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Distinct Bimodal Roles of Aromatic Molecules in
Controlling Gold Nanorod Growth for Biosensing

Jun Hui Soh, Yiyang Lin, Michael R. Thomas, Nevena Todorova, Charalambos Kallepitis,

Irene Yarovsky,* Jackie Y. Ying, and Molly M. Stevens*

New aromatic molecule—seed particle interactions are examined and exploited
to control and guide seed-mediated gold nanorod (Au NR) growth. This new
approach enables better understanding of how small molecules impact the
synthesis of metallic nanostructures, catalyzing their use in various biomedical
applications, such as plasmonic biosensing. Experimental studies and theo-
retical molecular simulations using a library of aromatic molecules, making use
of the chemical versatility of the molecules with varied spatial arrangements of
electron-donating/withdrawing groups, charge, and Au-binding propensity, are
performed. Au NR growth is regulated by two principal mechanisms, producing

1. Introduction

The emergence of novel synthetic routes
towards anisotropic metallic nanoparticles
(NPs) with well-controlled morphology
has yielded materials with highly desirable
optical and physical properties.l!! In the
case of gold nanorods (Au NRs), the seed-
mediated growth approach has been widely
studied and adopted due to the ease of
control over the dispersity, size, and shape

either a red or blue shift in the longitudinal localized surface plasmon reso-
nance (LLSPR) peaks. Aromatic molecules with high redox potentials produce
an increase in NR aspect ratio and red shift of LLSPR peaks. In contrast,
molecules that strongly bind gold surfaces result in blue shifts, demonstrating
a strong correlation between their binding energy and blue shifts produced.
Through enzymatic conversion of selected molecules, 4-aminophenylphosphate
to 4-aminophenol, opposing growth mechanisms at opposite extremes of target
concentration are obtained, and a chemical pathway for performing plasmonic
enzyme-linked immunosorbent assays is established. This unlocks new strate-
gies for tailoring substrate design and enzymatic mechanisms for controlling
plasmonic response to target molecules in biosensing applications.
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of the NRs. The resulting Au NRs exhibit
longitudinal localized surface plasmon
resonance (LLSPR) peaks that can be
tuned across a broad spectral range (visible
to near-infrared) through control of their
aspect ratio. Such versatility has enabled
the application of Au NRs in bioimaging,!’!
optoelectronics, photothermal treatment,!
drug and gene delivery,® and biosensing.”!
In a conventional seed-mediated Au NR
synthesis, cetyltrimethylammonium bro-
mide (CTAB)-stabilized gold seeds (typically
1.5-2 nm)28l are first prepared, followed
by the addition of a surfactant-containing
growth solution to facilitate the anisotropic
growth of Au NRs. A number of parameters have been explored
to tune the synthesis of Au NRs by exerting thermodynamic and
kinetic controls over the growth process.”! For example, the vari-
ation of cationic surfactants, headgroups, and their counter-ions
can modify the redox potential of gold salt precursors and influ-
ence the symmetry-breaking process.['% Control of the pH of the
growth solution has been shown to modulate Au NR growth since
ascorbic acid possesses a pH-dependent reduction potential.'!
The addition of aromatic and aliphatic molecules, such as salicylic
acid and sodium oleate, has been found to influence the CTAB
bilayer surrounding the growing NRs, improving the control
over the critical symmetry-breaking event needed for anisotropic
growth, and enabling the synthesis of highly monodispersed NRs
with a relatively wider range of aspect ratios and dimensions.l'Z A
higher concentration of silver ions is understood to increase the
aspect ratio of single-crystal NRs, possibly due to the underpoten-
tial deposition effect, or the formation of an Ag[BrCTA], complex
that acts as a facet-specific agent, or modification of CTAB micel-
lization through silver—bromide interactions.®1%13 The reality is
that the preparation of Au NRs, especially monodispersed ones,
is a delicate balance of a significant number of components that
affect reduction kinetics and surface free energies of growing par-
ticles, often in subtle ways that are non-obvious. Consequently, a
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more comprehensive understanding of these factors has become
possible only recently.”!

