DOPA4-mPEG molecule were
detected. However, under conditions where NP formation was
observed (Table 1), in addition to individual Ac-DOPA4-mPEG
molecules, a distribution of peaks centered at twice the molecular
weight of a single Ac-DOPA4-mPEG molecule (5388 m/z) was
detected (Supporting Information Figure S1c). XPS analysis of
gold NPs revealed C 1s and O 1s peaks (Supporting Information
Figure S6a), as well as weak peaks from Au 4f.

Similar results were obtained when silver nitrate was added to
Ac-DOPA4-mPEG using the same method as described with
gold chloride. In basic conditions and excess catechol, a yellow
color change (Figure 3a and Supporting Information Figures S2c
and S3) resulting from a peak centered at ∼410 nm occurred
immediately after addition of AgNO3, growing steadily for 1 min.
TEM imaging of NPs from a sample with a 403 nm absorption
maximum revealed NPs of 17 nm average size (Figure 3b), and
XPS analysis of the same sample revealed C 1s, O 1s, Ag 2s, and
Ag2O peaks (Supporting Information Figure S6b).

To investigate their stability in saline conditions, gold and
silver NPs formed with Ac-DOPA4-mPEG were incubated in
100 mM sodium chloride; control gold NPs with a 520 nm peak
coated with citrate were also evaluated. In the case of gold, the
peak in the 525-560 nm range from Ac-DOPA4-mPEG-stabi-
lized NPs did not shift or change shape when placed in 100 mM
saline solution for 24 h. In contrast, the peak of citrate-stabilized
goldNPs broadened and red-shifted in 10mMNaCl, further red-
shifting and broadening with increasing concentrations of salt
(Figure 4 and Supporting Information Figure S7a). The silver
NP suspensions formed with Ac-DOPA4-mPEG were also stable
in 100 mM sodium chloride (Supporting Information Figure
S7b).

Table 1. Table Representing the Concentration of Ac-DOPA4-mPEG and Metal Salt, the Metal-DOPA Ratio, the Surface
Plasmon Resonance (SPR) Center Wavelength, and the Nanoparticle Size Determined by TEM of Metal Nanoparticle Samples

[Ac-DOPA4-mPEG] (μM) [Au] (μM) [Ag] (μM) [M]/[DOPA] SPR λ (nm) size (nm)

370 107 0 0.0723 525 10.4 ( 6.7

370 427 0 0.289 547 38.7 ( 5.5

370 625 0 0.423 559 68 ( 18

370 1970 0 1.33 ND N/A

370 0 107 0.0723 415 16.9 ( 2.4

Figure 2. Spontaneous formation of Ac-DOPA4-mPEG-coated gold nanoparticles: (a) UV-vis extinction curves at successive time points after mixing
102 μMHAuCl4 with 123 μM Ac-DOPA4-mPEG. The inset shows a photograph of the suspension after 1 h. (b-d) EM of gold NPs formed with Ac-
DOPA4-mPEG: (b) TEM and SEM (inset) of a single gold NP, (c) SEM, and (d) Z-Contrast EM of a cluster of gold NPs.
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’DISCUSSION

Covalent reactions resulting from oxidation of DOPA are believed
to play an important role in solidification and structural cohesion in
mussel adhesive proteins2 and sandcastle worm cement33-35 and are
believed toproceed via oxidationofDOPA toquinone9,36 followedby
their reaction to form covalent di-DOPA cross-links.37,38 In this study,
coupling of catechol oxidation with reduction of metal ions was
demonstrated as a simple and convenient route for in situ formation
ofmetal NPswhile also ensuring a robust interface between themetal
surface and surface grafted polymers.

The addition of gold and silver salts into Ac-DOPA4-mPEG
solutions led to rapid color change consistent with the formation
of Au and Ag NPs with plasmon resonances centered at
525-560 nm and 400-430 nm, respectively. NP formation
was clearly linked to the oxidation of DOPA in the Ac-DOPA4-
mPEG polymer, as peaks typical of DOPA-quinone (390 nm)
and the plasmon resonance co-evolved during the reaction
(Figure 2a arrows). Control over particle size within the range
10-70 nm was achieved by manipulating the molar ratio of
catechol tometal during reaction (Table 1). A general correlation
between NP size and plasmon resonance was observed, with
larger NPs giving rise to plasmon resonances at higher wave-
lengths, matching previous reports.15,16 SEM analysis of 70 nm
gold NPs provided evidence in support of clustering of smaller
nanoparticles (Figure 2b, inset).

EM analysis of the NPs isolated from the reaction mixture
showed that the reaction culminated in the formation of well-
dispersed NPs (Supporting Information Figure S5) with a
core-shell structure composed of a polycrystalline metal core
(Supporting Information Figure S4) and an organic shell of
thickness <10 nm (Figures 2 and 3). Once dried on an EM grid,
SEM imaging that emphasizes the secondary electrons from the
surface-bound PEG polymers revealed aggregates of NPs. How-
ever, Z-contrast imaging was used to accentuate the metal cores,
revealing clear gaps between NP cores which presumably were
occupied by Ac-DOPA4-mPEG polymers comprising the NP
shell. Metal core-polymer shell morphology was also detected
by TEM with EDS spectral imaging (data not shown). The
approximate thickness of the polymer shell (∼9.4 nm) lies
between the contour length (15.8 nm) and the dimensions of a
tethered 2 kDa PEG chain (4.8 nm),39 implying an extended
conformation,40 possibly due to dense polymer surface packing.

