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Abstract

Current methods for tuning the plasmonic properties of metallic nanoparticles typically rely
on alternating the morphology (i.e., size and/or shape) of nanoparticles. The variation of
morphology of plasmonic nanoparticles oftentimes impairs their performance in certain
applications. In this study, we report an effective approach based on the control of internal
structure to engineer morphology-invariant nanoparticles with tunable plasmonic properties.
Specifically, these nanoparticles were prepared through selective growth of Ag on the inner
surfaces of preformed Ag-Au alloyed nanocages as the seeds to form Ag@(Ag-Au) shell@shell
nanocages. Plasmonic properties of the Ag@(Ag-Au) nanocages can be conveniently and
effectively tuned by varying the amount of Ag deposited on the inner surfaces, during which the
overall morphology of the nanocages remains unchanged. To demonstrate the potential
applications of the Ag@(Ag-Au) nanocages, they were applied to colorimetric sensing of human
carcinoembryonic antigen (CEA) that achieved low detection limits. This work provides a

meaningful concept to design and craft plasmonic nanoparticles.
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Over the past half-century, metallic nanoparticles with plasmonic properties that arise from a
phenomenon called localized surface plasmon resonance (LSPR!®) have been a class of

important functional materials. They have found widespread uses in various areas of technology
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such as sensing,%!" biomedicine, solar energy harvesting, surface-enhanced

2021 and electronics.?*?* The tunability of LSPR properties is crucial for a

spectroscopies,
plasmonic nanoparticle to achieve optimal performance in certain applications. In colorimetric
sensing, for example, to ensure a sensitive detection, nanoparticles are expected to be able to
display various colors in response to analytes of different concentrations.®!® In solar energy
conversion, in order to maximize the utilization efficiency of solar light, nanoparticles are
engineered to absorb light in broad wavelengths ranging from the visible to infrared regions.'>’

Current methods for tuning the LSPR properties of a metallic nanoparticle typically rely on

alternating particle morphology, including size and/or shape. Notable examples include size-,>**
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shape-, aspect ratio (e.g., nanorods and nanoplates?*-"-?%)-, and branch (e.g., nanostars
dependent LSPR studies. In practical applications, however, it’s often desirable to keep the
morphology of a nanoparticle unchanged while tuning its LSPR properties. For instance, in
biomedicine, it is well known that the efficiencies of cellular uptake and blood circulation of
nanoparticles have a strong dependence on particle size and shape.*'*¢ To avoid unexpected side
effects, it’s ideal to utilize plasmonic nanoparticles with the same morphologies in different sets
of experiments. In plasmonic sensing, nanoparticles with different plasmon wavelengths but
similar scattering intensities are particularly desired for multiplex sensing.>”*! Accordingly,
nanoparticles are expected to have similar sizes because scattering intensity is proportional to the
sixth power of particle size.® In photocatalysis, the stabilities and durations of plasmonic
nanoparticles have strong dependence on particle morphology.!>!'® In experimental design, it’s
preferred to fix nanoparticles in a stable morphology while alter other parameters in order to
ensure reliable performance. Despite of these preferences in practical applications, it has been a
long-standing challenge to tune the LSPR properties of nanoparticles while hold the particle
morphology a constant.

In this study, we demonstrate a robust approach based on the control of internal structure to
prepare morphology-invariant metallic nanoparticles with tunable LSPR properties. Specifically,
these nanoparticles — Ag@(Ag-Au) shell@shell nanocages — were synthesized by selectively

depositing Ag atoms on the inner surfaces of preformed Ag-Au alloyed nanocages as the seeds



(see Figure 1a). By varying the amount of Ag atoms added to the inner surfaces (or the thickness
of Ag shell), LSPR properties of the Ag@(Ag-Au) shell@shell nanocages can be effectively
tuned. Significantly, during the course of LSPR tuning, the overall morphology of the Ag@(Ag-
Au) nanocages remains unchanged. It is worth noting that the strategy of growing Ag inside a
nanocage is much more effective in tuning LSPR properties than conventional strategies where
Ag is grown on outer surfaces of a nanoparticle. To demonstrate the potential applications of
these Ag@(Ag-Au) nanocages, we applied them to sensitive colorimetric sensing of disease

biomarkers.

RESULTS AND DISCUSSION

Synthesis, Characterizations, and LSPR Properties. We started with the synthesis of
Ag@(Ag-Au) nanocages that was achieved through seed-mediated growth. As the seeds, Ag-Au
alloyed nanocages with a truncated cubic shape, ~48 nm in average edge length and ~4 nm in
wall thickness (Figures 1b) were first obtained through galvanic replacement between ~42 nm
Ag nanocubes (Figure S1b,f) and HAuCls.*> We selected these Ag-Au cages as seeds because
they display a major LSPR peak at a relatively long wavelength, leaving a broad range for tuning
LSPR peaks in the visible light region.** In a standard synthesis of the Ag@(Ag-Au) nanocages,
an aqueous solution of AgNO3 as a precursor to Ag was added to a mixture containing the 48 nm
Ag-Au nanocages as the seeds, poly(vinylpyrrolidone) as a stabilizer, and L-ascorbic acid (AA)
as a reductant at room temperature (see details in METHODS). As demonstrated in our recently
published work,**” the key to force the deposition of Ag atoms to exclusively occur on inner
surfaces of a nanocage was to ensure the rate of surface diffusion for Ag adatoms on outer
surfaces is greater than the rate of Ag atom deposition (see Figure 1a), which can be achieved by
reducing the reaction kinetics. It should be mentioned that the diffusion of Ag adatoms to inner
surface of Ag-Au cage during growth (Figure 1a) is driven by thermodynamics since the growth
of Ag on the inner surfaces of growing cages can reduce their surface areas and thereby minimize
the system total free energy.* By controlling the amount of AgNOs3, the thickness of Ag shell
inside the Ag-Au cages can be conveniently controlled. As representative examples, Figures 1c,d
and S2b,c show transmission electron microscopy (TEM) images of two Ag@(Ag-Au) nanocage
samples obtained from a standard synthesis when 8.0 and 16.0 pL of AgNO3 solution were added

to the reaction. It can be observed that the truncated cubic shape and 48 nm size of the initial Ag-



