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effect.[2] Especially, the porous plasmonic 
NPs present significant larger tunability in 
terms of porosity, composition, and larger 
specific surface area and higher hot spots 
density compared to the nonporous nano-
structures.[3] As their plasmonic peaks 
can be tuned in the biological transparent 
window located in NIR region, the porous 
NPs may be implemented efficiently in 
biomedical applications, including bioim-
aging, biodetection, and drug delivery, as 
well as the surface-enhanced Raman scat-
tering (SERS) based applications.[4]

For biosensing and diagnostics, SERS 
sensing probes are outstanding among 
various methods.[5] By highly enhancing 
“finger-print” Raman signal, SERS sub-
strates and probes show promises in 
analytical chemistry and biochemistry 
detection with low detection limits.[6] The 
growing demand for accurate, personal-
ized diagnosis and therapy is opening up 
new areas of biomedical application with 
SERS individual nanoprobes,[7] such as, 
multiplex Raman cellular detection and 
differentiation, or ultrasensitive multi-
plex quantitation of microorganisms.[8] 

In addition, single NPs exhibit great potential in the use of 
SERS nanoprobes for cyto- and histopathological diagnostics, 
where they can give an improvement over the existing tissue 
imaging system using Raman spectroscopy,[9] by providing local 
enhancement in spatial Raman mapping studies at the cel-
lular and subcellular level.[10] Plasmonic NPs, especially Au–Ag 
NPs, provides adjustable SERS probes with high enhancement, 
due to their LSPR behaviors and their designable structures 
with high hot spots density. The rough surface, assemblies, 
nanoscale curvature and gap are promising structures for 
SERS.[11] However, the reproducibility and the stability remain 
as the main challenge for practical applications. Therefore, it 
becomes important to have a controllable synthetic strategy 
for plasmonic NPs with designed nanostructure, clean surface 
and aqueous dispersibility, to facilitate the wide application in 
biosensing.

Porous and hollow plasmonic structures have been widely 
explored using the galvanic replacement reaction (GRR) 
approach, which removes the less noble metal from the tem-
plate and replaces it with more noble metal via redox process, 
while forming vacancies in the multimetallic structure.[12] In 

Plasmonic nanostructures have raised the interest of biomedical applications 
of surface-enhanced Raman scattering (SERS). To improve the enhancement 
and produce sensitive SERS probes, porous Au–Ag alloy nanoparticles (NPs) 
are synthesized by dealloying Au–Ag alloy NP-precursors with Au or Ag core 
in aqueous colloidal environment through galvanic replacement reaction. The 
novel designed core–shell Au–Ag alloy NP-precursors facilitate controllable 
synthesis of porous nanostructure, and dealloying degree during the reaction 
has significant effect on structural and spectral properties of dealloyed porous 
NPs. Narrow-dispersed dealloyed NPs are obtained using NPs of Au/Ag 
ratio from 10/90 to 40/60 with Au and Ag core to produce solid core@porous 
shell and porous nanoshells, having rough surface, hollowness, and porosity 
around 30–60%. The clean nanostructure from colloidal synthesis exhibits a 
redshifted plasmon peak up to near-infrared region, and the large accessible 
surface induces highly localized surface plasmon resonance and generates 
robust SERS activity. Thus, the porous NPs produce intensely enhanced 
Raman signal up to 68-fold higher than 100 nm AuNP enhancement at single-
particle level, and the estimated Raman enhancement around 7800, showing 
the potential for highly sensitive SERS probes. The single-particle SERS 
probes are effectively demonstrated in quantitative monitoring of anticancer 
drug Doxorubicin release.

1. Introduction

Plasmonic nanoparticles (NPs) have been strongly considered 
in biomedical applications, due to their adjustable localized 
surface plasmon resonance (LSPR) properties.[1] Various struc-
tured plasmonic NPs have been explored due to the strong 
structural dependence of their optical properties. Hollow and 
porous NPs are promising as multifunctional platform in thera-
nostics owing to their unique structure with interior vacancies, 
and their distinctive optical properties, including the LSPR in 
visible-near infrared (NIR) region, and surface enhancement 
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nanostructures synthesized through GRR, Ag provides the 
most common sacrificial templates with its high reactivity, 
while porous structure and surface area are still difficult to 
control due to the nature of GRR for the fast reaction at the 
surface with dealloying reagents.[13] Recently, some efforts 
were made by tailoring the GRR or partially inhibiting GRR to 
achieve a better controlled of voids number or spherically clus-
tered nanostructures.[4b,14] However, these approaches require 
a polymer coating during the dealloying process, which occu-
pies the surface, and will significantly impair the access of 
cargo or analytes for further applications. Another way to get 
porous structure is to apply a strong acid to alloyed template, 
thus removing the sacrificial part thoroughly.[15] For example, 
the concentrated nitric acid, with much stronger dealloying 
ability than GRR, were used for dealloying the immobilized 
alloy arrays. However, this stabilizing and solid phase method 
limit the translation toward a scalable production. To tackle  
the difficult stabilization, and ensure the surface accessibility  
in colloidal synthesis, Gao’s group employed a thin hollow 
shell of silica using a quite elaborated process to stabilize the 
NPs, and finally achieved porous Au–Ag with high surface 
accessibility.[4c]

Instead of regulating GRR through an external environment 
and the use of organic coatings, we propose to control the final 
structure through carefully designing the composition of the 
Au–Ag NP-precursors in GRR. Indeed, as the kinetics of deal-
loying strongly depends on the relative Ag–Au composition, we 
used our newly introduced combined seeded-growth and core-
duction synthesis approach to fabricate Au–Ag alloy NP-precur-
sors with a fine control of both composition within 7% and size 
over 30 to 150 nm within 15%.[16]

In this paper, we report a newly facile colloidal synthesis 
approach for porous Au–Ag NPs, which exhibit tunable optical 
properties, excellent drug loading capacity and ultrahigh SERS 
activity, providing single-particle level SERS detector for drug 
release. The GRR dealloying process is controlled by designing 
the composition, size and structure of the NP-precursors. We 
employed our newly Au-core and Ag-core alloy-shell NPs as 
precursor for the GRR dealloying, and synthesized the narrow-
dispersed NPs, coefficient of deviation less than 15%, of solid 
core@porous shell and porous nanoshells with hollow inte-
rior. The spectral and structural evolution during dealloying 
and the compositional effect has been studied in detail both in 

colloidal solutions and on single NPs. By controlling both the 
core and shell size and composition, the Au–Ag alloy core–shell 
NP-precursors offer a great variation and easy control of final 
colloidal porous structures. Well-controlled synthesis approach 
enables to finely tune the nanostructure, as well as their plas-
monic features, including tunable redshift of plasmon peak up 
to NIR region, and high-density hot spots for SERS. Thanks to 
the polymer-free colloidal synthesis, the NPs keep a relatively 
large accessible surface for SERS. Single-particle level detection 
is demonstrated based on the strong SERS activity to provide 
quantitative monitoring of drug release.

