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Integrating stimuli-responsive molecules and plasmonic nanoparticles into a single nanoscale platform
for stimuli-adaptive functionality is of great importance in nanotechnology. However, existing strategies
for constructing stimuli-responsive molecule/noble metal composite nanoparticles based on a solution or
solid-phase methods result in limited separation efficiency and low structural precision. Here, we pro-
pose a solid-solution combined strategy to prepare monodisperse pH-adaptive gold/peptide/gold sand-
wich nanoparticles with precisely controlled layered structures. Wafer-scale gold/peptide/gold layered
structure was first deposited on a silicon wafer and then etched by argon plasma using silica nanoparti-
cles as a mask. Sandwich nanoparticles can be easily released from silicon wafers by a wet etching reac-
tion and then purified by centrifugation. The as-prepared gold/peptide/gold nanoparticles exhibit distinct
localized surface plasmon resonance (LSPR) coupling peaks at near-infrared wavelengths in acidic and
neutral environments, demonstrating their great potential as pH-responsive optical nanodevices. In addi-
tion, this flexible and configurable approach enables the precise fabrication of layered nanostructures of
different sizes, layer numbers, and compositions, with wide applications in optical actuation and sensors.

� 2023 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction are widely used to achieve pH-responsivity in biomedical research.
Integrating different functional components into a single nanos-
cale platform to realize multiple purposes is of great importance in
various emerging applications [1–4]. Gold nanoparticles (AuNPs)
have emerged as promising optical actuation and sensing materials
due to their excellent physicochemical properties, good biocom-
patibility, and tunable localized surface plasmon resonance (LSPR)
characteristics [5,6]. To adaptively tune the LSPR coupling of adja-
cent AuNPs in different environments, a monodisperse stimulus-
responsive AuNP/polymer/AuNP sandwich nanostructure is highly
desired. Many existing research works can statically and precisely
manipulate the gap between AuNPs through short molecules such
as DNA or RNA. For example, Lim et al. reported highly uniform and
reproducible surface-enhanced Raman scattering from DNA-
tailorable AuNPs with a 1-nm interior gap [7]. Smith et al. have
assembled DNA-functionalized AuNPs with gaps and overhangs
in linker DNA [8]. However, these works can only control the gap
statically, and dynamic manipulation of the gap between AuNPs
is highly desired. Carboxy- and amine-containing peptides [9,10]
However, integrating ultrathin pH-responsive molecular layers
(less than 5 nm thick) between two gold nanodiscs with designed
interparticle gaps is challenging.

Preparation of plasmonic metal/polymer/metal sandwich
nanocomposites using a solution-based bottom-up approach yields
a mixture of dimers, trimers, and other large nanoclusters [11]. In
addition, the gap between plasmonic NPs in a single composite
nanostructure cannot be precisely controlled, resulting in broad
spectral absorption peaks [12]. Solid-phase top-down synthesis
techniques such as hole-mask nanolithography [13] and E-beam
lithography [14] can synthesize NPs by trimming rationally
designed solid substrates. For example, Juluri et al. fabricated
shape-uniform gold nanodiscs by Ar plasma etching of gold film,
with polystyrene nanoparticles as masks [15]. Compared with
solution-based strategies, solid-phase lithography can precisely
control layered structures. However, solid-phase methods have
not been applied to fabricate monodisperse metal/molecule/metal
sandwich NPs, which need to be uniform in size, not easily disinte-
grated, and dispersible in aqueous solutions.

In this study, we demonstrate a novel strategy combining direc-
tional physical ion etching and isotropic wet chemical etching to
fabricate gold/peptide/gold sandwich NPs with different structures
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and sizes, see Fig. 1. The morphology of the gold/peptide/gold
sandwich NPs in each synthesis step was characterized by scan-
ning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The dispersibility and pH-responsive spectral
absorption in aqueous solution were confirmed by dynamic light
scattering (DLS) and UV–Vis-NIR absorption spectroscopy,
respectively.
2. Materials and methods

2.1. Materials

Silicon wafers (EPI coating) were purchased from Addison Engi-
neering. Gold pellets and chromium pellets evaporation materials
were purchased from Kurt J. Lesker Company. Peptides with amino
acids sequence Cys-Pro-Glu-Glu-Glu-Cys (Mw = 708) were pro-
vided by Biomatik. Monodisperse suspensions of aminated silica
nanospheres (10 mg/ml, in ethanol) with different diameters (60,
120, and 300 nm) were purchased from nanoComposix. Gold etch-
ant, chromium etchant, thiol terminated PEG (Mw = 3000), triso-
dium citrate dihydrate, and 4-Aminothiophenol (4-ATP) were
purchased from Sigma-Aldrich.

