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ABSTRACT: While there are a number of methods for attaching gold
nanoparticles (AuNPs) to biomolecules, the existing strategies suffer from
nonspecific AuNP adsorption, reagents that are unstable in aqueous
solutions, and/or long reaction times. To improve upon existing AuNP
bioconjugation strategies, we have adapted a recently reported potassium
ferricyanide-mediated oxidative coupling reaction for the attachment of
aniline-functionalized AuNPs to o-aminophenol-containing oligonucleo-
tides, peptides, and proteins. The aniline-AuNPs are stable in aqueous
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solutions, show little-to-no nonspecific adsorption with biomolecules, and react rapidly (30 min) with o-aminophenols under

mild conditions (pH 6.5, 1 mM oxidant).

B INTRODUCTION

The specific conjugation of AuNPs to biomolecules has
applications in imaging,"> drug delivery,’ and enzyme
immobilization.*”” As a result, a number of existing strategies
have been developed for the covalent attachment of gold
nanoparticles (AuNPs) to biomolecules.*™"" Most commonly,
these approaches take advantage of the strong thiol—AuNP
interactions (~200 kJ/mol in bond ener§y),12 allowing
cysteine-containing peptides,'>™'° thiol-DNA,’® and proteins
with solvent accessible cysteines'”'® to be attached to AuNPs.
Proteins have also been adsorbed to negatively charged AuNPs
through electrostatic interactions.'”*" Affinity-based, non-
covalent interactions, such as the biotin—streptavidin inter-
action,**' and the Hisy/nickel—nitrilotriacetic acid (NTA)
interaction,""*”** have also been used to produce AuNP—
protein conjugates. Furthermore, the covalent conjugation of
proteins to suitably functionalized AuNPs has been demon-
strated using EDC/NHS activation,>** maleimide—thiol
chemistry,”>*® and Cu(I) catalyzed click chemistry.””

While these methods have been used successfully in many
instances, they typically suffer from significant background
AuNP adsorption, wherein positively charged biomolecules
readily adsorb to the negatively charged particles. This can be
problematic for chemisorption, electrostatic adsorption, affinity-
based noncovalent interactions, and some covalent conjugation
strategies in which the AuNP surface is not passivated. In
addition, AuNPs functionalized with N-hydroxysuccinimide
(NHS) esters and maleimides are susceptible to hydrolysis in
aqueous solutions, and the reported Cu(I)-mediated click
strategy”” suffers from extended reaction times (3 days). As a
result, we sought to improve the existing bioconjugation
strategies by adapting a previously reported oxidative coupling
between anilines and o-aminophenols.”®** The reaction
proceeds using potassium ferricyanide as a protein-tolerant
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oxidant in near neutral solutions (pH 6.5), and affords a single
reaction product.’® The involved precursors are stable in
aqueous solutions, and the reaction proceeds quickly under
mild conditions, allowing efficient coupling even at high
dilution. As described herein, adapting this strategy for the
bioconjugation of AuNPs has allowed us to overcome the
limitations listed above to prepare functionalized particles for a
wide variety of applications.

B RESULTS AND DISCUSSION

To produce aniline-coated AuNPs that are stable in aqueous
solutions, a AuNP surface passivating ligand was designed. As
previous reports have shown a decrease in nonspecific
adsorption of biomolecules to polyethylene glycol (PEG)
coated AuNPs,*® the ligand was based on a core PEGSk chain.
The PEGSk was capped on one end with a disulfide to enable
attachment to the AuNP surface, and terminated on the
opposite end with an aniline moiety to allow for subsequent
reactivity with o-aminophenols.

The AuNP modification strategy was based on compound 1
in Figure la. A straightforward synthesis was developed to
prepare the desired ligand. Briefly, commercially available
valeric acid-PEGSk-amine was reacted with the NHS ester of
lipoic acid to afford valeric acid-PEGSk-lipoamide. The valeric
acid terminus was then functionalized with 2-(4-aminophenyl)-
ethylamine in the presence of NHS and N,N’-dicyclohex-
ylcarbodiimide (DCC) to produce the desired aniline-PEGSk-
lipoamide ligand. As a negative reaction control, a methoxy-
PEG2k-lipoamide ligand, 2, was synthesized in an analogous
manner.
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Figure 1. Strategy for the covalent attachment of biomolecules of
interest to AuNPs (5 nm in diameter): (a) PEG-based nanoparticle
passivating ligands were prepared with distal aniline (1) or methoxy
(2) groups; (b) aniline-PEGSk-labeled AuNPs and o-aminophenol-
containing DNA, peptides, or proteins were combined in the presence
of potassium ferricyanide to afford stable conjugates. Methoxy-PEG2k-
labeled AuNPs served as a control.