2. Results and Discussion
2.1. GRR Dealloying of Au–Ag Alloy Nanoparticles

Taking advantage of the different reactivity between Au and 
Ag, GRR was employed to remove Ag from Au–Ag alloy. 
Figure  1 illustrates that Au–Ag alloy NPs with Au and Ag 
cores have been used as NP-precursors, and form porous 
NPs with solid core (porous NPs) and with a hollow interior 
(porous nanoshells), respectively. These core–shell structured  
NP-precursors are denoted as Au@Au/Ag and Ag@Au/Ag 
NPs respectively and were first synthesized using our previ-
ously published seeded-growth method.[16] The alloy shell can 
be adjusted freely in terms of thickness and composition, while 
maintaining the monodispersion of alloy NPs. Then, HAuCl4 
is applied for the GRR, and the dealloying process follows the 
chemical overall reaction

3Ag s AuCl Au s 3Ag 4Cl4 aq aq aq( ) ( ) ( )( ) ( )+ → + +− + −  (1)

where the reduction potential over standard hydrogen electrode 
(SHE) of AuCl4−/Au (0.99 V vs SHE) is higher than the one of 
AgCl/Ag (0.22 V vs SHE),[17] so that each three Ag atoms are 
replaced by one Au atom, introducing vacancies. Combined 
with the concurrent Kirkendall effect, driven by the different 
diffusion rates between Au and Ag, GRR forms porous and 
hollow structure in NPs.[4a,b,13a,18] After dealloying, Au@Au/Ag 
NPs transform to solid core@porous shell nanostructures with 
rough surface, while Ag@Au/Au NP becomes porous shell 
with hollow interior as shown in Figure 1.

Figure 1. Galvanic replacement reaction on Au@Au/Ag and Ag@Au/Ag, resulting in porous shell with solid core (porous NP) or hollow interior 
(porous nanoshell), respectively.
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During GRR dealloying, as HAuCl4 is slowly added into the 
aqueous dispersion at room temperature, the NPs colloidal color 
changes with time and its intensity decreases. To illustrate the 
optical and structural changes during dealloying of alloy NPs, two 
representative examples of the UV–vis spectra and transmission 
electron microscopy (TEM) of Au@Au/Ag and Ag@Au/Ag are 
shown in Figure 2. The NP-precursors are comprised of the same 
shell composition of Au/Ag 25/75, having respectively a 40 nm 
Au core and a 60 nm Ag core. After the GRR dealloying, the two 
types of precursors result in distinguishable spectra and struc-
tures. Plasmonic extinction peak of both types of NPs has red-
shifted after GRR, by ≈118 nm for Au-core precursors (Figure 2a) 
and by ≈337 nm for Ag core (Figure 2d). The large optical shifts 
result in an obvious color change for colloidal and single NPs, 
the peak of hollow nanoshells even reaches NIR region, which 
is interesting for biomedical applications. Meanwhile, the extinc-
tion spectra broaden with the intensity decreasing, due to the 
porous and hollow structure, probably introducing significant 
phase-retardation effects.[19] During the dealloying, spherical 
NPs stay relatively monodispersed while generating nanoscale 
rough surface and porous structure, as well as creating hollow 
space in the NPs. The diameter of NPs slightly increases, by 
<10%, contrary to the shrinkage in dealloying with strong acid 
for fixed NPs.[20] Au@Au/Ag NPs transform from solid spheres 
to porous NPs with a rough surface and many nanoscale pits 
near the surface (TEM shown in Figure 2b,c). Note that the Ag 
in the shell has been partially removed, while the Au-rich core 
still remains. However, Ag@Au/Ag NPs reconstruct from solid 
spheres to porous shells with a hollow interior (Figure  2e,f), 
through removing the Ag core. Therefore, for both structures, 
accessible surface and loading space increase remarkably and the 
rough surface creates local curvature, generating a high density 
of hot spots. Generally, the high surface energy limits the pro-
duction of controllable and stable nanostructures which requires 
surface coating, based on the work of Dey and co-workers by 
hyperbranched polymer.[21] However, by using our monodis-
persed alloy precursors and by adjusting the concentration of 
NPs and the addition rate of dealloying reagent HAuCl4, we can 
easily obtain through coating-free synthesis, well dispersed final 
colloidal porous nanostructures with high reproducibility.

Many details of the dealloying effect on Au–Ag alloy NPs are 
revealed by the high-angle annular dark field (HAADF) and 
energy dispersive X-ray spectroscopy (EDS) mapping under 
scanning transmission electron microscopy (STEM) (Figure 3). 
For the porous NPs dealloyed from Au@Au/Ag NP-precursors 
(Figure  3a–d), HAADF-STEM shows that the core remains, 
while large pores appear in the shell as well as a gap between 
the surface and core. The EDS mapping exhibits that Au accu-
mulates near the center and at some small islands near the sur-
face (indicated by white arrows in Figure 3a), and for Ag, there 
is an evident loss in the shell, while a significant part of Ag 
migrates to the core and remains after dealloying. It is reason-
able that Ag atoms near the surface are easier to be selectively 
removed, while remaining Au atoms, along with newly grown 
ones that gather near the forefront, especially around the pores 
near the surface. The line profile of Au and Ag intensities dem-
onstrate that the Au and Ag are quite equally mixed, indicating 
that the Au and Ag realloy during the dealloying to remain ther-
modynamically stable.[22]