The strong absorption of light by metallic NPs makes them
ideally suited for applications in biosensing, where modulation of
NP aggregation or growth can lead to strong and distinct optical
responses from relatively low concentrations of NPs. A popular
way this phenomenon has been utilized is through the incorpo-
ration of metal NPs as part of an enzyme-linked immunosorbent
assay (ELISA).'"Yl This leverages the high selectivity and speci-
ficity of antigen—antibody interactions, but with an added signal
amplification process deriving from enzyme—substrate reactions
that can be designed and harnessed to control the aggregation or
overgrowth of metallic NPs. It is of particular interest to exploit
the anisotropic growth of Au NRs for biosensing applications,
due to their strong absorbance and the large dynamic range
associated with the spectral shift in the LLSPR peaks of Au NRs
(650-1200 nm), which is considerably greater than that obtain-
able via Au NP aggregation (520-650 nm).

This article elucidates important aromatic molecule—seed inter-
actions that can control the anisotropic growth of Au NRs, and
the resulting sensitive biosensing assays that can be developed
based on modulating the plasmonic signals of Au NRs. To this
end, we have examined the striking effect of a library of aromatic
molecules on modulating the growth of Au NRs via two principal
mechanisms. The molecules investigated could be grouped into
three fundamental categories: (i) molecules acting to promote
reduction, (ii) molecules acting to impede Au NR growth, as well
as (iii) molecules that had no effect. We found that incubating
seed particles with reducing aromatic molecules, such as 4-ami-
nophenol (AP), led to an increase in the concentration of the
seed particles. This promoted the growth of Au NRs with higher
aspect ratios, which was reflected by a red shift in the LLSPR
peaks. A good correlation between the spectral red shift and the
redox potential (vs standard hydrogen electrode at pH 7) of the
reducing molecules was established. Conversely, the addition of
capping molecules, such as 4-aminophenyl phosphate (APP),
blocked the surface of seed particles, and inhibited the aniso-
tropic growth of Au NRs, resulting in a blue shift instead. Molec-
ular dynamics (MD) simulations were employed to determine
the adsorption interactions and binding affinities of the capping
molecules to the Au seed surfaces and their role in modulating
the Au NR growth. The same trend of Au NR growth modula-
tion was achieved using the alkaline phosphatase (ALP)-mediated
conversion of APP (a capping molecule) to AP (a reducing mol-
ecule). Au NRs with aspect ratios that ranged from 2.3 to 4.5 were
obtained in an ALP concentration-dependent manner. Finally, by
taking advantage of the spectral shifts derived from the physical
changes of grown Au NRs, we developed a highly sensitive ELISA
platform for the detection of protein biomarkers, as validated
here with the detection of prostate specific antigen (PSA).

2. Results and Discussion

2.1. Bimodal Effects of Aromatic Compounds
on Gold Nanorod Growth

Significant differences in the growth of Au NRs could be
achieved from seeds that were incubated with subtly different

Adv. Funct. Mater. 2017, 27, 1700523 1700523 (2 of 9)

www.afm-journal.de

aromatic compounds, differing only by a single functional
group. We have discovered this to be particularly pronounced
in the case of AP and APP. AP is a common reducing agent
and could be generated from the dephosphorylation reaction
between APP and ALP. In a typical Au NR growth reaction in
our study, the seed particles were first incubated with aromatic
molecules for 10 min, followed by the addition of the growth
solution. Interestingly, despite having similar molecular struc-
tures, AP and APP exhibited completely opposing effects on
Au NR growth; AP resulted in a red shift of the LLSPR peaks,
while APP caused a blue shift (Figure 1a). The red shift was
consistent with an increase in the aspect ratio of grown Au
NRs, as seen from transmission electron microscopy (TEM)
images (Figure 1b). Au NRs grown from seeds incubated with
APP exhibited increased diameters and a reduced aspect ratio
(2.2 for 4 x 10 M of APP), whereas Au NRs grown from seeds
incubated with AP appeared much thinner with higher aspect
ratios (4.8 for 4 x 10~ m of AP). In addition, the aspect ratio dis-
tribution was not affected by AP/APP treatment. This phenom-
enon is summarized in Figure lc. As such, we hypothesized
that there were two likely effects governing the anisotropic
growth of Au NRs: (i) a capping effect, where molecules bound
to the seed particles and interfered with the CTAB/AgBr tem-
plated anisotropic growth, and (ii) a reducing effect, where
molecules acted predominantly as reducing agents.[®l

2.2. Origin of the Capping and Reducing Effects of AP and APP

The underlying mechanisms through which AP and APP
influence Au NR morphology have been investigated by con-
trasting the effects of similarly structured aromatic molecules,
including hydroquinone and 4-nitrophenyl phosphate (NPP).
This allowed us to assess the need of amine functionality
(capping effects) and the role of the molecules as reductants
(reducing effects).