Overnight incubation of the aniline-PEGSk-lipoamide or
methoxy-PEG2k-lipoamide with citrate-stabilized S-nm-diame-
ter AuNPs in a slightly basic solution (pH 8.5) afforded aniline-
or methoxy-AuNPs, as shown in Figure 1b. The addition of the
ligand was confirmed for both the aniline- and methoxy-coated
AuNPs by an increase in the AuNP average diameter, as
determined by dynamic light scattering (DLS, Supporting
Information Figure S1) and a decrease in electrophoretic
mobility of the AuNPs on a native agarose gel. The resulting
particles were stable in solution for weeks, and resistant to
precipitation at high salt concentrations (Supporting Informa-
tion Figure S2).

As noted above, electrostatic attraction is often used to attach
antibodies and other proteins to AuNPs. However, in other
contexts these interactions render it difficult to attach
biomolecules to specific sites. To evaluate nonspecific protein
adsorption to the aniline-coated AuNPs and methoxy-coated
AuNPs, which would impair our analysis of specific protein
attachment, a selection of proteins (lysozyme, horseradish
peroxidase, bacteriophage MS2, and bovine serum albumin)
was incubated with bis(p-sulfonatophenyl)phosphine dehydrate
dipotassium salt (BSPP) stabilized AuNPs, methoxy-coated
AuNPs, and aniline-coated AuNPs overnight. Subsequent
native agarose gel analysis allowed determination of nonspecific
protein adsorption (Supporting Information Figure S3).
Significant adsorption was observed for BSPP stabilized
AuNPs with each of the proteins, but there was no observed
protein adsorbed to the methoxy-AuNPs or aniline-AuNPs.
With evidence that background adsorption would not be a
major concern for the aniline-AuNPs or the control methoxy-
AuNPs, the ability of these aniline-coated AuNPs to undergo
oxidative coupling with o-aminophenol containing DNA,
peptides, and proteins was evaluated.

Amine (S5’) oligonucleotides were labeled with an o-
nitrophenol NHS ester, followed by reduction with Na,S,0,
to afford o-aminophenol DNA (Figure 2a). The sequences
consisted of 7 nt (A), 14 nt (B), 16 nt (C), 20 nt (D, F, and
F’), and 21 nt (E). The identity of these species was confirmed
by MALDI-TOF MS (sequences A—F, Supporting Information
Figure S4, S5). Reactions between o-aminophenol labeled
oligonucleotides and aniline-AuNPs or the control methoxy-
AuNPs were monitored by native agarose gel, as shown in
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Figure 2. DNA attachment to aniline-AuNPs (S nm in diameter). (a)
Strategy for the introduction of an o-aminophenol to DNA sequences
of interest. Amine (§') oligonucleotides were labeled with an o-
nitrophenol N-hydroxysuccinimide ester, followed by reduction with
Na,$,0, to afford 5’-0-aminophenol DNA, as confirmed by MALDI-
TOF MS (Supporting Information Figure S4). The electrophoretic
mobility of the DNA-AuNP constructs was monitored by native
agarose gel electrophoresis. The distance traveled toward the positive
electrode (recorded as number of pixels from origin, 0 min = no
addition of oxidant) was plotted for (b) varying lengths of DNA (7—
21 bp), (c) DNA equivalents per AuNP (4—200 equiv), and (d)
reaction time (0 to 60 min). Attachment of longer oligonucleotides
resulted in a greater electrophoretic mobility of the DNA-AuNP
conjugates. The maximum electrophoretic mobility of the conjugates
was achieved at ~40 equiv of DNA per AuNP and a 30 min reaction
time. The vertical bars represent the width of each band, thus
specifying a range of values.

Figure 2b—d. A gel shift was observed only for aniline-AuNPs
in the presence of oxidant and an o-aminophenol labeled
oligonucleotide. The distance traveled toward the positive
electrode (recorded as the number of pixels from the origin in a
digital photograph of the gel) was plotted for varying lengths of
DNA (7-21 bp, Figure 2b), DNA equivalents per AuNP (4—
200 equiv, Figure 2c), and reaction times (0 to 60 min, Figure
2d). The attachment of longer oligonucleotides resulted in a
greater electrophoretic mobility of the DNA—AuNP con-
jugates, presumably due to an increase in negative charge on
the AuNPs. The maximum electrophoretic mobility of the
conjugates was achieved at ~40 equiv of DNA per AuNP and a
30 min reaction time. Additionally, an increase in average
particle diameter was observed for aniline-AuNPs coupled to o-
aminophenol oligonucleotides in the presence of oxidant, as
determined by DLS (Supporting Information Figure S1). The
increase in average diameter indicated a high density of DNA
strands on the AuNP surface. A similar size increase was not
observed for the corresponding controls that were coated with
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methoxy-terminated PEG chains (Supporting Information
Figure S1).