For porous nanoshells dealloyed from Ag@alloy NPs, we 
can clearly see the tangled ligaments near the surface from 
HAADF-STEM image (Figure  3e), and the hollow interior 
from the contrast between core and shell, which are created by 
removing large portion of the precursor, especially the Ag core. 
The elemental mapping and line profiles (Figure  3f–h) illus-
trate the shell structure and the homogeneous mixing of Au 
and Ag. Massive dealloying, especially dealloying from the core 
requires large interaction between the internal and external 
environment. The decrease near the center of the nanoshell 
in the line profile is a clear signature of the empty core and is 
in agreement with a simple geometry model of a transmission 
path through a shell structure shown in Figure S1 (Supporting 
Information). Due to the abundant exchange in dealloying, Au 
and Ag are homogeneously distributed in the nanoshell, as 
shown in elemental mapping and line profile (Figure  3f–h). 
With different diffusion rate between Au and Ag, Kirkendall 
effect introduced more porous structure in the shell.[18]

By finely control the GRR reaction, even if a significant 
amount of Ag atoms is removed, we observed that the Au rich 
structure remains, preventing the collapse the final structure, 

Figure 2. Typical extinction spectra a,d) and TEM images of Au@Au/Ag and Ag@Au/Ag before b,e) and after GRR c,f).
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and that the newly attached Au atoms on the surface slightly 
enlarges the diameter of final NPs. The removal of Ag and 
atomic diffusion during the dealloying create high curvature 
near the surface, pits and a gap between core and shell, as well 
as a hollow interior. Both Au@alloy and Ag@alloy NPs become 
porous after dealloying, generating large accessible surface 
area, loading space, and high density of hot spots.

2.2. Calculation of Porosity

The porosity in final NPs can be estimated from the Au and Ag 
composition and size of both precursor and porous NPs and 
the fact that the loss of each three Ag atoms is replaced by one 
Au atom. The vacancy 2x is given by

3
Au
Ag

Au x
Ag x

+
−

= ′
′

 (2)

where Au and Ag are the respective atomic percentage of Au 
and Ag in precursor, while Au′ and Ag′ are their atomic per-
centage in final dealloyed NPs. The removed Ag atoms and 
newly deposited Au atoms are quantified as 3x and x, respec-
tively. Therefore, vacancy resulted from the loss of atoms is 
estimated as 2x in atomic percentage of NP-precursors. Due to 
the similar crystal structure and lattice constant of Au and Ag, 
4.078 Å (Au) and 4.086 Å (Ag), we roughly consider the volume 
percentages as atomic ones. Besides the vacancy, Kirkendall 
effect during the mass transportation and accumulation of Au 
atoms on the surface, slightly enlarges the diameter, thus the 
volume of NPs. The volume enlargement (∆V) is calculated 
through the diameter measured from TEM images

1
6

3 3V V V D Dπ ( )∆ = ′ − = ′ −  (3)

where D and D′ are the respective measured diameter of NPs 
before and after dealloying, as shown in Figure S2a (Supporting 
Information), taken from the average diameter of over fifty NPs 

from TEM images. Therefore, both the vacancy generated in 
GRR and volume enlargement contribute to the pore structure 
of the NPs. If the porosity is uniformly distributed in the whole 
NP, porosity equals to the percentage of pore structure in the 
volume of final NP, as Equation (4). While in most cases, pore 
structure distributes in the shell, which plays the most impor-
tant role in interacting with the electrolyte environment or 
being applied for the surface properties. Therefore, when the 
NPs contains a solid core (with diameter of Dcore), we consider 
the pore structure distributes in the shell (with diameter of 
Dshell), as shown in Figure S2b (Supporting Information), and 
porosity in shell is expressed as Equation (5)
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 (5)

2.3. Effect of the Dealloying Degree

As dealloying reagent in GRR, the amount of HAuCl4 has sig-
nificant impact on the dealloying process. We define the term 
dealloying degree (dD) to describe the amount of the added 
HAuCl4 compared to Ag atoms in precursor NPs. When the 
ratio of added HAuCl4 and Ag in precursors is exactly 3:1, 
equal to the stoichiometric ratio between [AuCl4]− in the solu-
tion and the total number of Ag atoms in all NPs precursors in 
GRR, the dD is defined as 1.0; when more HAuCl4 added, dD is 
higher than 1.0, otherwise, lower than 1.0. Thus, the equation is

AuCl /3 AgD 4d [ ][ ]= −  (6)

Dealloying degree describes the experimental condition in 
terms of how much dealloying reagent is added, but it does not 
reflect the detailed reaction, considering that the composition 

Figure 3. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of dealloyed NPs from a) Au@Au/Ag,  
e) Ag@Au/Ag NPs, and their respective b,c and f,g) elemental mapping of Au and Ag. Elemental composition profile along the dashed lines (in (b), 
(c), (f), and (g)) are shown in (d) and (h).
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threshold may prevent complete dealloying, left with surplus 
HAuCl4. The color change happens with the slow addition 
of HAuCl4 into the precursor NP dispersions, which directly 
reflects the influence from the amount of added HAuCl4.

To study the influence of dD, over a fix time of 30 min at 
room temperature, we dealloyed Au@Au/Ag 10/90 core–shell 
NPs (Au@Au/Ag NPs, constituted with 40 nm core and Au/
Ag 10/90 alloy shell), at dD = 0.5, 0.75, 1.0, and 1.5. We inves-
tigated the structural features changing with dD through TEM 
and UV–vis spectrophotometer characterization as well as 
EDS. Figure  4 shows distinguishable spectral and structural 
changes from precursor to final NPs of different dD. During the 
dealloying, the color of NP dispersion changes abruptly from 
orange to blue and gray, shown in the inserted color image 
in Figure  4a. After GRR, extinction peaks show great redshift 
(≈170 nm) and obvious broaden at lower dD, and the redshift 
decreases with higher dD, stabilizing after dD > 1.0 (Figure 4a), 
showing ≈110 nm redshift compared to the precursor. The for-
mation of gap and heterogeneous structure between core and 
shell induce broaden or even diverging of the peak. Moreover, 
the red-NIR spectral region (700–900 nm) is a signature of the 
presence of a thin Au-rich layer on the surface which is more 
pronounced at lower dD of 0.75 and significantly decrease with 
higher dD because of the arrangement of atoms contributing to 
more homogeneous composition.[22]