Au cages as seeds were well preserved after the growth of Ag, suggesting the exclusive inside
growth of Ag on the seeds. The Ag shells (with a slightly brighter contrast) inside the Ag-Au
cages can be resolved from the TEM images, especially the high-magnification images (Figure
le-g). Such elemental distributions of Ag and Au were further validated by energy-dispersive X-
ray (EDX) mapping and scanning data shown in Figure 1h,i. The thicknesses of Ag shell (see
Figure S3 for the definition of Ag shell thickness) of the two samples in Figure 1c,d were
measured to be 3.5 £ 0.7 and 10.0 £ 2.7 nm, respectively, by randomly analyzing 200 particles
for each sample.

To validate the proposed growth mechanism shown in Figure 1a, we increased the rate of Ag
atom deposition by increasing the concentration of AA from 0.4 mM in a standard synthesis to
200 mM, while kept all other conditions unchanged. In this case, if the proposed mechanism is
reasonable, growth of Ag on outer surfaces of Ag-Au cages is expected. As indicated by Figure
S4, the nanocrystals obtained were indeed Ag@(Ag-Au)@Ag triple walled cages that resulted
from the growth of Ag on both outer and inner surfaces of initial Ag-Au cages as seeds. It should
be noted that, in addition to the factors of diffusion and deposition as illustrated in Figure la,
lattice mismatch between Ag and Au may play an important role in the growth mode of Ag on
Ag-Au cages as seeds. Specifically, the Ag-Au cages have Au-rich outer surfaces and Ag-rich
inner surfaces.***® The newly formed Ag atoms resulted from the reduction of Ag" ions by AA
are expected to prefer to deposit on the Ag-rich inner surfaces because there is no lattice
mismatch in Ag-Ag deposition. Such a preferential deposition of Ag in inner surfaces further
promotes the formation of Ag@(Ag-Au) cages as final products. This assumption of lattice
mismatch is supported by the results that, when Ag" ions were replaced by Au’* ions, the
reduction of Au** ions led to selective deposition of Au on the Au-rich outer surfaces of Ag-Au
cages, resulting in the formation of (Ag-Au)@Au nanocages as final products (see Figure S5).

LSPR properties of the Ag@(Ag-Au) cages with different thicknesses of Ag shell (tag) were
evaluated. Figure 1j shows photographs of aqueous suspensions of different Ag@(Ag-Au) cages
(tag = 0-10.0 nm) at the same particle concentration that were obtained from the standard
synthesis when different amount of AgNO3 was introduced to the reaction. As the thickness of
Ag shell (#ag) increased, the color of cage suspensions changed dramatically. The distinct change
of colors from cyan to blue, violet, magenta, red, orange, and yellow can be distinguished by the

naked eye, making these cages extremely suitable for high-resolution colorimetric sensing.



Along with the color change, continuous blue shift of LSPR peaks (from ~695 to ~475 nm) for
these cage suspensions were observed (Figure 1k). Notably, the LSPR peaks well separated each
other and the bandwidths of the peaks were similar, which are preferred features in multiplex
colorimetric and plasmonic sensing.®*"*! It is worth mentioning that the major LSPR peak of the
Ag@(Ag-Au)@Ag triple walled cages shown in Figure S4a is located at a longer wavelength
(Amax = 505 nm, see Figure S4c) compared to that of the Ag@(Ag-Au) cages with the same
amount of deposited Ag (Amax = 475 nm, Figure 1d,k). This observation suggests that selective
deposition of Ag on inner surfaces of Ag-Au cages is a highly efficient approach for tuning the
LSPR properties. Altogether, these results demonstrate the strong tunability of LSPR properties
for the Ag@(Ag-Au) cages.

Simulations of LSPR Properties. To gain insights into the tunable LSPR properties of the
Ag@(Ag-Au) cages, finite-difference time-domain (FDTD) simulations were performed. Figure
2a shows the geometric models that were set according to the physical parameters and chemical
compositions of the Ag@(Ag-Au) cages (see METHODS for details). It should be mentioned
that, because the pores in the cages are irregular in terms of numbers, sizes, and locations,*
pores were not created in the models. Figure 2b shows the simulated extinction cross-section
spectra of the Ag@(Ag-Au) cages with different Ag shell thicknesses (¢ag) in the range of 0-10
nm. The LSPR peaks gradually blue-shifted from 699 nm to 488 nm as #ag increased from 0 to 10
nm, a similar trend as what were observed from the experiments (Figure 1k). Similar results were
observed when uniform pores of 10 nm in diameter were created in the corners of cage models
(see Figure S6). It should be mentioned that the trend of peak intensity change in simulations
doesn’t align well with the experimental data. This inconsistency might be primarily attributed to
the difference in elemental composition on the surface between the models and cages.
Specifically, the cages are partially exposing pure Ag on the surface around the pore sites that is
more plasmonically active than Au-Ag alloy.>**! In contrast, the models were constructed with
full Ag-Au coverage. To understand the Ag shell thickness (¢ag)-dependent LSPR properties, we
plotted the locations of major LSPR peaks (Amax) against fag. As shown by Figure 2c, the curves
generated from simulations and experiments agreed well with each other. As indicated by the
electric field intensity enhancement profile of 48 nm Ag@(Ag-Au) cages with fag = 10 nm
(Figure 2d), the major LSPR peak of the cages was identified to be dipolar plasmon mode. Taken

together, both the experimental and simulation results demonstrate the Ag@(Ag-Au) cages could



display tunable LSPR properties at the same overall morphology.