2.2. Synthesis of gold/peptide/gold structure on silicon wafers

Synthesis steps for gold/peptide/gold structure on a silicon
wafer are illustrated in Fig. 1a and Fig. 2a. First, Cr film (5 nm thick)
Fig. 1. Nanofabrication process of gold/peptide/gold sandwich nanoparticles. (a) Ch
peptide layer, a top gold layer, and silicon NPs (60 nm diameter shown here) are sequent
or spin-coating techniques. (b) RIE (CHF3) is used to adjust the size of the silica NPs mask
can be obtained by directional Ar ion etching. (d) The redeposited gold debris on the subs
(e) The residual silica NPs masks can be removed by bath sonication in water. (f) The sacri
sandwich NPs can be released from the substrate.
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and gold film (15–30 nm thick) were deposited on the piranha-
treated silicon wafers (13 mm � 13 mm) [16] by thermal evapora-
tion (Oxford Vacuum Science, 10–5 mbar). The deposition rate was
around 0.1 nm/s. Subsequently, the gold-coated wafers were
immersed in an aqueous sodium citrate solution (1 mM) for 3 h
to negatively charge the gold surface. The wafers were then
immersed in a 3 mM peptide aqueous solution for 24 h, allowing
the peptide to self-assemble on the gold surface and to form a
dense peptide brush layer via thiol chemistry. Afterward, the
peptide-coated wafers were immersed in water for 1 h to remove
physically absorbed citrate and peptides. After drying, a second
gold layer (15–30 nm thick) was deposited on the peptide-coated
wafer by thermal evaporation.
2.3. Tailoring of gold/peptide/gold sandwich NPs by lithography

The steps for tailoring gold/peptide/gold sandwich NPs by
lithography are illustrated in Fig. 1a to 1c. The gold/peptide/gold
coated wafers were immersed in 4-ATP aqueous solution (3 mM)
for 10 min to enhance the hydrophilicity of the gold surface. Then,
a monolayer of silica NPs was spin-coated (WS-400-6NPP Spin
Coater) on top of the gold layer at 2500 rpm. In spin-coating, the
concentrations of 60 nm, 120 nm, and 300 nm silica NPs were set
at 1 wt%, 1.5 wt%, and 2 wt%, respectively. CHF3 RIE (Oxford Plas-
malab 100 Plus, 0.5–3min) can be applied to adjust the size of silica
NPs. The samples were then etched for 2–6 min using physical ion
etching (argon gas) [17]. The redeposited gold on the surface of
romium (Cr, sacrificial and adhesion layer), a bottom gold layer, a pH-responsive
ially deposited on clean silicon wafers via thermal vapor disposition, self-assembly,
for further etching. (c) With silica NPs masks, the plasmonic sandwich nanostructure
trate can be removed by wet etching using dilute gold etchant (1 wt% KI/I2 solution).
ficial Cr layer can be effectively removed by wet etching, and then the monodisperse



Fig. 2. Design and fabrication of wafer-scale gold/peptide/gold sandwich structures. (a) Schematic diagram of the fabrication steps of the gold/peptide/gold layered
structure on a wafer. (b) Thermally evaporated gold on a silicon wafer. (c) FTIR spectra of the pH-responsive peptide (CPEEC amino acids). (d) Schematic of the pH-responsive
peptide in the expanded and shrinkage states. (e-f) Water contact angles on the gold surface before and after peptide self-assembly.
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gold/peptide/gold sandwich NPs was then removed using a dilute
gold etchant (KI/I2 iodine-iodide system, 1 wt%) for 3 s.

2.4. Release, PEGylation, and purification of gold/peptide/gold
sandwich NPs

The steps to release, PEGylate, and purify the gold/peptide/gold
sandwich NPs are illustrated in Fig. 1d to 1e. The silicon wafers
were bath sonicated in DI water for 2 min to remove residual silica
NPs masks and then immersed in dilute aqueous PEG-SH solution
(1 mM) for 24 h to partially PEGylate the NPs. Afterward, the
wafers were immersed in Cr etchant (1 wt%) to dissolve the sacri-
ficial Cr layer and release the partially PEGylated NPs into the solu-
tion. The resulting solution was centrifuged (Eppendorf Centrifuge
5810R) at 200 rpm to remove the impurity-containing pellet. The
supernatant was then centrifugated at 12000 rpm to remove the
dissolved ions. The resulting pellet was dispersed in dilute aqueous
PEG-SH solution (1 mM) by bath sonication and kept for 24 h to
fully PEGylate the NPs. After centrifugation at 12000 rpm to
remove the excess PEG-SH in the solution, the pellet was then dis-
persed in DI water to obtain well-dispersed PEGylated gold/pep-
tide/gold sandwich NPs.