Porous nanoparticles with dD = 0.5 (Figure 4c) show mainly 
rough surface, and some particles begin to form the gap 
between core and shell, while with dD ≥ 0.75 (Figure 4d,e), NPs 
exhibit obvious gap between core and shell, showing similar 
yolk-porous shell structure. The uniformity of porous structure 
has been proved with low-resolution TEM images containing 
more porous NPs (Figure S3, Supporting Information). Based 
on the statistics from TEM images (Table S1, Supporting Infor-
mation), we found that the core shrinks with increasing dD. 
From dD of 0.75–1.0, the core size stays relatively constant while 
the shell keeps enlarging, indicating that the dealloying process 
is concentrated in the shell. After the dealloying of shell, further 
dealloying deepens into the core at higher dD = 1.5, as the core 
size decreases abruptly from ≈58 nm to ≈49 nm, while the exte-
rior diameter of NPs stays constant compared to dD = 1.0. This 

can be explained by the collapse of microstructure resulting 
from the coalescing, which balances with further deposition 
of Au. In brief, dealloying near the surface begins at lower dD, 
inducing yolk-porous shell structure, and more sufficient rea-
gents drives the dealloying approaching the core. Figure S4 
(Supporting Information) shows the results from Au@Au/
Ag 27/75 for dD in the range of 0.25–1.5, and the spectral shift 
exhibits similar trend with Figure 4a, and the TEM show clear 
rough surface when dD ≥ 0.5.

As discussed with STEM results, dealloying occurs first near 
the surface and the Ag-rich (90 at%) shell induced violent deal-
loying. The dealloying induces large vacancies while the inert-
ness of left Au and Au-rich core hinder the dealloying into the 
core. Therefore, the gap between the core and the shell forms. 
The realloying taking place during the dealloying allows GRR to 
penetrate inside the NPs with higher dD. While due to the inert-
ness of Au core, the center of the nanostructure stays intact. 
The gap and porous shell induces large redshift and the thin 
shell creates stronger electron-surface scattering effect, gener-
ating much wider plasmonic peak.[23]

Based on the statistics of the measured core and shell size, 
combined with compositional results from the NPs, we calcu-
lated the overall porosity and shell porosity (Figure  5). With 
increasing dD, more Ag gets replaced by Au, and Au fraction 
reaches 52% at dD = 1.5 from 16% in the NP-precursor. From 
NP-precursor to dD  = 0.75, the Au composition shows a sig-
nificant increase, indicating main dealloying reaction occurs 
at the early stage. After that, when dD increases, the composi-
tion change is limited, especially after dD  = 1.0. Considering 
the Au core in the precursor, combined with the compositional 
threshold, it is difficult to have further dealloying. The overall 
porosity exhibits a similar trend as the Au composition of the 
NPs, while the shell porosity is influenced significantly by the 
size of the core and shell. Therefore, the shell porosity peaks at 
dD = 0.5, reaching 80%, when the dealloying only happens at 
the surface of NPs. Due to the dealloying penetrating into the 
NPs and the shell expansion, the porosity of shell drops after 
dD = 0.75, reaching 44% at dD = 1.

Comparing with porous NPs from Au-core ones, Ag-core 
NP-precursors exhibit much larger change, including hollow 

Figure 4. Effect of dealloying degree on the synthesis of porous NPs. a) Extinction spectra and b–e) TEM image of Au@Au/Ag 10/90 NP-precursor 
(dD = 0) and porous NPs after GRR with dealloying degree (dD) of 0.5 0.75, and 1.0, respectively.
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interior, and plasmonic peaks of porous nanoshells shift to 
NIR region. To investigate the influence of dD on Ag@AuAg 
precursor NPs, we performed GRR on 70 nm Ag core and alloy 
shell of Au/Ag 25/75 with dD  = 0.5, 1.0, and 1.5. Due to the 
large amount of Ag existing in the precursors, more dealloying 
agent (HAuCl4) is required, thus greatly affecting the structure. 
The extinction spectra and TEM reveal the spectral and struc-
tural changes in dealloying process (Figure  6). The inserted 
photo in Figure  6a shows the color of NP dispersion change 
from orange to blue and pale blue-gray. Based on the extinction 
spectra and TEM images, the surface of NPs roughens, and the 
interior begins to hollow at the early stage (dD = 0.5), resulting 
in a significant redshift from 509 to 730 nm. With higher dD, 
at 1.0, the NPs become porous nanoshells with hollow interior, 
and the plasmonic peak shifts further, up to NIR region. With 
an excess of HAuCl4, at dD = 1.5, the porous shell enlarges in 
different ways, the surface of the porous shells grows into large 
crowns or becomes thicker and solid. The extinction peak does 
not shift significantly compared to dD = 1.0, which implies that 
the hollow interior remains intact.

Detailed statistics on the size of core and shell, composition 
as well as overall porosity has been listed in Table S2 (Sup-
porting Information). The size of porous NPs enlarges at dD = 
0.5, which indicates that the dealloying takes place near the sur-
face, so that the deposition of Au appears on the surface, as the 
pores also begin to form locally. At dD = 1.0, with more removal, 
the pores integrate into hollow interior, and NPs transform into 
porous shells. Meanwhile, the size of shell slightly shrinks, 
which can be the results of micro collapse during large scale 
removal of Ag as well as the Au deposition onto the internal 
frontier. From dD of 1.0–1.5, the shell enlarges while the hollow 
interior expands slightly as well. The removal of Ag continues 
while more Au grows onto the surface of NP, which is in 
accordance with the TEM images showing a big crown or thick 
shell formation.

Due to the vast and fast dealloying, dealloyed NPs from 
Ag-core precursors exhibit larger variation, including the size 
of hollow interior and porous shell. Meanwhile, the overall 
porosity of porous shell is increasing with dD, caused by the 
size enlargement at higher dD. At dD = 1.0, the distribution is 
still similar with the Au-core NP-precursors, showing finely 
controlled structure. Considering both porosity and dispersity, 
porous nanoshells at dD = 1.0 offers high potential by demon-
strating both high porosity and uniform structures.

Dealloying degree easily adjusts the reaction extent through 
controlling the amount of added HAuCl4. Dealloying near the 
surface increases the shell diameter, while the further deal-
loying inside NPs fine-tunes the structure, thus the optical prop-
erties. The dD combined with the design of core–shell structure 
in precursor finely control the tailoring of final porous NPs.