Size Control. The size of Ag@(Ag-Au) cages can be conveniently controlled by using Ag-
Au cages of different sizes as the initial seeds. As shown by Figures 3a-f and S7, ~27, ~68, and
~113 nm Ag@(Ag-Au) cages with good uniformities were successfully synthesized when Ag-Au
cages of the same sizes were used as the seeds for Ag growth. Similar to the ~48 nm Ag@(Ag-
Au) cages displayed in Figure 1, Ag was exclusively grown inside all the seeds during the
synthesis regardless of the seed size. As a result, the Ag@(Ag-Au) cages produced from each
type of seeds had the same size and shape, but different thicknesses of inner Ag shells (¢ag). The
tag of the 27, 68, and 113 nm Ag@(Ag-Au) cages in Figure 3d-f were measured to be 8.8 + 3.0,
15.9 £ 5.7, and 16.0 + 7.3 nm, respectively. As shown by Figure 3g-i, the major LSPR peaks
(Amax) of all the three types of Ag@(Ag-Au) cages can be effectively tuned in the visible region
by varying tag. It should be mentioned that the LSPR tunability of 113 nm Ag@(Ag-Au) cages is
not as good as the smaller ones (Amax = 790-597 nm versus 742-483 and 680-447 nm and for 68
and 27 nm cages, respectively). This observation might be related to the fact that, compared to
smaller Ag-Au cages, growth of certain amount of Ag inside 113 nm Ag-Au cages has less
impact on the change of their degree of hollowness because the space of hollow interior of 113
nm cages is much greater than those of smaller cages. The FDTD-simulated LSPR peaks (see
Figures S8-S10) are in good agreement with the experimental results. It is worth noting that, as
shown by Figures S8d, S9d, and S10d, the major LSPR peaks for all cages of different sizes were
stemmed from dipolar plasmon mode, while the shoulder peaks for 113 nm cages was originated
from quadrupolar plasmon mode (Figure S10d). According to our simulation results (see Figure
S11), quadrupolar plasmon mode becomes evident when the edge length of Ag@(Ag-Au) cages
reaches ~100 nm.

Comparison with Other Systems. It should be emphasized that our strategy of growing Ag
inside a seed is highly efficient in tuning LSPR properties. In conventional overgrowth-based
systems, the strategy was to grow Ag on the outer surfaces of a seed.’'”? To compare the
efficiencies of these two different strategies in tuning LSPR properties, we designed a set of
experiments. Specifically, ~58 nm Au nanospheres (Figure S12a) and ~37%x90 nm Au nanorods
(Figure S13a) that have similar surface areas as the inner surfaces of 48 nm Ag-Au cages (Figure
1b) and similar volume equivalent diameters (which is defined as the diameter for a sphere with

the same volume as a particle with a non-spherical shape®*>%) as the cages were prepared. These



three types of seeds with similar extinction intensities were grown with the same amounts of Ag
through the reduction of AgNO3 by AA (see details in Figure 4a and METHODS). The amounts
of Ag atoms [in a unit of nanomole (nmol)] deposited on the seeds were quantified by
inductively coupled plasma-mass spectrometry (ICP-MS). The changes of color and LSPR peaks
at various amounts of deposited Ag atoms (0-16 nmol) were monitored. As shown by the TEM
images in Figures S12b, S13b, and S14, at 16 nmol of Ag deposition, Ag shells on or inside the
Au spheres, Au rods, and Ag-Au cages could be clearly seen, suggesting successful overgrowth
of Ag. It’s clear that the growth of Ag inside cages induced much sensitive color change than
growth of Ag on the other two types of seeds (Figure 4b-d), which is consistent with the LSPR
peak shifts (Figure 4e-g). For better comparisons, Amax of the LSPR peaks was plotted against the
amounts of deposited Ag atoms (Figure 4h). Among the three cases, inside growth of Ag in Ag-
Au cages displayed a much broader linear range with a greater slope (Figure 4i). Notably, the
changes of LSPR peaks for growth of Ag on the different seeds were in good agreement with the
simulation data (see Figures 4j, 2b, S15, and S16).

To gain more insight into the wide tunability of LSPR peaks of the Ag@(Ag-Au) shell@shell
cage system, we performed more simulations using two different models. In the first model, we
constructed a Ag@(Ag-Au) core@shell nanoparticle system that has 4 nm Ag-Au shells (the
same thickness as the Ag-Au shells in 48 nm Ag@(Ag-Au) shell@shell cages) and solid Ag
cores of varying diameters in the range of 24-45 nm (Figure S17a), and calculated their LSPR
properties. As shown by Figure S17b, the LSPR tunability of Ag@(Ag-Au) nanoparticle system
is much narrower than that of Ag@(Ag-Au) cage system. This observation implies that
shell@shell morphology of the Ag@(Ag-Au) cages is partially responsible for their wide
tunability of LSPR peaks. In the second model, we constructed a (Ag-Au)@Ag core@shell
nanoparticle system that has solid Ag-Au cores of 58 nm in diameter (the same size as the Au
spherical cores in Figure 4) and Ag shells of varying thicknesses in the range of 0-10 nm (Figure
S18a). The simulation results (Figure S18b) show that, as the thickness of Ag shell increases,
only slightly red shifts are observed for the major LSPR peaks of the (Ag-Au)@Ag
nanoparticles. This observation further demonstrates that our strategy of growing Ag inside Ag-
Au cages is highly efficient in tuning LSPR properties.