2.5. Characterizations and simulation

The morphology of the as-prepared NPs was characterized by
field emission scanning electron microscopy (JEOL JSM-7500F)
and transmission electron microscopy (JEOL 2020, operated at
200 kV). Fourier transform infrared (FTIR) spectra were obtained
with a Bruker ALPHA-Platinum using the ATR (Attenuated Total
Reflection) method. Dynamic Light Scattering (DLS) was character-
ized by Zetasizer Nano ZS. The UV-Vis-NIR absorption spectra were
measured by Hitachi U-4100. Electrodynamic calculations were
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performed with COMSOL Multiphysics using the Finite-Difference
Time-Domain (FDTD) method [18].

3. Results and discussion

3.1. Design and fabrication of wafer-scale gold/peptide/gold sandwich
structures

To fabricate gold/peptide/gold sandwich NPs, a wafer-scale
gold/peptide/gold structure was first deposited on a wafer, see
Fig. 2a. The gold film prepared on the silicon wafer by thermal
evaporation demonstrates a polycrystalline structure with a flat
surface, see Fig. 2b. The structure of peptides can be designed to
achieve different stimulus responses (such as pH, temperature,
and metal ions) based on the sequence of amino acids [10]. To
ensure the connection between the peptide and gold, the terminal
amino acids of the peptide should be cysteine, and its thiol group
can form an Au-S bond with gold. To achieve pH response, a pep-
tide consisting of 6 amino acids (Cys-Pro-Glu-Glu-Glu-Cys) was
synthesized, see Fig. 2c. Among the amino acids, the three glutamic
acids contain three pH-responsive carboxy groups, see Fig. 2d.
When the pH is above 5, the carboxy group is deprotonated and
negatively charged, and the peptide is in an extended state (up
to 4 nm in length). At pH values below 4.5, the carboxy group is
protonated and electrically neutral, and the peptide is in a shrink-
age state (can be less than 1 nm in length). After the peptides self-
assembled on the gold surface, the water contact angle of the gold
film decreased from 78.4� to 32.4�, see Fig. 2e and 2f. The increased
hydrophilicity indicates the formation of a dense peptide film on
the gold surface. After the thermal evaporation of another gold
layer, a wafer-scale gold/peptide/gold sandwich structure was
obtained on the wafer. The gold/peptide/gold coated wafers were
put on a hot plate (�80 �C) for 1 h to facilitate the Au-S bonding
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between the top gold layer and peptide by enhancing the activity
of the thiol groups.
3.2. Preparation of monodisperse gold/peptide/gold sandwich
nanoparticles

As shown in Fig. 3a, silica NPs (300 nm) were spin-coated in a
monolayer on gold/polymer/gold-coated wafers. The size of the
silica NPs mask can be further reduced by CHF3 RIE, see Fig. 3b.
Typically, thin gold films are patterned by wet etching or
chlorine-based reactive ion etching (RIE), but these isotopic chem-
ical etching methods cause severe mask undercuts [17,19] and lead
to nanoscale feature loss. To minimize the undercutting, physical
ion etching (argon) was used to etch gold in this study, which
etched the gold directionally and produced well-defined sandwich
NPs with straight sidewalls, see Fig. 3c. However, the low volatility
of gold resulted in massive etched gold debris redepositing on the
sandwich NPs and sealing the peptide layer (Fig. 3d), preventing
the pH-responsive peptides from interacting with surrounding
solution. To this problem, this study innovatively used a diluted
gold etchant (1 wt% KI/I2) to wet-etch redeposited gold on the sur-
face of gold/peptide/gold sandwich NPs, thereby exposing the pep-
tide layer. After removing the residual silica mask by bath
sonication, well-shaped gold/peptide/gold sandwich NPs were
Fig. 3. Morphologies of gold/peptide/gold sandwich NPs during synthesis. (a) Self-asse
by CHF3 etching. (c) Layered nanostructures obtained by directional Ar ion etching. (d) L
was sealed by redeposited gold during ion etching. (e) Layered gold/peptide/gold nanostr
TEM image of the fabricated gold/peptide/gold sandwich NPs (300 nm). (g-h) Self-ass
structures; (i) TEM image of the fabricated 120 nm gold/polymer/gold sandwich NPs.
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obtained on the silicon wafer, see Fig. 3e. These gold/peptide/gold
sandwich NPs were released from the wafers after wet etching
away the Cr sacrificial layer. As shown in Fig. 3f, after PEGylation
and purification, monodisperse gold/peptide/gold NPs were
obtained in an aqueous solution, which can be used as pH-
responsive optical nanodevices.
3.3. Preparation of sandwich nanoparticles with different sizes

