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Au nanoparticles (AuNPs) are used in a variety of applica-
tions because of their small size and size-dependent optical
properties, thus positioning them as important components of
biological and chemical sensors.! Most AuNP sensing systems
use discrete particle aggregation in response to biological
elements, which results in a measurable color change. Their
detection level is relatively low with a high degree of sensitiv-
ity.! While the interest in such sensors has increased, the ability
to use AuNPs in biological systems is limited due to particle
stability and nonspecific binding. These limitations are more
pronounced in high ionic strength media, such as those used
for biological assays.> The subsequent nanoparticle aggregation
can yield bulk materials and/or false positive results, both of
which are undesirable. These negative aspects strongly depend
on the type of ligand used to passivate the AuNP surface; these
ligands can be displaced or cross-linked due to the multitude
of ionic species present in the solution.!

A variety of methods for nanoparticle surface passivation
have been developed."*™> An emerging method that involves
the use of a carbon nanoshell encapsulating the metal particle
has shown great promise.>® Additionally, carbon nanomaterials
have been recently investigated for biological applications.’
Carbon shells have been used to prevent chemical modification
of reactive and/or oxidizable nanomaterials such as Fe, Ge, Ni,
and GaN.>#71% Graphene-like carbon shells act as superior
surface passivants as compared to standard ligands; however,
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Scheme 1. Representative Scheme Designed for the
CVD-Based Synthesis of Au@C Nanoparticles on a Si
Substrate
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in some cases the carbon reacts with the metal core resulting
in metal carbides.!! To this end, encapsulation of noble metals
like Au, which are typically not capable of catalyzing the
production of carbon materials, in a graphene-like carbon shell
is ideal as it is nonreactive with the metallic surface and provides
unsurpassed stability, while possessing a convenient handle for
functionalization.'? The only convenient method for the growth
of carbon shells on AuNPs is limited to carbon deposition during
transmission electron microscopic (TEM) analysis.>'° While the
desired Au-core carbon-shell (Au@C) structure is fabricated,
only minute quantities of the materials are produced where
subsequent separation and use of the materials is nearly
impossible. For future applications of Au@C nanoparticles, the
materials must be produced in sufficient quantities and func-
tionalized in an efficient manner.

Herein, we report the fabrication of Au@C nanoparticles
using a facile chemical vapor deposition (CVD) synthesis and
their potential application in bioanalysis. These materials are
highly robust and can be produced with a controlled thickness
of a graphene-like carbon shell. Dispersed and plasma-oxidized
AuNPs on chemically modified Si substrates were used as
catalysts for carbon growth. Silane chemistry was used to
covalently attach the AuNPs on the Si substrate.'® In a typical
experiment, Scheme 1, “piranha” cleaned Si substrates were
immersed in a 12.4 mM solution of 3-mercaptopropyltrimethoxy
silane (MPTMS) in EtOH and stirred gently for 24 h. After
silanization, the substrates were rigorously cleaned in EtOH and
immersed in a 5% aqueous AuNP solution for 24 h, which
linked the AuNPs onto the substrates. Finally, the substrates
were washed in EtOH, dried under Ar, and stored in a vacuum
oven. The AuNPs on Si substrates were oxidized in an O,
plasma process (O, flow, 20—30 sccm; power, 100 W; and
pressure, 300 mTorr) for 15 min. Dispersed AuNPs were plasma
oxidized to remove the initial citrate surface passivant and to
partially form gold oxide on the surface,'* which is critical to
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Figure 1. TEM images of Au@C nanoparticles after of 1.0 h CVD growth.
Part (c) displays a high-resolution image of the carbon shell.

the formation of the carbon shells (vide infra).'> Carbon shells
were then grown on the oxidized AuNPs using a CVD process
(1—4 h growth duration, 725 °C) as reported earlier, in the
absence of a secondary catalyst.'® Once grown, the carbon shell
was partially oxidized, in a similar O, plasma process,!” from
which the materials can be removed from the Si surface via
sonication.

Using 1.0 h CVD growth conditions, a carbon shell of
~1.2—2.8 nm was formed on the oxidized AuNP surface,
as shown in Figure 1 and in the Supporting Information,
Figure S2. The shell contains ~5—9 independent graphene
layers, with an interplanar spacing of 0.34 = 0.01 nm, which
is consistent with c-axis spacing of graphene sheets in
graphite.'”> As observed, the AuNPs increased in size after
carbon encapsulation. Prior reports indicate that electron
beam irradiation can cause coalescence of AuNPs that are
separated by a distance of ~1 nm within 2 min.> Although
our AuNPs were not exposed to such an intense treatment
and were uniformly dispersed (separation: 135 & 113 nm;
Supporting Information, Figure S1), some degree of AuNP
coalescence occurred. This can be due to the plasma
oxidation process and/or the longer carbon growth durations,
which can lead to surface migration of the AuNPs. On the
basis of particle surface density, ~2.5 x 107 Au@C
nanoparticles/mm? can be produced using this approach.