Composition of precursors significantly affects the deal-
loying kinetics, due to the high reactivity of Ag and inertness of 
Au. Controlling the composition distribution of precursors will 
therefore regulate the structural, compositional, thus optical 
properties of final porous NPs. We employed precursors of dif-
ferent compositions and investigated its effect on the resulted 
structure after dealloying. Based on the established study on 
Au–Ag alloy, there exists a critical electrochemical potential for 
the onset of percolation dealloying, which is dependent on the 
composition, and the composition bound of AuAg alloy is at 
least ≈55% Ag.[24]

Figure 5. Effect of dealloying degree on the synthesis of porous NPs. The 
average porosity and Au composition of Au@Au/Ag 10/90 precursor and 
the NPs at dealloying degree dD = 0.5, 0.75, 1.0, and 1.5. The value dD = 
0 is for the NPs precursor with 0 porosity. The schematics represent the 
size of core and exterior shell before and after dealloying.

Figure 6. Effect of dealloying degree on the synthesis of porous nanoshells. a) Extinction spectra and b–e) TEM image of Ag@Au/Ag precursor and 
NPs after GRR with dD of 0.5, 1.0, and 1.5.
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We used Au@AuAg precursors composed of an alloy shell 
with composition of Au/Ag 10/90, 25/75, and 40/60, with 
40 nm Au core located at the center. Figure 7a shows the extinc-
tion spectra of the three kinds of NP-precursors of similar size 
(≈90 nm) with shell composition of Au/Ag 10/90, 25/75, and 
40/60, before and after dD of 1.0. Extinction peaks broaden 
and show recognizable redshift after dealloying. Some of deal-
loyed NPs show asymmetry, a usual signature of NPs com-
posed of a core and a shell or heterogeneous in composition. 
Especially, dealloyed NPs from Au/Ag 10/90 showed broad 
extinction peak due to the inhomogeneous structure. Figure 7b 
shows the extinction peak shift of NPs at different dD. Au@Au/
Ag 10/90 NP-precursors (blue squares) exhibit the largest shift 
(over 170 nm) at dD = 0.75, while the porous structure collapses 
or the porosity reduces at dD > 1.0, with plasmon peak shifting 
back. Au@Au/Ag 25/75 NP-precursors (orange circles) induce 
gradual peak shift within a wide dD range (up to 1.0), and dem-
onstrate large overall shift, reaching up to 160  nm. After the 
almost linear shift, the peak position becomes stable after dD = 
1.0, and the further deposition of Au leads to small redshift at 
dD = 1.5. Au@Au/Ag 40/60 NP-precursors (pink triangles) yield 
relatively small peak shift (≈60 nm) during the early stage of 
GRR, while there is almost no change when dD > 0.25.

To directly compare the structure of dealloyed NPs from 
different compositions, we also analyzed the NPs at the same 
dD = 1.0 with TEM. Figure 7c–e shows the dealloyed NPs from 
Au@Au/Ag precursors with shell composition of 10/90, 25/75, 
and 40/60, respectively. The structure of surface and pores vary 
significantly with the composition. The dealloyed NPs from 
Au@Au/Ag 10/90 NP-precursors appear as porous shells with 
rough surface and the spongy interior surrounding the left 

core. However, the NPs dealloyed from Au@Au/Ag 25/75 pre-
cursors exhibit clear pits and holes near the surface, forming a 
separation of core and shell. Moreover, the Au@Au/Ag 40/60 
NPs are only slightly dealloyed at the surface, and the loss of 
atoms formed pits and roughened the surface, limited by the 
composition of 40% Au. Thus, by adjusting the composition of 
precursors, we produced three different structures. The plas-
monic peak shifts shown in Figure  7a are clearly explained by 
the presence of pores or hollowness formed in the interior and 
pits with roughness of the surface.

In bulk Au–Ag dealloying, there exist composition-
dependent critical potential, which decreases with higher Ag 
composition.[24a,b,25] With lower critical potential, the precursor 
is more susceptible to dealloying. Applied in NPs under GRR, 
the controlled composition of the NP-precursors efficiently 
adjusts the removal of Ag atoms and deposition of Au atoms. 
The precursors with composition close to critical composition 
for dealloying, are limited by the compositional threshold, 
which means only a small number of Ag atoms can be removed 
until reaching the critical composition, GRR resulting in lim-
ited change of the surface roughness. Faster and more intense 
dealloying occurs with Ag-rich precursors, resulting in rough 
surfaces with higher curvature and more removal of Ag atoms 
and vacancies formed in the NPs as dealloying penetrates 
the interior of NPs. The final size, composition and the gap 
between core and shell are strongly dependent on the easily 
tunable composition of precursors, which makes the dealloyed 
structure predictable and enables the specific structure design. 
When combining with dD, the design of the porous structure 
and optical properties of the dealloyed NPs can be more flexible 
by tuning the dimension and morphology of the core and shell.

Figure 7. Effect of shell composition on the synthesis of porous NPs. a) Spectra of Au@AuAg NPs with shell composition of Au/Ag 10/90, 25/75, 
and 40/60, three kinds of precursor NPs before and after GRR (dD = 1.0). b) The extinction shift of Au/Ag 10/90 (blue square), Au/Ag 25/75 (orange 
circle), and Au/Ag 40/60 (pink triangle) with different dD in GRR. c–e) TEM images of NPs at dD = 1.0 from precursors with shell composition of Au/
Ag 10/90, 25/75, and 40/60.

Small 2021, 2105209



2105209 (8 of 13)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

Compositional effect not only influences the GRR process 
on Au-core precursors, but also on Ag-core ones. Note that it is 
difficult to dealloy deeper layers of the Au/Ag 40/60 shell with 
GRR, where only the surface layer (<10 nm) are affected, exhib-
iting bumps and roughness for Au@AuAg NP-precursors. We 
opted to investigate the dealloying of pure Ag and Ag@Au/Ag 
10/90 and Au/Ag 25/75 core–shell NPs. GRR transforms the 
precursors into hollow shells with different shell thicknesses 
and porosities. Pure Ag precursors tend to result in uniform 
shells, which has been widely observed before with nanocubes 
or nanospheres for nanocages, nanoboxes and nanoshells.[13a,26] 
The homogeneous Au deposition in dealloying forms a thin but 
smooth layer on the surface of pure Ag. Only after the whole 
hollowing process, the alloyed shell can generate several pin-
holes on the surface. However, the alloy-shell precursors pro-
vide intrinsic “heterogeneous” structure with discontinuity of 
either Ag or Au, which creates numbers of pits and interrupts 
the continuous deposition over the surface during dealloying. 
Au islands and untouched Ag affix to each other, and their 
realloying occurs simultaneously with the hollowing. Rough 
surface and porous structure with penetrable shell are realized 
with the alloy shell, and the adjustable dimension of core–shell 
structure facilitates the size tuning in terms of hollow interior 
as well as the shell thickness.