Application in Biosensing. Finally, we demonstrated the applications of the Ag@(Ag-Au)

cages in biosensing. Human carcinoembryonic antigen (CEA, a cancer biomarker™-®) as a model



analyte was detected according to the principle shown in Figure 5a (see METHODS for details).
The main idea is that CEA is specifically captured by antibodies labeled with alkaline
phosphatase (ALP) — an enzyme that can catalyze the formation of AA to activate the growth of
Ag inside Ag-Au cages.’’® As such, detection of CEA can be achieved by either monitoring the
color change of reaction solution by the naked eye (for semiquantitative analysis) or quantifying
the LSPR peak changes with a UV-vis spectrophotometer (for quantitative analysis). CEA
standards with various concentrations were detected with this Ag@(Ag-Au) cages-based sensor.
A digital camera was used to record the detection results (Figure 5b). A set of different colors
were observed at different concentrations of CEA. Using the blank of 0 ng mL' CEA (cyan
color) as a reference, the detection limit by the naked eye was ~2 ng mL"!, which is lower than
the threshold of CEA level in normal human serum (2.5-5.0 ng mL™").>>¢ Figure 5c shows
typical LSPR extinction spectra recorded from the assay solutions at different CEA
concentrations. A calibration curve was obtained by plotting the shift of Amax relative to the blank
(Ahmax) against CEA concentration (Figure 5d). A good linear relationship (R* = 0.998) was
observed in 0.5-15 ng mL™! CEA (Figure 5e). The limit of detection (LOD, which is defined by
the 3SD method®>%’) was determined to be 0.14 ng mL"!. Notably, this LOD is approximately 3
times lower than the LOD of conventional ALP-based enzyme-linked immunosorbent assay
(ELISA) that uses the same set of antibodies and similar procedure as the Ag@(Ag-Au) cages-
based sensor (see Figure S19 for details). The coefficient of variations (CVs) in the entire CEA
concentration range were <14.7% (n = 6), suggesting a good reproducibility.

To demonstrate the potential clinical uses, we applied the Ag@(Ag-Au) cages-based sensor
for detecting human plasma samples (CEA free, purchased from Millipore Sigma) that were
spiked with CEA of five different concentrations in the range of 2-100 ng mL™. CEA in each
sample was visually semi-quantified and instrumentally quantified based on the color chart and
the calibration curve shown in Figures 5b and Se, respectively. As summarized in Table 1, for
semi-quantitative analysis, the CEA concentrations in the five samples could be estimated
precisely according to the colors of the corresponding assay solutions. For quantitative analysis,
analytical recoveries®' for the five samples were determined to be 93.0-107.6%, along with CVs
<12.6% (n = 3). These results indicate that the performance of Ag@(Ag-Au) cages in biosensing
was not significantly influenced by the complex matrices of human plasma, implying the

potential practical uses in clinical settings.



CONCLUSIONS

In summary, we have demonstrated an approach based on the control of internal structure to
engineer plasmonic nanoparticles made of Ag and Au. Such plasmonic nanoparticles feature
invariant morphologies, highly active and tunable plasmonic activities, and adjustable sizes. A
potential application of the plasmonic nanoparticles was demonstrated through sensitive
colorimetric immunoassay of cancer biomarker. The concept of internal structure control may be
extended to other plasmonic nanocrystals of different materials. This work provides an effective

method to design and synthesize plasmonic nanomaterials for various basic and applied research.

METHODS

Chemicals and Materials. Silver nitrate (AgNO3, >99.0%), gold(IIl) chloride trihydrate (HAuCls-3H>O,
>99.9%), poly(vinylpyrrolidone) (PVP, My, = 55000), sodium hydrosulfide hydrate (NaHS-xH,0), L-ascorbic
acid (AA, >99%), sodium citrate dihydrate (=99%), sodium borohydride (>98%), diethanolamine (DEA,
>98%), nitric acid (HNOs, 70%), hydrochloric acid (HCl, 37%), magnesium nitrate hexahydrate
[Mg(NOs3)2:-6H20, 99%], hexadecyltrimethylammonium bromide (CTAB, >98%), alkaline phosphatase from
bovine intestinal mucosa, L-ascorbic acid 2-phosphate (AA-P) sesquimagnesium salt hydrate (>95%), 4-
nitrophenyl phosphate (pNPP) disodium salt hexahydrate (=99%), bovine serum albumin (BSA, >98%),
human carcinoembryonic antigen (CEA, >99%), sodium carbonate (Na,CO3, >99.5%), sodium bicarbonate
(NaHCO3, >99.7%), potassium phosphate monobasic (KH2PO4, >99%), sodium phosphate dibasic (Na;HPOs,
>99%), sodium chloride (NaCl, >99.5%), potassium chloride (KCI, >99%), and Tween 20 were all obtained
from Millipore Sigma. Ethylene glycol (EG) was obtained from J. T. Baker. Polyclonal rabbit anti-human CEA
antibody (rabbit anti-CEA pAb) and monoclonal mouse anti-human CEA antibody (mouse anti-CEA mAb)
were obtained from Abcam plc. ALP-labeled goat anti-mouse IgG antibody was purchased from Thermo
Fisher Scientific, Inc. High-binding 96-well microtiter plates (No. 655061) were obtained from Greiner Bio-
One. Deionized (DI) water with a resistivity of 18.2 MQ-cm was used to prepare all aqueous solutions.