To demonstrate our ability to control the thickness of the
carbon shell, we varied the CVD growth time. Using longer
growth durations, formation of a thicker carbon shell was
observed (Supporting Information, Figure S3). The average shell
thickness increased linearly with the growth time at a rate of
~8 nm/h. At durations of =4 h, rupturing of the carbon shells
was observed, dissociating them from the AuNP core. It is likely
that prolonged exposure to the harsh conditions caused fissures
in the graphene shell leading to weakened regions in the
material. As the thermal process ensued, these regions become
progressively weaker, resulting in full shell rupture and subse-
quent AuNP release. As a result, carbon growth durations of
<4.0 h were used to avoid sample degradation. Moreover, there
was negligible amorphous carbon deposition throughout the
process. Similar observations have been made in the case of
TEM-based synthesis of carbon shells on template AulNPs;
however, the template release was observed at a very short
duration (2—8 min) and was attributed to the surface tension
and pressure of the AuNPs due to the growing number of carbon
shells.>
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To understand the process for the growth of the carbon shell
on a typically inert noble metal surface, an extensive set of
reaction and characterization experiments were conducted as
presented in the Supporting Information, Figure S4. Initially,
the formation of the Au@C structure was studied on fully
reduced (i.e., nonsurface oxidized) AuNPs immobilized on a
Si substrate. When these nonoxidized materials were subjected
to the CVD growth conditions described above, no evidence
of a carbon-shell was observed. TEM analysis of these materials
after CVD growth conditions demonstrated only slightly ag-
glomerated AuNPs. We then decided to follow a similar process
but used surface-oxidized AuNPs rather than the fully reduced
species. This was prompted by the fact that recent results
demonstrated production of single-walled carbon nanotubes
(CNTs) from an oxidized, and subsequently in situ H, reduced,
AuNP source.'® In this experiment, AuNPs were covalently
linked to the Si surface and subsequently surface oxidized. TEM
analysis of these materials displayed slightly agglomerated
AuNPs due to surface migration of the materials during
oxidation. Note that dispersing the materials evenly on the
surface produced a uniform and large interparticle distance, thus
minimizing the agglomeration process. The oxidation depth was
unable to be resolved using high resolution TEM, indicating
that only a minor fraction of the material’s surface was actually
oxidized. After CVD growth conditions, formation of a carbon-
shell was evident. From TEM analysis of these materials, 100%
of the observed AuNPs possessed a carbon-shell, indicating that
partial oxidation of the AuNP surface is required to catalyze
the carbon growth (Supporting Information, Figures S2—S4).%

While it was surprising that the formation of the carbon-
shell was observed only when surface oxidized AuNPs were
used, previous results have demonstrated CNT growth using
an oxidized AuNP source that was subsequently reduced in situ
using H,.!® The process developed here uses a similar H,-based
environment; however, it is likely that nanoshells were fabri-
cated, rather than nanotubes, due to differences in CVD growth
conditions: xylenes were used for nanoshell production at
725 °C, while a mixture of C,H, and CH, produced CNTs at
800—900 °C." Further studies on the duration of oxidation of
the AuNPs demonstrated varying results. No shell formation
was observed when AuNPs were oxidized for <10.0 min. When
oxidation durations in excess of 10.0 min were used, the Au@C
structure was consistently observed. For all subsequent carbon
growth processes, an initial AuNP oxidation time of 15.0 min
was used as this duration reproducibly generated the Au@C
structure with the smallest level of nanoparticle surface ag-
glomeration. Severe particle coalescence was observed for
materials that were plasma oxidized for longer time periods,
thus producing a less desirable sample.