2.2.1. Reducing Effect

The mechanism through which AP was able to induce a red
shift in grown Au NRs was further understood by assessing the
effect of reducing molecules on seed particles. From Figure 2a,
we observed an increase in the absorbance of the seeds after
they were incubated with AP. In addition, we observed a similar
dose-dependent trend between the absorbance (Abss;s/Abs;q
ratio) of the seeds and the red shift obtained for grown Au NRs
(Figure 2b). A similar increase in seed absorbance was also
observed when seeds were incubated with a number of alter-
native reducing agents, such as hydroquinone, 1,4-phenylen-
ediamine (PDA), and ascorbic acid (Figure Sla—c, Supporting
Information). However, nonreducing molecules (APP and
NPP) did not affect the absorbance of the seeds (Figure Sld.e,
Supporting Information), confirming that an ability for reduc-
tion was required to yield a red shift in the LLSPR peaks of Au
NRs.

An increase in the absorbance of Au seeds could reflect
either an increase in the seed concentration or a change in
size or absorbance cross-section, although the latter is usually
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Figure 1. a) UV-vis spectra of Au NRs grown from seed particles that were incubated with various concentrations of (left) APP and (right) AP.
b) TEM images of Au NRs grown from seeds that were incubated with different concentrations of APP or AP. AR = aspect ratio. Scale bars = 50 nm.
c) Schematic illustrating the observed concentration-dependent effects of AP and APP on the growth of Au NRs.

coupled with a red shift in absorbance peak. To determine
which parameter was responsible for generating the red shift
for grown Au NRs, seeds of various concentrations and sizes
were used to grow Au NRs. We found that an increase in the
seed concentration resulted in a red shift in the LLSPR peaks
(Figure 2c), whereas an increase in seed size led to a blue
shift instead (Figure S2, Supporting Information). This sug-
gested that incubating seeds with reducing molecules led to
an increase in seed concentration. Indeed, when AP was used
to reduce HAuCl, in the presence of CTAB (Figure S3, Sup-
porting Information), a similar increase in absorbance was
observed. A qualitative assessment of the seed particles by TEM
(Figure S4, Supporting Information) suggested that there were
no significant changes in seed size or structure observed after
incubation with an increasing concentration of AP.

Furthermore, the seed-mediated growth of Au NRs tended
to display a blue shift in the LLSPR peak during growth
(Figure S5, Supporting Information). This was due to growth in
the transverse direction,l!”] after the initial burst of growth
in the longitudinal direction. When the seed concentration
increased, the Au’* ions available for reshaping were distrib-
uted over a larger number of growing NRs. Hence, the extent
of blue shift was limited. This phenomenon was observed in
Figure 2d; blue shifting due to Au NR reshaping stopped after
6-10 h for higher seed concentrations, whereas blue shifting
continued even after 12 h for a lower seed concentration. The
same effect was observed for Au NRs grown from seed parti-
cles incubated with 3.33 and 4 x 10~ M of AP (Figure 2e). This
further suggested the ability of AP to increase the seed concen-
tration, and consequently limit the reshaping of Au NR during
growth.

The increase in seed concentration likely resulted from
residual Au*" ions ([CTA]'~[AuBr,]” complex) in the initial seed
solution. To verify this, we attempted to completely reduce
all Au’t ions by increasing the concentration of NaBH, used
for seed preparation. A complete Au reduction was observed
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using =1.4 x 1073 m of NaBH,, as indicated by a saturation
of the absorbance at 400 nm (Absyy) of the seed solution
(Figure S6a-b, Supporting Information). The Abs,y, corre-
sponded to the inter-band transition of metallic Au and could
be used to monitor the reduction of Au** ions.'¥ The red shift
in the LLSPR peaks of grown Au NRs, as a function of AP con-
centration, was diminished when more NaBH, was used for
seed preparation (Figure S6c, Supporting Information), high-
lighting the need for residual Au** in the seed solution, and the
effect of initial NaBH, concentration on the extent of red shift
achievable.