Preparation of Ag Nanocubes To Be Used as Sacrificial Templates. Ag cubes of ~25 and ~42 nm in
edge length. These two Ag cubes (samples in Figure Sla,b,e,f) were prepared according to a previously
reported one-pot synthesis with minor changes.*? In brief, 6.0 mL of EG was hosted in a glass vial and was
heated in an oil bath pre-set to 150 °C under magnetic stirring. After 1 h of preheating, 80 pL of NaHS solution
(3.0 mM, in EG), 1500 pL of PVP solution (20 mg/mL, in EG), and 500 uL of AgNOs solution (48 mg/mL, in
EG) were in turn added with a pipette. After the vial had been capped, the reaction was allowed to proceed for
different periods of time at 150 °C. The 25 and 42 nm Ag cubes were obtained by quenching the reaction with

an ice-water bath when the reaction had been proceeded for 4 and 10 min, respectively. The Ag cubes were
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collected by washing with acetone once and DI water for three times via centrifugation and dispersed in 4.0
mL DI water.
Ag cubes of ~61 and ~103 nm in edge length. These two Ag cubes (samples in Figure Slc,d,g,h) were

2563 where the aforementioned

prepared according to previously published procedures with some modifications,
42 nm Ag cubes were utilized as the seeds. Before synthesis, the 42 nm Ag cubes (1.0 mL) was centrifuged to
remove water and then redispersed in 1.0 mL of EG. In a typical synthesis, 3.0 mL of EG was added to a glass
vial and was then preheated in an oil bath pre-set to 150 °C under magnetic stirring for 20 min. Thereafter, 900
pL of PVP solution (20 mg/mL, in EG), 200 pL of the 42 nm Ag cubes (in EG), and 600 uL of AgNOs solution
(36 mg/mL, in EG) were added in sequence with a pipette. During this synthesis process, the vial was capped
with a vial cap except during the addition of the reaction reagents. The 61 and 103 nm Ag cubes were obtained
by stopping the reaction using an ice-water bath once the reaction mixture reached a major LSPR extinction
peak around 480 and 585 nm, respectively. After being washed with acetone once and DI water for three times,
the Ag cubes were dispersed in 4.0 mL DI water.

The exact edge lengths of abovementioned four Ag cubes were measured to be 25.3 £ 1.2 nm, 42.1 £ 2.1
nm, 61.1 £ 3.0 nm, and 102.8 + 4.9 nm, respectively, according to their TEM images (Figure S1).

Preparation of Ag-Au Nanocages To Be Used as Seeds. Ag-Au cages of ~48 nm in edge length. The 48
nm Ag-Au cages (sample shown in Figure 1b) were prepared based on the galvanic replacement reaction
between the 42 nm Ag cubes as the sacrificial templates (sample shown in Figure S1b,f) and HAuCly,
according to a published procedure with minor changes.*? Briefly, 0.5 mL of 42 nm Ag cubes (in DI water) and
9.5 mL of PVP aqueous solution (0.2%, w/v) were placed in a 25-mL flask and were then preheated for 10 min
in an oil bath pre-set to 100 °C under magnetic stirring. Thereafter, a HAuCls aqueous solution (0.02%, w/v)
was added to the flask using a syringe pump at an injection rate of 6.0 mL/h. The 48 nm Ag-Au cages were
obtained by terminating the introduction of HAuCl4 when the reaction suspension had displayed a cyan color
with a major LSPR extinction peak at ~695 nm. The 48 nm Ag-Au cages were washed with saturated NaCl
aqueous solution for one time and with DI water for more than 10 times, and eventually dispersed in 1.0 mL DI
water for future use.

Ag-Au cages of ~27, ~68, and ~113 nm in edge lengths. The procedures for the syntheses of 27, 68, and
113 nm Ag-Au cages (samples shown in Figure 3a-c) were the same as the procedure for 48 nm Ag-Au cages
except that 1.0 mL of 25, 61, and 103 nm Ag cubes, respectively, were used as the sacrificial templates. The
27, 68, and 113 nm Ag-Au cages were obtained by terminating the introduction of HAuCls when the reaction
suspension had reached major LSPR extinction peaks at ~680, ~742, and ~790 nm, respectively.

The exact edge lengths and thicknesses of abovementioned four Ag-Au cages were measured to be 26.8 +
1.6, 47.9 £ 2.5, 67.7 £ 3.2, and 113.4 £ 5.1 nm and 2.3 £ 0.2, 3.9 £ 0.3, 6.0 £ 0.4, and 10.6 £ 0.7 nm,
respectively, according to their TEM images (Figures 1b, 3a-c, S2a, and S7a-c).