2.4. Single NP In Situ Spectral Characterization

In situ study on dealloying of plasmonic NPs has been per-
formed to deeply understand the nanostructure evolution.[12e,27] 
Many researchers have used the state-of-the-art spectroscopic 
and microscopic equipment in the study, such as in situ optical 
spectroscopy and in situ TEM. Our recent published work on 
electrochemical etching of AuAg alloys NPs employed highly 
specialized in situ TEM for directly observing the nanostruc-
ture during the dealloying.[28] In this work, we combined the 
more accessible optical spectrometer with back-reflection mode 
microscopy (Figure 8a) to enable real-time monitoring the scat-
tering spectra of individual NPs during the dealloying process.[29]

Similar as dealloying in colloidal, the spectra of individual 
NPs also exhibit redshifting and broadening, while significant 
differences in details are observed among the individual NPs. 
Scattering spectra before and after dealloying (Figure  8b) are 
collected from identical Au@AuAg NPs with 40 nm core and 
shell position of Au/Ag 25/75, and the peak position and inten-
sity (Figure  8c) are tracked in real-time detection. Figure  8b 
clearly demonstrates that the peak has redshifted accompa-
nied with broadening. Figure  8c shows the real-time change, 
including peak position and intensity, after the addition of 
HAuCl4. At first, peak position stabilizes around 558 nm and 
after 3 min, at the position of the arrow as the reaction begins, 
the peak has abruptly redshifted (for around 25 nm), indicating 
that the fast dealloying has occurred. The early stage redshift 
observed from every NP during the GRR probably comes from 
the surface pitting, gap forming between core and shell, com-
positional change as well as the surrounding of high-refractive 
index of AgCl (2.06 compared with 1.33 of water).[26b,30] The 
effect of AgCl as surrounding media has not been consid-
ered in the colloidal dealloying since the amount is relatively 
small, especially after certain times of washing, AgCl has been 
essentially removed from the NPs. However, in these single 
NP experiments, the diffusion along with dissolution of AgCl 
is limited with NPs immobilized on the glass compared to the 
ones in vigorous stirring. After an abrupt redshift, some NPs 
continue this red shifting until the end. However, some spectra 
as depicted in Figure  8c, show a small (<10  nm) blueshift, 
which can be caused by the realloying of the deposited Au sur-
face with interior, and phase separation at the surface of NPs 
with AgCl due to further dealloying.[27] After stabilizing, further 
dealloying resumes the redshifting. After the yolk-porous shell 
structure has formed, dealloying effect on peak shifting slows 
down compared with the early stage. During the dealloying, 
amplitude of the peak keeps decreasing until the late stage of 
slow redshift.

Results from individual NPs push-broom scan and real-
time monitoring are in agreement with the colloidal ones. 
During the dealloying process, we can clearly see the single 
NPs scattering color change and intensity vanishing through 

Figure 8. a) Optical setup of single NP scattering and Raman detection, combination of back-reflection mode microscope and optical spectrometer. 
b) Typical single NPs scattering spectra of a 40 nm Au@Au/Ag 25/75 NP before and after GRR for 30 min, inserted with the optical images and c) in 
situ monitoring of a scattering peak shift and intensity change during the GRR, and the arrow indicates when the reaction begins.
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the microscope. From push-broom scan, the scattering spectra 
from many different NPs vary from each other (Figure S5, Sup-
porting Information), but exhibit similar trends of redshift and 
intensity decrease. The single-NP level of observation provides 
more details of the evolution through GRR, moreover, real-time 
monitoring allows us to explore the dynamics of the process.

2.5. Application: Single-Particle SERS Monitoring

The porous plasmonic structures present a robust LSPR cou-
pling as well as a potentially high hot spots density. Due to 
the crevices and rough surface, porous plasmonic nanostruc-
tures are expected to provide a promising SERS probe with 
high enhancement factor, enabling chemical detection with 
molecules at very low concentration. Porous arrays and porous 
single particle as SERS substrates were designed with high 
sensitivity.[4c,31] As the anticancer drug doxorubicin (DOX) 
has poor solubility in water, and the typical drug detection is 
in a range of 50–5000 ng with blood plasma extraction,[32] we 
propose to perform SERS on the DOX loaded porous NPs to 
detect and monitor the drug release. This proof-of-principle has 
been performed on single-particle SERS monitoring, where 
DOX represents both the drug and the Raman reporter. The 
optical setup is the same as the one in single-particle spectral 
study, shown in Figure 8a, and the scattering of porous NPs is 
employed to confirm the position of individual NPs. Figure 9a 
shows 3D-surface plot based on the images taken with the 
microscope under back-reflection mode (Figure S5, Supporting 
Information). For SERS measurement, the wavelength of 
irradiation laser is 633 nm and the Raman bands observed in 
SERS spectra are assigned accordingly (Table S3, Supporting 