2.2.2. Capping Effect

In order to probe the tendency of aromatic molecules to bind
to gold particles, surface-enhanced Raman spectroscopy (SERS)
experiments were performed (Figure S7, Supporting Informa-
tion). CTAB-stabilized seed particles were first incubated with
the aromatic compounds and then grown into Au NRs. Both
AP and APP displayed distinct SERS spectra as compared to Au
NRs grown in the absence of any aromatic molecules (blank,
Figure S7, Supporting Information). This was strongly indica-
tive of binding since the molecules must be located close to
the particle surface to generate a strong SERS signal.'”) We
believe that the binding of AP and APP arose from NH,-Au
interactions. In contrast, the spectra for hydroquinone and
NPP, which served as analogues of AP and APP, respectively,
but without the NH, group, were largely similar to that of the
blank, indicating a significantly weaker binding of these two
molecules.

The balance between capping and reducing effects on plas-
monic shifts can be highlighted by contrasting APP, AP, NPP,
and hydroquinone. APP, which only demonstrated a propensity
toward capping, but not a reducing effect, yielded a blue shift
(Figure 1a, left), while AP, which exhibited tendencies for both
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Figure 2. a) UV-vis spectra of seed particles after incubation with var-
ious concentrations of AP for 10 min. b) Comparing the changes in the
absorbance of seed particles to the red shift of the LLSPR peaks obtained
when those seed particles were used for NR growth. Error bars represent
the standard deviation (SD), n = 3 independent experiments. c) UV-vis
spectra of Au NRs grown from different seed concentrations, where the
standard concentration described in the Experimental Section is defined
as 1x. Time-evolution of the LLSPR peaks during the growth of Au
NRs that were grown from d) different concentrations of seed particles,
and e) seed particles that were incubated with different concentrations
of AP.

capping and reduction, produced a red shift (Figure 1a, right).
Hydroquinone, which demonstrated a reducing effect, but no
propensity toward capping, yielded a red shift (Figure S8a,
Supporting Information). As a control, NPP, which possessed
neither a capping nor reducing effect, did not influence Au NR
growth (Figure S8b, Supporting Information). Therefore, the
results suggest that a capping effect was vital to causing a blue
shift, whereas a reducing nature was key to producing a red
shift in these experiments. Furthermore, for certain molecules,
the reductive capacity of the molecule tended to dominate over
any capping effect, as demonstrated in the case of AP. A sum-
mary of the reducing and capping effects of the molecules dis-
cussed on the LLSPR peaks of Au NRs can be found in Table 1.
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Table 1. Summary of how the reducing and capping effects of the
aromatic molecules affect the LLSPR peak of grown Au NRs.

Molecule Reducing effect Capping effect  Shift in LLSPR
Hydroquinone + - Red shift
4-Aminophenol + + Red shift
4-Aminophenyl phosphate - + Blue shift
4-Nitrophenyl phosphate - - No effect

Taken together, these results indicated that incubating
seed particles with reducing aromatic molecules led to the
nucleation of more seed particles from residual Au’* ions in
the seed solution. This resulted in a larger number of growing
Au NRs, which in turn limited the extent of Au NR reshaping
during the growth process as the ratio of Au* ions to Au NRs
decreased. Consequently, Au NRs of higher aspect ratios were
grown, indicated by a red shift in the LLSPR peaks, as com-
pared to Au NRs grown without the addition of reducing mol-
ecules. In contrast, capping aromatic molecules bound to seed
particles inhibited anisotropic NR growth and resulted in the
production of Au NRs with lower aspect ratios.

2.3. Modulation of Gold Nanorod Growth Using a Library
of Aromatic Molecules

To further probe the effects of molecular structure and chem-
ical properties, such as functional groups, charge and binding
affinity on Au NR growth, we conducted a more extensive
study of Au NR growth using a library of molecules (Figure 3).
Molecules 1-5 were associated with the AP family, and gener-
ally caused a red shift in the LLSPR peaks of grown Au NRs
due to their reducing properties. 1 has a lower redox potential
than 2,% and elicited a greater red shift as it was a stronger
reductant. The presence of a strong electron-donating sec-
ondary amine group for 3 resulted in an increased red shift,
whereas a strong electron-withdrawing carboxyl group for 4 led
to a significant decrease in the red shift. However, when the
carboxyl group was not directly bonded to the benzene ring,
the decrease in red shift was reduced, as observed for 5. Fur-
thermore, when the strong electron-donating amine group was
replaced with an electron-withdrawing nitro group for 6, there
was negligible effect on Au NR growth as 6 was likely a nonre-
ducing molecule.