Synthesis of Ag@(Ag-Au) Nanocages. Ag@(Ag-Au) cages of ~48 nm in edge length. The 48 nm
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Ag@(Ag-Au) cages (samples shown in Figure 1c,d,j,k) were prepared by seed-mediated growth method with
the above-mentioned 48 nm Ag-Au cages as the seeds, according to our recently reported protocol with some
modifications.*’ Prior to synthesis, 200 puL of the 48 nm Ag-Au cages was diluted with DI water to reach an
LSPR extinction intensity of 4.00 a.u. at 695 nm, in a cuvette with an optical path length (OPL) of 1 cm. In a
standard synthesis, 500 pL of the 48 nm Ag-Au cages (4.00 a.u. at 695 nm, OPL =1 cm), 1000 pL of 1% (w/v)
PVP aqueous solution, and 500 uL of AA solution (0.4 mM, in DI water) were mixed in a flask under magnetic
stirring at room temperature, followed by one-shot injection of 10 mM AgNOs aqueous solution with different
volumes. The reaction was allowed to proceed at room temperature for 1 hour. After being washed twice with
DI water, the product [i.e., 48 nm Ag@(Ag-Au) cages] was dispersed in 2.0 mL DI water. By varying the
volumes of the AgNO3 aqueous solution in the range of 0~16.0 uL, 48 nm Ag@(Ag-Au) cages with different
wall thicknesses of Ag inner-shells were obtained.

Ag@(Ag-Au) cages of ~27, ~68, and ~113 nm in edge length. The procedures for the syntheses of 27, 68,
and 113 nm Ag@(Ag-Au) cages (samples in Figure 3d-i) were the same as the procedure for the 48 nm
Ag@(Ag-Au) cages except for using 27, 68, and 113 nm Ag-Au cages as the seeds and varying the volumes of
10 mM AgNOs3 aqueous solution in the ranges of 0~22.0, 0~16.0, and 0~28.0 pL, respectively.

Synthesis of Au Nanospheres with Diameter of ~58 nm. The ~58 nm Au spheres (sample shown in
Figure S12a) were prepared using the Frens’ method with minor changes.* Briefly, 50 mL of DI water was
added to a 100-mL flask equipped with a condenser, and heated to boiling in an oil bath under magnetic
stirring. Subsequently, 500 puL of 1% (w/v) HAuCly aqueous solution and 550 pL of 1% (w/v) sodium citrate
aqueous solution were sequentially added into the boiling water with a pipette. After reacting for 30 min, the
58 nm Au spheres as products were washed with DI water twice and redispersed in 5.0 mL of DI water for
future use. The exact diameter of these Au spheres was measured to be 58.1 £ 11.1 nm according to their TEM
image (Figure S12a).

Synthesis of Au Nanorods with Diameter of ~37 nm and Length of ~90 nm. The 3790 nm Au rods
(sample in Figure S13a) were synthesized using a seed-mediated growth method with minor modifications.5>-6¢
Briefly, 600 pL of freshly prepared 10 mM NaBHs aqueous solution was rapidly injected into an 10 mL
aqueous solution containing 0.25 mM HAuCls and 0.1 M CTAB in a vial at room temperature under magnetic
stirring. The mixture was kept undisturbed at 30 °C for 2 hours before use. Subsequently, 9.0 uL of the above
mixture was added into a growth solution containing 18.0 mL of 0.1 M CTAB aqueous solution, 900 pL of 10
mM HAuCls aqueous solution, 180 puL of 10 mM AgNOs aqueous solution, 360 uL of 1.0 M HCI aqueous
solution, and 144 pL of 100 mM AA aqueous solution. The reaction was proceeded at 30 °C overnight. After
being washed twice with DI water, the Au rods as products were stored in 2.0 mL of DI water. The exact
diameter and length of these Au rods were measured to be 37.0 £ 3.9 and 89.8 + 7.1 nm, respectively,
according to their TEM image (Figure S13a).

Growth of Ag on Three Different Types of Nanostructures, Including 48 nm Ag-Au Cages, 58 nm Au
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Spheres, and 37x90 nm Au Rods. The growths of Ag on these three types of nanostructures were performed
under the same conditions. In a standard procedure of growth, 200 uL of nanostructures was first diluted with
DI water in a cuvette with an OPL of 1 cm to reach an extinction intensity of 4.00 a.u. at Amax (Amax = 695 nm
for 48 nm Ag-Au cages; Amax = 542 nm for 58 nm Au nanospheres; and Amax = 688 nm for 37x90 nm Au rods).
Then, 30 pL of AA solution with a specific concentration was added to a suspension containing 50 pL of the
diluted Ag/Au nanostructures (4.00 a.u. at Amax, OPL = 1 cm), 5 pL of aqueous solution of 10% PVP and 2.5
mM CTAB, 20 pL of 1.0 M DEA buffer (pH 9.8), and 5 pL of 10 mM AgNOs3 aqueous solution. The mixture
was allowed to react for 1 hour at 37 °C. Note, the amount of Ag grown on the nanostructures was controlled
by varying the concentration of AA solution. Finally, /) 100 pL of the resulting suspension was added into a
well of 96-well microtiter plates. A digital camera and a microplate reader were used to take the photograph
and record the LSPR extinction spectrum of the suspension, respectively; and ii) the nanoparticles in the
resulting suspension were collected by centrifugation. Inductively coupled plasma-mass spectrometry (ICP-
MS) was used to determine the amounts of Ag and Au elements in the nanoparticles, which could be converted
to the amounts of Ag atoms [in a unit of nanomole (nmol)] deposited on the Ag/Au nanostructures.