This flexible and configurable approach enables the preparation
of various layered nanostructures with different sizes and compo-
sitions. As shown in Fig. 3g to 3i, gold/peptide/gold sandwich NPs
with a diameter of 120 nm were prepared using 120 nm silica NPs
as masks. As shown in Fig. 4a and 4b, pH-responsive gold/peptide/-
gold sandwich NPs with a diameter of 60 nm were prepared using
60 nm silica NPs as masks. The hydrodynamic diameter of the
60 nm gold/peptide/gold sandwich NPs is about 69 nm, which is
in good agreement with the designed sandwich dimensions (two
15 nm thick gold nanodiscs, one 4 nm thick peptide film), see
Fig. 4c. The hydrodynamic diameter of the single-layer gold nan-
odisc is about 21 nm, which also fits well with the designed dimen-
sion (15 nm thick, 60 nm diameter). These results indicate that the
method for preparing sandwich NPs proposed in this study is
efficient.
mbly of silica NPs (300 nm) on a silicon wafer. (b) Size adjustment of silica NPs mask
ayered nanostructures after lift-off of the silica NPs masks, where the peptide layer
uctures after removal of redeposited gold through isotropic reactive wet etching. (f)
embly of silica NPs (120 nm) on a wafer coated with layered gold/polymer/gold



Fig. 4. pH-responsive gold/peptide/gold sandwich NPs with a diameter of 60 nm. (a) Self-assembly of 60 nm silica NPs on a wafer coated with layered gold/polymer/gold
structures. (b) TEM image of the fabricated gold/polymer/gold sandwich NPs (60 nm). (c) DLS of gold/peptide/gold sandwich NPs and single-layer gold nanodiscs. The inset
shows a digital photograph of gold/peptide/gold sandwich NPs. (d) UV–Vis absorption spectra of gold/peptide/gold sandwich NPs at pH 7.4 and pH 3.5. (e) Simulation results
of gap-dependent LSPR coupling absorption peaks in sandwich nanoparticles. (f) Zeta potential and hydrodynamic size of peptides in solutions at different pH values.
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3.4. pH-responsive spectral absorption of gold/peptide/gold sandwich
nanoparticles

The pH-responsive UV–Vis-NIR absorption spectra of gold/pep-
tide/gold sandwich NPs (60 nm diameter) are shown in Fig. 4d. The
gold/peptide/gold sandwich NPs showed the main absorption peak
at 620 nm and an LSPR coupling peak in the NIR range. FDTD
method was employed to simulate the interparticle gap-induced
spectral absorption peak shift of the LSPR coupling, which is well
consistent with the measured spectra, as shown in Fig. 4e. The
LSPR coupling peaks are related to the plasmonic NPs gap distance
[20–22], expressed as:

Dk � k� k0 � eð�
d
DsÞ

where k is the coefficient, d is the separation distance, s is the decay
constant, and D is the diameter of plasmonic NPs. For a structurally
defined sandwich nanoparticle, the red shift of the LSPR coupling
peak is exponentially correlated to the decrease in distance
between Au nanodiscs. At a solution pH of 7.5, the carboxyl group
of the peptide in the sandwich nanoparticles was deprotonated
and negatively charged, the peptide layer was in a swollen state.
This is evidenced by the zeta potential (-25 mV) and hydrodynamic
size (2.2 nm) of the freestanding peptide, see Fig. 4f. Therefore, the
LSPR coupling peak of the sandwich NPs was located at 890 nm.
Although the hydrodynamic size of the freestanding peptide in
solution (Fig. 4f) was smaller than the length of the bound peptide
within gold/peptide/gold sandwich NPs (Fig. 4d), the change in pep-
tide size in different pH solutions can reflect the change in the
length of the peptide in the sandwich NPs. When the solution pH
dropped to 3.5, the carboxyl groups of the peptide in the sandwich
nanoparticles were protonated and neutralized, and the peptide
layer was in a shrinkage state. This is evidenced by the zeta poten-
tial of � 1 mV and hydrodynamic size of 0.7 nm for the freestanding
peptides at pH 3.5. The decrease in the distance between Au nan-
odiscs under acidic conditions resulted in a red shift of the LSPR
coupling peak of the sandwich NPs to 970 nm. Considering the
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shrinkage and swelling states of the peptide are reversible at differ-
ent pH, it can be deduced that the LSPR coupling peak shift of the
sandwich nanoparticle is also reversible. The pH-adaptive sandwich
nanoparticles exhibited an LSPR coupling peak shift of 80 nm, sug-
gesting the potential as pH-adaptive sensors or actuators.

4. Conclusions

A new class of pH-adaptive monodisperse gold/peptide/gold
sandwich NPs was synthesized by a liquid-solid phase combined
technique. The as-produced gold/peptide/gold nanoparticles show
distinct LSPR coupling peaks at NIR wavelength in acidic and neu-
tral environments, showing great potential as pH-responsive opti-
cal nanodevices. Furthermore, this flexible and configurable
approach enables the preparation of a wide variety of layered
nanostructures with designated sizes and compositions for differ-
ent actuation and sensing applications.
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