The next set of molecules, 7-10, was associated with the
dihydroxybenzene family, and generally yielded a red shift
due to their reducing effect. As 7 has a lower redox potential
than 8,20021] there was a greater red shift for 7. The presence
of an electron-donating methyl group for 9 led to an increase
in the red shift. Similar to the pair of 2 and 5, the presence of
a carboxyl-containing alkyl chain resulted in a decrease in the
red shift for 10 as compared to 8. When one of the electron-
donating hydroxyl groups was replaced with electron-with-
drawing bromide and carboxyl groups in the case of 11, there
was no effect on the growth of Au NR as 11 was likely a very
weak reducing molecule.

The set of molecules, 12-19, illustrated how molecular
charge, negative charge in particular, and the associated pK, of

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) LLSPR peak shifts of Au NRs obtained when seed particles were incubated with 4 X 10~ m of molecules 1-25 and 2 x 1077 m of 26 and 27.
Negative values represent a blue shift. b) Relationship between the redox potential (vs standard hydrogen electrode at pH 7) of reducing molecules
and the red shifts obtained.2%22 (Bottom) Structures of molecules 1-28 investigated.

functional groups, regulated the capping effect. 12 is a common  the extent of blue shifting was further demonstrated with 17
reducing agent, and thus produced a red shift. When one and 18, which produced smaller blue shifts as compared to 16,
amine group was replaced by a carboxyl-containing alkyl chain  since the number of carboxyl group on 17 and 18 was less than
for 13 and 14, the molecules had no reducing effect, and were  that of 16. In addition, for 19, although the pK, of sulfonic acids
now able to cause a blue shift through capping of the seed par-  is typically <1, which is much lower than that of phosphates,
ticles via NH,—-Au interaction. When the aromatic amine group  there is only one deprotonating hydroxyl group for 19, whereas
in 14 was replaced with a nitro group for 15, there was virtu-  there are two for 25, causing the negative charge density of
ally no effect on Au NR growth since 15 had neither capping 19 to be lower than that of 25. Therefore, a lower extent of blue
nor reducing capability. The blue shifts obtained for 13 and 14  shift was observed for 19 as compared to 25.

were less than that for 16; this could be due to 16 being more 20 and 22 are common reducing agents, and resulted in a red
negatively charged since it possesses two carboxyl groups. The  shift. When a phosphate group was added to 20 to yield 21, the
negative charge was expected to help molecules bind to CTAB-  reducing property of 20 was deactivated, and 21 did not produce
capped Au seeds via electrostatic attraction. It was therefore rea-  any effect on NR growth. It should be noted that 21 can also be
sonable that 25 produced a large blue shift since the phosphate ~ converted to 20 enzymatically using ALP. On the other hand,
group, with pK,; of 2.2-3 and pK,, of 6, could dissociate into 23 and 24 were ineffective in the modulation of NR growth
a dianion under the reaction conditions. The charge effect on  since they possessed neither capping nor reducing effect.
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The mercapto group (SH) is known as
a stronger capping group, binding more
readily to Au surfaces as compared to NH,,
due to covalent-likel?®l thiol-Au interactions.
As a result, a large blue shift (=80 nm) was
observed for 26, even at a very low concentra-
tion of 2 x 1077 m. In addition, we observed
that 27 elicited a smaller blue shift as com-
pared to 26, although both contained SH
groups. This could be affected by the chain
length of the alkyl-thiol compound, where a
shorter chain length exerts a greater inhibi-
tion of Au NR growth. This was corrobo-
rated by the observation that 28, which has
a shorter chain length as compared to 27,
virtually inhibited Au NR growth, producing
mostly Au NPs (Figure S9, Supporting
Information).