Standard Procedure for Colorimetric Detection of CEA Using 48 nm Ag@(Ag-Au) Cages-Based
Sensor (see Figure 5a for detection principle). The 96-well microtiter plates were first coated with 50 puL
rabbit anti-CEA pAb (10 pg mL™!, in 10 mM carbonate buffer, pH = 9.6) at 4 °C overnight. After being washed
with washing solution [10 mM PBS buffer (pH 7.4) containing 0.05% Tween 20, PBST] for five times, the
plates were blocked by 300 uL blocking solution (2% BSA in PBST) at 37 °C for 2 h. After the plates had been
washed with washing solution for five times, 100 pL. CEA standards in dilution solution (1% BSA in PBST)
was added to each well. After incubating at 37 °C for 1 h, the plates were washed with washing solution for
five times, followed by the addition of 100 uL mouse anti-CEA mAb (1 ug mL!, in dilution solution) to each
well. After incubating at 37 °C for 1 h, the plates were washed five times. Then, 100 uL. ALP-labeled goat anti-
mouse IgG (1 ug mL, in dilution buffer) was added. The plates were incubated at 37 °C for 1 h. After
washing five times, 100 pL freshly prepared substrate solution was added. Here, the substrate solution was
prepared by mixing 1000 pL of the 48 nm Ag-Au cages (4.00 a.u. at 695 nm, OPL = 1 cm), 100 pL of 10%
PVP and 2.5 mM CTAB mixed aqueous solution, 400 pL of 1.0 M DEA buffer (pH 9.8), 100 uL of 10 mM
AgNOs3 aqueous solution, and 600 uL of DI water. After 1-hour incubation at 37 °C, the photograph and LSPR
extinction spectrum of each well were taken by a digital camera and recorded by a microplate reader,
respectively.

Procedure of ALP-based ELISA of CEA (Figure S19) was the same as above standard procedure of 48 nm
Ag@(Ag-Au) cages-based sensor except for the use of a different substrate solution. Specifically, after all the
immunoreactions, 100 uL of 5 mM pNPP in 1.0 M DEA buffer (pH 9.8) as substrate solution was added to
each well. After incubation at 37 °C for 1 hour, the absorbance at 405 nm of each well was measured using a

microplate reader.
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Finite-Difference Time-Domain (FDTD) Simulations. The FDTD simulations were performed on the
metal nanostructures including Ag@(Ag-Au) cages, Au@Ag spheres, Au@Ag rods, Ag@(Ag-Au) spheres,
and (Ag-Au)@Ag spheres using a commercial software (FDTD Solutions 8.0, Lumerical Solutions, Inc.),
using published procedures in the literature with some modifications.?®! During the simulations, an
electromagnetic pulse in the wavelength range from 300 to 1000 nm was launched into a box containing a
target metal nanostructure. A mesh size of 1 nm was employed in calculating the extinction cross-section
spectra and electric field intensity enhancements of the metal nanostructures. The refractive index of the
surrounding medium was set to 1.33 (i.e., the refractive index of water). The dielectric functions of Ag and Au
were obtained from previously measured values.®”%® For simplicity, the Ag@(Ag-Au) cages were modeled as a
hollow cuboctahedron with Ag shell in the inner surface and Ag-Au alloy on the outer surface (see Figures 2a,
S8a, S9a, S10a, and S11a). The molar ratio of Ag to Au for the Ag-Au alloy was set to be 2:1 according to
experimental data from ICP-MS analysis. The outer edge lengths of the Ag@(Ag-Au) cage (Louer), thicknesses
of Ag shell (tag) and Ag-Au alloy layer (fag-au) Were set to specific values that were obtained from electron
microscope imaging data. For Ag@(Ag-Au) cage of a certain size, the thickness of Ag-Au alloy layer is fixed,
while thickness of Ag shell is varied. The Au@Ag spheres were modeled as Au@Ag core@shell spheres. The
diameter of Au core and the thickness of Ag shell were set to be 58 nm and 0~10 nm, respectively, according to
the electron microscope imaging data (see Figure S12). The Au@Ag rods were modeled as Au@Ag
core@shell right circular cylinders. The diameter and length of Au core were set to be 37 and 90 nm,
respectively, and the thickness of Ag shell were set to be in the range of 0~10 nm, according to the electron
microscope imaging data (see Figure S13). The parameters of all other models in the Supporting Information
are provided in the figure captions.

Characterizations. A JEOL JEM-1011 microscope was used to take the transmission electron microscope
(TEM) images. A FEI 200kV Titan Themis scanning TEM was used to acquire the energy dispersive X-ray
(EDX) mapping images and line-scan spectra. A JY2000 Ultrace ICP atomic emission spectrometer was used
to determine the amounts of Ag and Au elements in various nanostructures. A Canon EOS Rebel T7 digital
camera was used to take the photographs of samples in vials and microtiter plates. An Agilent Cary 60 UV-vis
spectrophotometer and a Tecan Infinite 200 PRO microplate reader were used to record the LSPR extinction
spectra of samples in vials and microtiter plates, respectively. An Oakton pH 700 benchtop meter was used to

measure the pH values of buffers.
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Figure 1. Design, characterizations, and LSPR properties of Ag@(Ag-Au) cages. (a) Schematic
illustrations showing the synthesis of Ag@(Ag-Au) cages (top trace) and the LSPR extinction of
Ag@(Ag-Au) cages with different thicknesses of Ag shells (bottom trace). (b-d) TEM images of
Ag@(Ag-Au) cages that were grown from 48 nm Ag-Au cages when 0 pL (b), 8.0 uL (c), and
16.0 pL (d) of AgNOs had been added. (e-g) Magnified TEM images of samples in (b-d),
respectively. (h,i) EDX mapping images (h) and EDX line-scan profiles (i) of the sample shown
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in (d). The EDX line-scan profiles were taken from a single nanoparticle shown in (h) along a
direction as indicated by the arrow. (j) Photographs taken from aqueous suspensions of
Ag@(Ag-Au) cages with different thicknesses of Ag shell in the range of 0-10.0 nm, which were
prepared by introducing different volumes of AgNOs to the growth solution (see METHODS for