Evidence for covalent coupling of Ac-DOPA4-mPEG was
obtained through MALDI-MS analysis of the reaction mixture.

Higher molecular weight species were observed shortly after
mixing polymer and metal salt, confirming Ac-DOPA4-mPEG
polymerization during NP formation. Detection of the Ac-
DOPA4-mPEG dimer by MALDI only occurred upon the
addition of metal salt at pH 8.7, providing further evidence that
quinone-mediated cross-linking of Ac-DOPA4-mPEG was con-
current withmetal NP formation. Themost likely explanation for
these observations is that metal reduction led to catechol
oxidation and ultimately di-DOPA coupling of Ac-DOPA4-
mPEG polymers. Importantly, this study represents an alterna-
tive approach to previously reported methods41,42 to form stable
cross-linked polymer shells on NPs, one that is catalyzed by the
same catechol redox reaction that causes the formation of the
metal nanocrystals in situ.

Taken together, the presence of metal NP plasmon reso-
nances, Au, Ag, ether C, and O peaks in XPS, as well as
core-shell morphology evident in NPs under EM provide
evidence of a PEG polymer coating on the metal NPs. The
presence of a PEG shell should confer stability against aqueous
aggregation of the NPs, particularly under high ionic strength
conditions as would be observed in many biomedical applica-
tions of NPs. Indeed, Ac-DOPA4-mPEG coated NPs were stable
in high ionic strength solutions whereas citrate-stabilized AuNPs
aggregated as evidenced by red shift of the surface plasmon
absorbance (Figure 4 and Supporting Information Figure S7).
The covalent cross-linking of grafted Ac-DOPA4-mPEG poly-
mers within the polymer shell, as well as the robust adhesion

Figure 3. Spontaneous formation of Ac-DOPA4-mPEG-coated silver nanoparticles: (a) UV-vis extinction curves at successive time points during the
formation of silver NPs with Ac-DOPA4-mPEG polymers. The inset shows a photograph of the suspension after 1 h. (b) TEMmicroscopy of silver NPs
formed with Ac-DOPA4-mPEG.

Figure 4. Plot of the visible extinction peak center wavelength from Ac-
DOPA4-mPEG-coated (white) and citrate-coated (black) gold nano-
particles as a function of sodium chloride concentration.
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afforded by DOPA at interfaces, should combine to create a robust
core-shell NP, and in the future it may be possible to incorporate
other DOPA-containing molecules into more complex and multi-
functional assemblies such as biodegradable plasmonic liposomes.43

Our strategy builds upon recent work wherein catechol-
containing molecules such as dopamine14 or DOPA peptides44

were used to graft polymers and biomolecules onto surfaces and
represents an alternative approach to linking PEG and other
polymers onto metal NP surfaces using polyamine,17 thiol,18 and
thioctic acid19 anchors. In contrast to these previous approaches,
the catechol group of DOPA serves as metal reductant, molecular
anchor, and polymerizable cross-linker, simultaneously inducing
in situ metal NP formation while also providing a cohesively
cross-linked and robust adhesive interface between the metal NP
and the PEG polymer shell (Figure 5). GoldNPs between 10 and
70 nm were formed and stabilized with this strategy, the larger
particles characterized by a cluster morphology coated in PEG
that should provide electromagnetic hotspots between metal
crystals for surface enhanced Raman spectroscopy (SERS).45,46

Further, both gold and silver NPs were formed and stabilized, an
important advantage for potential applications that use silver to
either tune plasmonic absorption and scattering47 or provide an
antimicrobial therapeutic effect.48 Through its molecular design
that contains four DOPA residues per molecule and aided by
further polymerization during metal NP formation, Ac-DOPA4-
mPEG is expected to lead tomultivalent attachment onto the NP
surface, as is hypothesized in the case of mussel adhesive proteins
that contain multiple DOPA residues.11,49,50 Although we do not
know the exact nature of the chemical interaction between
DOPA and the metal NP surface, charge transfer and physisorp-
tion interactions from the aromatic side chain of DOPA6 and
coordination through the catechol oxygen atoms51 have been
hypothesized.

’CONCLUSIONS

A catechol redox based strategy was employed to induce sponta-
neous in situ formation of polymer-coated gold and silver NPs from
mixtures of aDOPA-containing polymer and noblemetal salts. In this
biomimetic strategy the catechol side chain of DOPA serves multiple
roles: as a reducing agent formetal ions; as an anchoring chemistry for
multivalent binding of the polymer onto the NP surface; and as a
chemical precursor for cross-linking of the polymer shell. The
resulting core-shell NPs exhibit plasmon resonance behavior char-
acteristic of noble metal NPs and are stable toward aggregation in
ionic aqueousmedia. Potentially, this biomimetic strategy can be used
to produce surface derivatized metal NPs for diagnostic and ther-
apeutic applications.
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