In agreement with our earlier discussion,
we observed an inverse linear relationship
between the redox potential of molecules
(Table S1, Supporting Information) and the
red shift obtained (Figure 3b); at a lower
redox potential, the reducing strength of a
molecule was greater, resulting in a larger
red shift. The presence of electron-donating
groups increased the reducing strength of
the molecule and consequently the red shift
obtained, whereas the presence of electron-
withdrawing groups reduced the red shift.
The substitution position of the electron-
donating/withdrawing groups also influenced the red shift
obtained. On the other hand, the amount of blue shift pro-
duced, was dependent on the type of Au-binding group (i.e., SH
or NH,), as well as the negative charge (pK,-dependent) pos-
sessed by the molecule.

The mechanisms of the adsorption interaction and binding
affinities to Au were determined using theoretical molecular
simulations for selected molecules (13, 14, 15, 16, 17, 19,
and 25), which exhibited a tendency to promote a blue shift
(Figure 4). The umbrella sampling method was used to deter-
mine the free energies of binding of the aromatic molecules to
the dominant Au(100) surface in solution during the incuba-
tion (pH 7.5) and growth (pH 2.6) stages of Au NRs. 1D poten-
tial of mean force curves were obtained for each molecule (data
not shown), from which we determined the initial association
free energy (E,), binding free energy to the Au surface (E,), and
the energy barriers (AE,,/AE,,) shown in Table S2 (Supporting
Information).

The umbrella sampling results indicated that at pH 7.5 all
molecules except 15, exhibited spontaneous adsorption (with
no free energy barrier) and bound to the surface via their
amine groups in either one or two adsorption states (S1 or S2),
separated by a small (thermal) barrier (Figure 4). Molecule 15,
which had the amine replaced by a nitro group (as compared
to 14), exhibited the weakest binding by adsorbing to the water
monolayer, and not directly to the Au surface (Figure 4a). This
phenomenon could provide a plausible explanation as to why
15 had no effect on the Au NR growth (Figure 3a). Molecule

a) 13

b)
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Figure 4. a) Representative structures of the most favorable binding state for each molecule
and its respective binding free energies highlighted in bold in Table S2 (Supporting Infor-
mation). The coordination of water molecules around the carboxylate groups is shown for
molecule 16 only and omitted for the others for clarity. The color codes for the elemental
composition of the structures is as follows: P and Au-yellow, C-grey, O-red, N-blue, H-white. b)
Contour heat map demonstrating how theoretically calculated values of E, at pH 2.6 and 7.5
(values taken from Table S2, Supporting Information) affected the extent of blue shift obtained
experimentally. As Ey at both pH increased (toward top right region of the heat map), the
amount of blue shift obtained experimentally increased as well.

25 exhibited the strongest binding among the molecules mod-
eled, and presented two energetically favorable binding states
(Figure 4a). The preferential orientation showed the largest con-
tact with the Au surface, with the amine group directly on top
of an Au surface atom and the center of the benzene ring com-
mensurate with the hollow site, while the phosphate group was
exposed to the solvent. The negative charge on its phosphate
group could also facilitate the permeation of 25 through the
CTAB layer via electrostatic interactions, which in turn could
enable the free diffusion of Au ions toward the Au(100) sur-
facel? and restrict the anisotropic growth governed by the close
binding of CTAB to the Au(100) facet.*! These factors provide
a possible explanation for the large blue shift in the LLSPR
peaks of grown Au NRs with 25 as a capping agent (Figure 3a).
Although the umbrella sampling results for 13, 14, 16, 17, and
19 did not directly reflect the trends observed experimentally,
however, considering the two possible binding states observed
for 14, 16, 17, and 19 in particular, and errors associated with
their free energies, the differences in their binding energetics
are almost indistinguishable.

The simulations also revealed that the preferred adsorption
mechanism for the aromatic molecules on Au(100) involved
primary binding via NH,~Au interaction, with the carboxylate
groups in 13, 14, 16, and 17, and sulfonate group in 19 inter-
acting with the solvent. The latter helped stabilize the adsorp-
tion of molecules to the surface via hydrogen bonding with
the strongly bound water monolayer (Figure 4a). This water
binding effect is due to the geometric (square) arrangement of

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Au atoms on Au(100) surface, which has been shown to enable
a more significant structuring of water compared to Au(111)
surfaces. 2]