The ability of DNA labeled AuNPs to hybridize with
complementary oligonucleotides was also evaluated. AuNPs
were labeled with 20 nt sequence F, followed by incubation
with its complement, F* DNA. A slight increase in electro-
phoretic mobility was observed, as determined by native
agarose gel (Supporting Information Figure S6). Analogous
results were obtained when F’-coated AuNPs were incubated
with sequence F. An increase in electrophoretic mobility was
not observed upon incubating F-AuNPs or F'-AuNPs with
noncomplementary oligonucleotides (Supporting Information
Figure S6). Furthermore, incubation of F-AuNPs and F'-
AuNPs in equal concentrations resulted in an increase in the
overall average particle size in solution (as determined by DLS,
Supporting Information Figure S1), indicating that the AuNPs
labeled with complementary DNA are able to hybridize with
each other to form large clusters in solution.

An o-aminophenol containing peptide was next tested for its
attachment to aniline-AuNDPs, as shown in Figure 3. A fibrin-
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Figure 3. Peptide attachment to aniline-AuNPs (S nm diameter). (a)
Strategy for the introduction of an o-aminophenol on the fibrin-
binding peptide, H,N-GPRPPGGSKGY-COOH. The peptide was
synthesied using standard solid-phase peptide synthesis chemistry. A
C-terminal tyrosine residue was modified with 4-nitrobenzenediazo-
nium tetrafluoroborate to afford the azo peptide, which was cleaved
from the resin with base and reduced to the o-aminophenol with
Na,$,0,. Masses were confirmed by MALDI-TOF MS (Supporting
Information Figure S7). (b) The electrophoretic mobility of the
peptide-AuNP construct was monitored by native agarose gel
electrophoresis. Distance traveled toward the positive electrode
(recorded as number of pixels from origin) was plotted for increasing
peptide equivalents per AuNP (10—200 equiv). The maximum
electrophoretic mobility of the conjugates was achieved at ~50
equiv peptide. All peptide-AuNP reactions proceeded at rt for 30 min.
The vertical bars represent the width of each band, thus specifying the
range of values.

binding peptide, H,N-GPRPPGGSKGY-COOH,*"** was
synthesized using standard solid-phase peptide synthesis
chemistry on Tentagel-OH resin. Following side chain
deprotection with TFA, the C-terminal tyrosine residue was
modified with 4-nitrobenzenediazonium tetrafluoroborate to
afford an azo peptide that was cleaved from the resin with base
and reduced to the o-aminophenol with Na,$,0, (Figure 3a).**
The molecular weights of these synthetic intermediates were
confirmed by MALDI-TOF MS (Supporting Information
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Figure S7). The o-aminophenol terminated peptide was then
coupled to aniline-AuNPs. The electrophoretic mobility of the
peptide-AuNP construct was monitored by native agarose gel
(Figure 3b). A change in mobility was observed only for the o-
aminophenol peptide in the presence of aniline AuNPs and
oxidant. The distance traveled toward the positive electrode
(recorded as the number of pixels from the origin in a digital
photograph of the gel) was plotted for increasing peptide
equivalents per AuNP (10—200 equiv). All peptide coupling
reactions proceeded at rt for 30 min. The maximum
electrophoretic mobility of the conjugates was achieved at
~50 equiv of peptide. An increase in average particle diameter
was observed for the peptide-AuNP conjugates, as determined
by DLS (Supporting Information Figure S1). The size increase
indicated a high density of peptide coverage on the AuNP
surface.

Next, o-aminophenol labeled proteins were tested for their
attachment to aniline-AuNPs, as shown in Figure 4. Lysozyme,
horseradish peroxidase, and bacteriophage MS2 were labeled
with an o-nitrophenol NHS ester, as confirmed by ESI MS. For
each protein, 1—3 modifications were observed (Supporting
Information Figure S8). The o-nitrophenol groups were then
reduced with Na,S,0, to afford o-aminophenol labeled
lysozyme, horseradish peroxidase, and bacteriophage MS2
(Figure 4a).