details). (k) Corresponding LSPR extinction spectra recorded from the samples in (j).
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Figure 2. FDTD simulations for 48 nm Ag@(Ag-Au) cages with different thicknesses of Ag
shell (#ag). (a) Schematics and excitation configuration of the cages. (b) FDTD-simulated
extinction cross-section spectra of the cages with zag in the range of 0~10 nm. (¢) Two curves
that were generated by plotting the calculated (Figure 2b) and experimental (Figure 1k) Amax
against zag. (d) Electric field intensity map (logarithmic scale) of the cage at tag =10 nm. The

map was generated at the major LSPR extinction peak at 488 nm.
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Figure 3. Size control of Ag@(Ag-Au) cages. (a-c) TEM images of 27 nm (a), 68 nm (b), and
113 nm (c) Ag-Au cages that were used as seeds for synthesis of Ag@(Ag-Au) cages. (d-f) TEM
images of 27 nm (d), 68 nm (e), and 113 nm (f) Ag@(Ag-Au) cages obtained from growth
solution of the Ag-Au cages in (a-c), respectively, when 22.0 uL, 16.0 uL, and 28.0 pL of AgNOs3
had been introduced. (g-i) LSPR extinction spectra recorded from growth solution of 27 nm (g),
68 nm (h), and 113 nm (i) Ag-Au cages. As indicated by the arrows above the spectra, the
thicknesses of Ag shells (ag) grown inside the 27 nm, 68 nm, and 113 nm cages are in the ranges
of 0-8.8 nm (from right to left, tag = 0, 0.2, 0.3, 0.7, 1.1, 1.5, 2.0, 2.5, 3.1, 3.8, 4.7, 6.0, and 8.8
nm), 0-15.9 nm (from right to left, ta¢ = 0, 0.5, 1.1, 2.3, 3.7, 5.2, 6.9, 9.0, 11.7, and 15.9 nm), and
0-16.0 nm (from right to left, zaz = 0, 0.4, 0.8, 1.6, 3.4, 5.3, 7.5, 9.9, 12.7, and 16.0 nm),
respectively. Insets in (a) and (d) show magnified TEM images of individual cages, where the

scale bars are 10 nm. In (g-1), the extinction spectra of samples in (a-f) were labeled.
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Figure 4. Comparison of the LSPR properties of Ag@(Ag-Au) cages, Au@Ag spheres and
Au@Ag rods. (a) Schematics showing the synthesis of the three types of nanostructures. The Ag-
Au cages (48 nm in edge length), Au spheres (58 nm in diameter), and Au rods (37x90 nm) as
seeds correspond to the samples shown in Figures 1b, S12a, and S13a, respectively. (b-d)
Representative photographs taken from the growth solutions of Ag-Au cages (b), Au spheres (c),
and Au rods (d) as seeds when various amounts of Ag atoms were grown on the seeds. (e-g)
LSPR extinction spectra of the solutions shown in (b-d). (h) Corresponding calibration curves of
spectra in (b-d), which were obtained by plotting the major LSPR peaks (Amax) against the
amounts of Ag atoms. (i) Linear range regions of the curves shown in (h). (j) Simulated

calibration curves that were generated by plotting the simulated Amax against the amounts of Ag

Amounts of Ag atoms (nmol)
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atoms grown on individual seeds (see Figures 2a,b, S15, and S16 for the simulation models and

results). In (h) and (i), the error bars indicate the standard deviations (n = 6).
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Figure 5. Detection of CEA with 48 nm Ag@(Ag-Au) cages-based sensor system. (a)
Schematics showing the sensing principle. ALP: alkaline phosphatase; AA-P: L-ascorbic acid 2-
phosphate; DHA: L-dehydroascorbic acid. (b) Representative photograph taken from the
detection of CEA standards. (c) LSPR extinction spectra of the solutions shown in (b). (d)
Corresponding calibration curve generated by plotting the blue shift of major LSPR peak (Amax)
relative to the blank of 0 ng mL™' CEA (Akmax) against CEA concentration. (¢) Linear range

region of the curve shown in (d). Error bars indicate the standard deviations (n = 6).
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Table 1. Analytical performance of 48 nm Ag@(Ag-Au) cages-based sensor in detecting CEA

spiked human plasma samples.

Semi-quantitative analysis® Quantitative analysis®
Samol Spiked
ample no.* i Found Found (Mean + SD CVs Recove
(ng mL™) Color ) Y

(ng mL™") (ng mL™") (%, n=3) (%)

1 2 ‘' 02 1.91 4 0.24 12.6 95.3
2 10 & ~10 10.55 + 0.89 8.4 105.5
3 25 3 ; ~30 26.90 +1.28 48 107.6

4 50 ® 40~50 48.93+2.32 4.7 97.9

5 100 2 ~100 93.01 + 4.70 5.1 93.0

“Each sample was analyzed by three times in parallel. "Semi-quantitative analysis was performed based
on the color chart of CEA standards as shown in Figure 5b. ‘Quantitative analysis was performed based
on the calibration curve shown in Figure Se. SD and CV stand for standard deviation and coefficient of
variation, respectively.
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