At pH 2.6, all molecules exhibited a weak initial adsorp-
tion to the water monolayer on the Au(100) surface, with a
significantly higher energy barrier for transfer to the bare sur-
face bound state (Table S2, Supporting Information). Overall,
the amount of blue shift obtained was most likely affected by
the binding of molecules during both the incubation (pH 7.5)
and growth (pH 2.6) stages. Figure 4b shows how E}, at pH 2.6
and 7.5 affected the final blue shift obtained; as E, at both pH
increased, the amount of blue shift also increased. As such, the
theoretical calculations identified a direct correlation between
the binding affinity of the aromatic capping agents to the domi-
nant lateral Au(100) facet?”) and their ability to modulate the
anisotropic growth of Au NRs.

2.4. Modulation of Nanorod Growth via Enzymatic
Dephosphorylation

The conversion of APP to AP could be easily performed
via ALP-mediated dephosphorylation of APP. Utilizing this
approach afforded a robust and unique route toward modu-
lating Au NR growth through the depletion of APP and gen-
eration of AP. Prior to APP dephosphorylation, a maximal
blue shift occurred, while at maximal dephosphorylation, the
generation of primarily AP would elicit a strong red shift, as
highlighted in Figure 5a. To evaluate how the growth of Au
NRs could be modulated by the ALP-APP reaction, and to test
its feasibility in a biosensing assay, APP was incubated with

a)

www.afm-journal.de

an increasing concentration of ALP to generate an increasing
amount of AP. Indeed, a prominent red shift in the LLSPR
peaks of the resulting Au NRs was obtained with an increasing
concentration of ALP (Figure 5b). In addition, we observed a
dose-dependent increase in aspect ratio (Figure 5c), which
could be seen clearly by TEM (Figure 5d).

The use of the ALP-APP reaction for the modulation of Au NR
growth was further applied to a sandwich ELISA (Figure S10a,
Supporting Information) for the detection of the protein PSA,
in order to demonstrate its feasibility in a biosensing assay. In
the ELISA, an increasing concentration of PSA would lead to
an increased generation of AP, resulting in the growth of Au
NRs with a higher aspect ratio. This variation in aspect ratio
could be readily monitored by measuring the red shift in the
LLSPR peaks of grown Au NRs (Figure S10b,c, Supporting
Information) for the detection of PSA. It should be noted that
as NR growth is sensitive to the presence of reducing mol-
ecules such as ascorbic acid or glutathionel?®l that are present
in blood or serum samples, they could be potential sources of
interference. However, through the stringent washing steps
involved in the ELISA assay, the presence of such interfering
components would be made negligible prior to the Au NR
growth step and their effects kept to a minimum. The limit
of detection obtained from the calibration curve (Figure S10c,
Supporting Information) was 0.16 ng mL™. Since the normal
physiological maximum of PSA levels for men ranges from
2.4 10 6.9 ng mL 1,1 the ELISA developed is more than capable
of detecting any increase in PSA levels associated with prostate
cancer; demonstrating the applicability of our assay for the sen-
sitive detection and quantification of biomarkers in biosensing
and diagnostic applications.
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Figure 5. a) Schematic illustrating the use of ALP~APP dephosphorylation for the modulation of Au NR growth, where APP (10 X 107° m) was added to
wells containing an increasing concentration of immobilized ALP. As the concentration of AP generated increases, Au NRs with higher aspect ratios,
accompanied by a red shift of their LLSPR peaks, can be obtained. b) Red shift of the LLSPR peaks of Au NRs obtained via the ALP-APP dephosphoryla-
tion reaction. Error bars represent the SD, n = 3 independent experiments. c) Aspect ratios of grown Au NRs and d) their corresponding TEM images,
with an increasing concentration of immobilized ALP. Scale bars =50 nm.
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3. Conclusion

We have introduced the use of aromatic reducing and capping
molecules as dual effect additives for seed particles to modu-
late anisotropic Au NR growth. The principal mechanisms
were explored and elucidated as a function of various structural
and chemical processes enabling tunable Au NR growth via
two potential pathways. Incubating CTAB-capped seed parti-
cles with molecules exhibiting a substantial binding affinity to
the gold surface restricted the anisotropic growth of Au NRs,
resulting in NRs with lower aspect ratios and a blue shift in
their LLSPR peaks. Conversely, incubating the same seed par-
ticles with reducing molecules resulted in a red shift of grown
Au NRs in a manner consistent with their reduction poten-
tials. Importantly, these discrete pathways could be initiated
via a single enzymatic transformation, driving a more complex
reshaping process as a function of target concentration in an
ELISA format. The insights gained in this work are expected
to establish a more refined understanding of approaches for
engineering Au NR growth through rational design of aromatic
molecules, expanding the possible uses of Au NRs in diagnostic
assays and many other biomedical applications.