Information). We monitored the intensity of the most intense 
Raman characteristic peaks from DOX at 1244 cm−1, assigned 
to O–H vibration.[33] The enhancement from single NPs is 
therefore compared between Au NP-DOX and porous NP-DOX 
(Figure 9b), which are dispersed onto the glass bottom of Petri 
dishes. Both types of NPs are around 100 nm. The porous NP 
is dealloyed from Au@AuAg, whose plasmon peak is closer to 
the irradiation wavelength of 633 nm. The Petri dishes are filled 
with water, and the control signal is taken from where there is 
no NPs. No detectable Raman signal performed on substrate 
is observed while with Au-NP-DOX a very weak or even noise-
level signal is detected. Note that the average field enhance-
ment is calculated by using Mie theory to 3.9 at 633 nm from 
a 100 nm Au-NP leading to an estimated Raman enhancement 
of (3.9)4 or 225 (as shown in Figure S6 in the Supporting Infor-
mation). The SERS signal collected from each single porous 
NP is intense in contrast to the very weak peak from a single 
Au NP. The signal collected from a porous NP can reach up to 
68-fold higher than the one from a Au NP, much higher than 
the reported results (Table S4, Supporting Information),[4c,34] 
which suggests the extremely high enhancement from our 
porous NPs and proves the highly sensitive detection at single-
particle level. The much higher enhancement compared with 
standard Au NPs can be explained by a high density of hot 
spots from the porous structure, more loaded drug molecules 
(by a factor of 2, see the next section), and the Ag component 
which usually results from a higher Raman activity. As a rough 
estimation, the field enhancement of our porous nanostructure 
compared to Au NP is on the average (68/2)1/4 or 2.41, yielding 
to an approximate field enhancement of 3.9 × 2.41 = 9.4 and to 
a Raman enhancement factor of approximately (3.9 × 2.41)4 or 
7804. We also calculated the enhancement factor by comparing 

Figure 9. a) 3D-surface plot of individual porous NPs scattering observed by back-reflection mode microscopy. b) Raman signals from glass substrate, 
DOX-loaded single 100 nm Au NP and 96 nm porous NP deposited on the glass substrate. c) The simulated local field enhancement of porous NP 
under the irradiation of 633 nm laser. d) SERS spectra obtained from DOX-loaded porous Au–Ag NPs with a focused laser after the irradiation time, 
e) the intensity at the peak around 1250 cm−1 decays in 1000 s at a step of 10 s over the square root of time and f) the time of 50% and 90% DOX 
release under different laser intensity (The relative value of 1.0 correspond to 7.7 × 104 W cm−2).
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the experimental Raman signal from single porous NP with 
the one from DOX solution (10−3 mol L−1) and the estimated 
enhancement factor is 3866 (see the Supporting information).

To investigate the electromagnetic properties of porous NPs, 
the scattering field enhancement was simulated by using a 
finite element method (Figure 9c). The geometry of the porous 
structure was created by generating random holes from the 
surface to the solid core and controlling the porosity and the 
dimension of core, shell and the holes (one example shown in 
Figure S7 in the Supporting Information). Figure 9c shows the 
simulated results of the local field enhancement of a nanostruc-
ture having a 30% porosity and 100 nm diameter with 30 nm 
solid core, which is close to the porous NP dealloyed from Au@
AuAg NP-precursor. Hot spots with field enhancement values 
ranging from 8 to 10 may lead to an estimated Raman enhance-
ment factor between 4000 and 10 000 in agreement with experi-
mental estimations.

2.6. Application: Drug Loading

The anticancer DOX is used as the drug model. To load the 
drug into the nanostructures, the aqueous dispersion of NPs 
and DOX mixture is under shaking at room temperature over-
night. DOX has a characterized absorbance peak at 480  nm, 
which serves as the evaluation for its concentration in the solu-
tion. The loading capacity of NPs is determined by measuring 
the unloaded DOX in the supernatant after centrifugation. 
Since NPs are stabilized with citrate, which makes the NPs neg-
atively charged, the positively charged DOX attaches to the NPs 
through electrostatic interaction.[35]

To investigate the loading capacity, we employed 100 nm Au 
nanospheres for comparison. The Au NPs, porous NPs and 
porous nanoshells of similar size and same concentration of 
NPs are incubated with the same amount of DOX, at low and 
high concentration, respectively (Table  1). At low DOX con-
centration (30 × 10−6 m), more than twofold loading exhibits 
the potential of porous structures, which provide more effec-
tive surface for the attachment of drug molecules. At high 
DOX concentration (90 × 10−6 m), the porous shells induced 
almost threefold loading capacity over the spherical NPs. The 
increase is contributed by not only larger specific area from the 
porous structure, but also less weight of each NP. The drug 
loading test proved that the significant Raman enhancement 
from porous NPs over solid Au NP is mainly contributed by 
the porous structure and only slightly by the loading amount. 
Furthermore, from the optical spectra before and after drug 
loading, the plasmon peaks have not really shifted, indicating 
that the chemical composition and porous structure have not 

significantly changed and that the porous NPs are stable for 
drug loading.

With the single-particle level SERS from porous NP, we 
observed the quantitative monitoring of drug release during 
the laser irradiation. Three relative intense characteristic 
peaks are noted in Figure 9d, namely the peak near 1413 cm−1, 
assigned to the ring stretch; the most intense bands from 
C–O and O–H in the range of 1200–1300 cm−1, and the ones 
at 436 and 465 cm−1, deformation peaks corresponding to 
CO.[32,33] The intensity of Raman signal decreases with con-
tinuous laser irradiation, and the intensity change of the peak 
around 1244  cm−1 were plotted over the square root of time 
in Figure  9e. A clear decay indicates the release of DOX trig-
gered by laser, which fits well with the most accepted Higuchi 
model,[36] in which the released amount Q follow the equation

t H
1/2Q K t=  (7)

where KH is the release constant for Higuchi model. The plot 
of the Raman intensity decrease as a function of t1/2 indicates 
a two-stage release, one is a linear fit (R2 = 0.96) at the begin-
ning, in the first 200 s, and after the fast release that can reach 
>92% loaded drug, another gentle slope implies a much mod-
erate release over t > 200 s. The release constant KH is related 
to how the molecules are strongly bonded to the NPs and the 
actual porosity and pore tortuosity of the nanostructure.[37] In 
our case, the used porous NP has a solid core and porous shell, 
containing heterogeneous pores including interconnected pores 
near the surface, as well as the voids that penetrated into the 
core. The first faster step with KH = 2351 s−1/2 probably relates 
to the faster diffusion of DOX from the porous structure near 
surface, while the long-time release with KH = 147 s−1/2 much 
lower diffusion rate is primarily due to the small partial of DOX 
loaded deep into the NPs or in some narrow porous structure 
which creates barriers for the DOX release. The laser-stimuli 
release can be explained by a thermal effect of porous Au–Ag 
NPs, which absorbs laser light, thus inducing a local temper-
ature increase. The thermal effect accelerates the diffusion of 
DOX molecules, and stimulates their release. Figure 9f exhibits 
the release of DOX under different laser intensity, showing the 
higher intensity inducing faster drug release.