The coupling reactions between o-aminophenol proteins and
aniline- or methoxy-AuNPs were first monitored by native
agarose gel electrophoresis. A minimal change in electro-
phoretic mobility was observed for the coupling of aniline
AuNPs to o-aminophenol lysozyme (Figure 4b), while a clear
change in electrophoretic mobility was visualized for both
horseradish peroxidase and bacteriophage MS2 (Figure 4c,d).
We attribute these differences to the number of equivalents
used per AuNP in each reaction. Three, twenty, and ten
equivalents of protein relative to AuNPs were used for the
lysozyme, horseradish peroxidase, and bacteriophage MS2
coupling reactions, respectively. In the case of lysozyme,
coupling reactions using more than 3 equiv of protein relative
to AuNP resulted in conjugates that precipitated from solution.
We attribute this instability to a significant change in surface
charge and potential cross-linking between the particles. This
possibility could be prevented using proteins bearing single o-
aminophenol groups. Similar issues of conjugate instability were
not observed in the case of horseradish peroxidase and
bacteriophage MS2, allowing for greater equivalents to be
used per reaction. The modest mobility shifts for lysozyme
likely resulted from the small number of proteins on each
particle.

As an additional characterization, the protein—AuNP
conjugates were boiled in a solution of DTT and SDS (loading
buffer) to reduce the AuNP-thiol bonds, affording the protein—
polymer conjugate and precipitated gold aggregates (Figure
4b—d). This solution was then applied directly to an SDS-
PAGE gel, revealing protein—polymer conjugates only when
aniline-AuNPs were used. Consistent with the mobility
experiments above, no protein—polymer conjugates were
observed for the methoxy-AuNPs. In addition, the crude
reaction mixture for lysozyme-AuNP and horseradish perox-
idase-AuNP was subjected to 5—10 rounds of centrifugal
filtration against 100 kDa MWCO filters to retain AuNP—
protein conjugates and remove any unbound, unmodified
protein. The removal of the unmodified protein was confirmed
by SDS PAGE. To ensure that the protein—polymer conjugates
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Figure 4. Protein attachment to aniline-AuNPs. (a) Strategy for the
introduction of an o-aminophenol to proteins that contain solvent
accessible lysine residues, including (b) lysozyme, (c) horseradish
peroxidase, and (d) bacteriophage MS2. AuNP-protein conjugates had
a slightly lower electrophoretic mobility than the corresponding
controls when visualized by native agarose gel electrophoresis (right
column, conjugate indicated by black arrow). PEGSk-protein
conjugates were visualized through SDS PAGE gel electrophoresis
(left column). Excess unmodified lysozyme and horseradish peroxidase
were removed through successive centrifugal filtrations in 100 kDa
MWCO filters. (e) MS2—AuNP conjugates were further characterized
using TEM (scale bar = S0 nm).

were not simply retained in the 100 kDa MWCO filters due to
their increase in hydrodynamic volume, lysozyme-PEGSk and
horseradish peroxidase-PEGSk conjugates were independently
synthesized and subjected to successive rounds of centrifugal
filtration with 100 kDa MWCO filters. The protein—polymer
conjugates were not retained in the filters (Supporting
Information Figure S9), providing further support that the
protein—polymer—AuNP conjugates were retained following
successive rounds of centrifugal filtration only due to their
attachment to the AuNPs. A similar strategy for removing
unbound protein was not possible for bacteriophage MS2—
AuNP conjugates because unmodified MS2 is retained by 100
kDa MWCO filters. Instead, the AuNP—MS2 conjugate was
extracted from the native agarose gel and further characterized

1891

by transmission electron microscopy, revealing 1—2 AuNPs per
capsid (Figure 4e; Supporting Information Figure S10).

Bl CONCLUSIONS

This strategy presents a promising new method for the
attachment of aniline-AuNPs to o-aminophenol-labeled bio-
molecules of interest. The reaction proceeds under mild
conditions (pH 6.5, 1 mM oxidant) with fast reaction times (30
min) and little-to-no background protein adsorption to the
AuNPs. In future experiments, we hope to use this strategy for
the production of AuNP—biomolecule conjugates for imaging
applications and for the immobilization of enzymes. We also
plan to extend this method to include other thiophilic inorganic
nanomaterials such as silver nanoparticles, CdSe/ZnS quantum
dots, CdSe/CdS dot-rods, and certain Au-coated magnetic
nanoparticles,” for the production of stable inorganic nano-
material bioconjugates.

B ASSOCIATED CONTENT

© Supporting Information

Full experimental details, additional gel analysis, dynamic light
scattering traces, transmission electron microscopy images, 'H
NMR, and mass spectrometry data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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