Since previous results demonstrated Au@C formation using
electron beam irradiation during TEM analysis,>'* we were
concerned that the results observed may be due to the TEM
analysis. While our TEM conditions were at significantly lower
temperatures as compared to the previous studies,>>'° a different
AuNP surface was used, an oxidized AuNP versus a fully
reduced AuNP, which may result in shell formation. To confirm
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Figure 2. Fluorescence microscopy images of (a) biotinylated and (b)
nonbiotinylated Au@C nanoparticles after streptavidin incubation.

that our shell was indeed grown during the CVD process and
not during TEM imaging, surface-oxidized AuNPs were
exposed to the electron beam of the TEM for long durations of
>30 min. As is consistent with the above-described CVD
process, formation of a carbon shell was never observed under
electron beam irradiation using standard TEM conditions,
suggesting that carbon growth occurred only during the CVD
process. Taken together these results demonstrate that carbon-
shell formation is dependent upon an oxidized Au surface and
the duration of the CVD growth process. Other factors affecting
the synthesis include the quality of carbon feed, growth
temperature, surface defects on the AuNPs, and the size and
shape of the AuNPs.

As a result of the enhanced process developed herein for the
production of Au@C materials, a higher number of particles
can be fabricated in a method that is predisposed for facile
surface functionalization. With such advantages, the function-
alization process can be fine-tuned for bioanalytical purposes.
AuNPs are intrinsically sensitive to solution ionic strength and
nonspecific binding of biomacromolecules, which can prevent
their use under traditional biological conditions.? On the basis
of the Au@C structure, the nanoparticles demonstrate a high
degree of stability. Particle agglomeration was halted once shell
formation began, which is evident by only individual Au@C
nanoparticles observed rather than a network of intermixed Au
and carbon materials. With the Au@C core—shell structure,
nanoparticle stability is increased; however, functionalization
of the surface is required for their application. One method,
graphene plasma oxidation, produces surface —COOH func-
tionalities,'” which serve as handles for molecular attachment.

To demonstrate the bioanalytical capabilities of the Au@C
nanoparticles with shell thickness of ~10 nm, plasma oxidiza-
tion of the carbon shells was used. This process etched away
~1 nm of the shell, resulting in —COOH functionalities
displayed on the surface. Such functional groups are ideal and
have previously been used for attachment of biologically
relevant species.!” The well-established biotin/streptavidin
(DyLight 488 labeled) binding system was chosen as a model
example of biofunctionalization of the Au@C system. Biotin
was conjugated onto the carbon surface using standard carbo-
diimide chemistry.!” The resulting structure, which remained
immobilized on the Si surface, now presented numerous biotin
molecules to solution. This arrangement facilitated the binding
of the DyLight 488-labeled streptavidin. On the basis of an
Au@C diameter of 28 nm and streptavidin dimensions,”® a
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maximum of 7—8 proteins can bind to the surface. The bound
and highly fluorescent protein was utilized to locate the
functionalized Au@C nanoparticles on the Si substrate using
fluorescence microscopy. The materials remained immobilized
on the Si substrate to allow for imaging of the fluorescently
tagged structures. As shown in Figure 2a bright green fluores-
cence was identified on the Si surface in areas where the
biotinylated Au@C structure is located. The size of the
fluorescent region is larger than the actual particle size due to
light scattering and the limit of optical detection.

To confirm that the observed fluorescence emission was the
result of targeted biological events, rather than nonspecific
adsorption of the tagged protein, a series of control experiments
were performed (Supporting Information, Figure S5). The
controls included native Au@C nanoparticles, surface im-
mobilized bare AuNPs, and a blank Si substrate. Each of these
samples was subjected to the biotinylation process employed
previously and washed with copious amounts of deionized
water. For all controls, no —COOH functionalities are expected
to be present; therefore, incorporation of the biotin molecule is
unlikely. Fluorescence analysis demonstrated that each sample
possessed no observable fluorescence emission. Only Au@C
nanoparticles with oxidized carbon shells displayed green
fluorescence (Figure 2a), while Au@C nanoparticles with
nonoxidized carbon shell (Figure 2b), AuNPs, and a blank Si
substrate were fluorescently silent. Such results confirm the
viability of surface functionalization of the Au@C nanoparticles
and that their potential use in biological systems is both possible
and promising. Additionally, these control studies indicate that
nonspecific binding of the protein was minimal for all nano-
material species as no fluorescence from any of the nonbioti-
nylated structures was observed. This suggests that the Au@C
surface is well suited for biological applications with minimal
background noise.

In summary, we have developed a scheme for the fabrication
of Au@C nanoparticles using a CVD process. Such a technique
represents an advance in the production of an addressable
quantity of materials for bioanalytical applications; however,
further enhancement is required. The materials are highly robust
and are readily functionalizable for a variety of biobased
applications. Of significant note, these materials also demon-
strate a minimal degree of nonspecific binding, which is
desirable for their application in biological assays. Such results
are intriguing for bioanalytical applications, which are presently
under study.
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