4. Experimental Section

Materials: 4-Aminophenol (AP), 2-(methylamino)phenol, 3-amino-
4-hydroxybenzoic acid, 4-nitrophenol, NPP, hydroquinone, catechol,
3,4-dihydroxyhydrocinnamic acid, PDA, 5-aminoisophtalic acid, L-ascorbic
acid, L-ascorbic acid-2-phosphate, L-cysteine, 6-mercaptohexanol,
2-mercaptoethanol, hydroxylamine hydrochloride, gold(lll) chloride
hydrate (HAuCl,), CTAB, silver nitrate (AgNO;), hydrochloric acid
solution (1.0 n), sodium borohydride (NaBH,), 1-dodecanethiol,
(11-mercaptoundecyl)trimethylammonium bromide, phosphate buffered
saline containing 0.05% (w/v) Tween 20 (PBS-T, pH 7.4), PSA, and
tissue culture treated and Nunc-Immuno MaxiSorp 96 well plates, were
purchased from Sigma-Aldrich (UK). 2-aminophenol, 4-methylcatechol,
and 5-bromosalicylic acid were procured from Alfa Aesar (UK). Sulfanilic
acid, 3-aminobenzoic acid, and 4-aminobenzoic acid were acquired
from Tokyo Chemical Industry (Japan). 4-aminophenylacetic acid,
4-amino-L-phenylalanine, APP, mouse monoclonal antibody against
PSA (2 g L"), and biotin-modified mouse monoclonal antibody against
PSA (1.2 g L") were obtained from Abcam (UK). 4-nitro-L-phenylalanine
was acquired from Apollo Scientific Ltd. (UK). 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (1 m, pH 8.0) was
bought from VWR (UK). Nuclease-free water, SuperBlock (Tween
20, PBS) blocking buffer, neutravidin-modified alkaline phosphatase
(neutravidin-ALP), and 1x PBS (pH 7.2) were acquired from Life
Technologies (UK). Dialysis kit, with a molecular weight cut-off (MWCO)
of 1 kDa, was procured from GE Healthcare (UK).

Seed-Mediated Growth of Au NRs: The seed solution was prepared by
adding 500 uL of CTAB (0.2 m) to HAuCl, (500 puL, 5 x 107* wm), followed
by adding 60 uL of freshly prepared NaBH, (8.4 x 107 m). The seed
solution (pH 4.0) was then stirred vigorously for a minute and kept at
room temperature for =1 h before use.

The growth solution (pH 2.2) was prepared by adding 500 uL of
CTAB (0.2 M) to HAuCl, (500 pL, 2 x 1073 ), followed by the sequential
addition of 20 uL of AgNO; (4 x 1073 m), 102 uL of ascorbic acid
(1.2 x 1072 m), and 9 pL of HCI (1.0 N). The volume described here is
sufficient for the growth of Au NRs in 10 wells and can be scaled up
accordingly.

For the growth of Au NRs, 1 pL of the seed solution was added to
50 uL of HEPES buffer (5 x 1073 m, pH 7.8). The mixture had a pH
of 7.5. This was followed by adding 110 pL of the growth solution
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(final pH = 2.6). The solution was stirred after adding each component
and left to incubate for overnight (16-20 h) at room temperature.

For tuning the growth of Au NRs using aromatic molecules, 1 pL of
the seed solution was added to 50 pL of aromatic molecule solution
(prepared in 5 x 107 m of HEPES buffer), and incubated for 10 min at
room temperature. 110 pL of the growth solution was then added, and
Au NR growth was left to incubate overnight at room temperature. Note:
a stock solution of aromatic molecules (1 x 1072 m) was first prepared
in 5 x 1072 m of HEPES buffer, and desired concentrations of aromatic
molecules were prepared through serial dilution in 5 x 1073 m of HEPES.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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