It is worth noting that the irradiation laser power density 
is 7.7 × 104 W cm−2, and focused by a 100× oil objective with a 
spot size of 244 nm. The small spot size assures the single NP 
under irradiation and eliminates the collective effect from multi 
heating source. The temperature rise has been estimated with 
the simplified equation[38]

4
, for NPs radiusT r

P
r

r
σ ω

πκ
( ) ( )∆ = >  (8)

where σ is the absorption cross section at the irradiation wave-
length (633  nm), P is the power density in W m−2, κ is the 
thermal conductivity of water as the surrounding medium, and 
r is the distance from the center of the NP. The optical cross sec-
tions of porous NPs have been simulated based on Mie theory 
and Bruggeman’s model of effective medium approximations 
(Figure S8, Supporting Information). The NPs are modeled 
with an alloy core and a porous shell with calculated porosity (as 

Table 1. Drug loading capacity of different NPs with low and high con-
centration of DOX solution.

DOX loading Solid NPs  
[mg mg−1]

Porous NPs  
[mg mg−1]

Porous nanoshells 
[mg mg−1]

Low concentration 0.17 0.37 0.43

High concentration 0.73 1.24 2.15
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discussed in Section 2.3), and in this case, the σ = 1.2 × 104 nm2, 
P = 7.7 × 108 W m−2, and κ (water) = 0.6 W (m K)−1. Since the NP 
is 96 nm in diameter, the surface temperature is estimated to be 
∆T (r = 48 nm) = 25 K. The laser irradiation generates a thermal 
effect within and on the surface of the porous NP, which stimu-
lates the DOX molecules and assists their release. Meanwhile, 
this moderate temperature increase is tolerable since the NPs 
structure up to 100–250 °C, and the DOX solution has shown 
no effect from temperature up to 70 °C.[38,39] Porous NPs pro-
vide not only a drug carrier, but also an active SERS substrate 
at single-particle level, with highly intense enhancement effect. 
The high enhancement plus analytical monitoring provides 
large prospect in biomedical applications.

3. Conclusions
This work demonstrates a versatile method to synthesize des-
ignable porous Au–Ag nanoparticles, with rough surface, and 
adjustable hollowness, as promising SERS probes. Au or Ag 
core@Au–Ag alloy shell NPs provide monodispersed precur-
sors and regulate GRR dealloying in colloidal to produce solid 
core@porous shell or porous nanoshells with hollow interior. 
The aqueous colloidal synthesis without polymer coating pro-
vides a promising approach for large-scale production of porous 
NPs with accessible surface. We characterized the morphology, 
composition and optical properties to understand the deal-
loying mechanism. Through designing the composition and 
its distribution in alloy precursor and adjust the parameters in 
GRR process, we manage to tailor the hollowness and porosity, 
as well as plasmonic properties of final nanoparticles. Due to 
the rough surface and strong LSPR coupling, porous nanoparti-
cles possess high density of hot spots and exhibit up to 68-fold 
higher Raman enhancement compared to Au nanospheres at 
single-particle level, with estimated Raman enhancement factor 
reaching up to 7804. The porous plasmonic nanostructure dem-
onstrates high loading capacity with DOX as anticancer drug 
model, 2–3 times increase compared to solid nanospheres. The 
porous Au–Ag nanoparticles provide potential multifunctional 
platform, as cargo carrier and SERS probe. Accommodating 
composition distribution of Au–Ag alloy NP-precursors in  
colloidal GRR dealloying enlarges the possibility of porous 
structure design, as well as potential applications.

4. Experimental Section
Chemicals and Materials: Gold(III) chloride trihydrate (HAuCl4·3H2O, 

Sigma-Aldrich), silver nitrate (AgNO3, Alfa Aesar) and trisodium citrate 
dihydrate (Na3C6H5O7·2H2O, Alfa Aesar), doxorubicin hydrochloride 
(DOX, Sigma-Aldrich), 4-mercaptophenylacetic acid (4-MPAA, Sigma-
Aldrich), and 70 nm silver nanoparticles (no. AGCN70, nanoComposix) 
were received from the indicated suppliers, and used without further 
purification. Deionized water used in all experiments was purified by 
Milli-Q water purification system (Millipore) to 18.2 MΩ resistivity.

Synthesis of NP-Precursors: Au@Au/Ag alloy core–shell precursor NPs 
were prepared using the previously reported optimized seeded-growth 
method in this work.[16] In brief, Au seeds were firstly prepared with the 
Turkevich method, followed by an alloy shell growth with Au and Ag 
coreduction in multistages until final alloy precursors. The Turkevich 
method usually produces Au NPs with diameter of ≈15 nm, which are 

used as seeds in the following growth stage. According to the size 
and composition of precursors, Au–Ag alloy growth is adjusted by the 
amount and ratio of HAuCl4 and AgNO3 in the growth stages. To adjust 
the size of Au core, a growth stage of pure Au is performed before the 
growth of alloy. To obtain Ag@Au/Ag alloy core–shell precursor NPs, 
Ag NPs purchased from nanoComposix were used as seeds, for further 
growth. Similar as Au@Au/Ag NPs, a layer of pure Ag can be grown 
onto seeds to adjust the size of Ag core, and finally the growth of the 
alloy shell is performed to achieve the precursor NPs.

Taking precursors of ≈90 nm (in diameter) Au@Au/Ag as an example, 
which is composed of a 40 nm Au core and a Au/Ag 10/90 shell: 3 mL 
Au seeds dispersion from Turkevich method was mixed with 57  mL 
water while stirring in a three-neck flask in 90 °C heating bath; 540 µL 
170 × 10−3 m sodium citrate and 270 µL 30 × 10−3 m HAuCl4 solution were 
simultaneously added into the refluxed flask in ten steps during 1 h and 
then the mixture was heated up to 100 °C; after 1 h, ≈32 nm Au NPs were 
synthesized. After cooling to room temperature, 31.5  mL synthesized 
Au NPs were left in the three-neck flask as seeds for next growth stage. 
Then, 28.5 mL water was added, and the mixture was heated to 90 °C 
under vigorous stirring. The solution of 284  µL 170 × 10−3  m sodium 
citrate and simultaneously 142 µL HAuCl4 of 30 × 10−3 m were added into 
the refluxed flask in ten steps during 1 h, and the mixture was stirred at 
100 °C. After 1 h, ≈40 nm Au NPs were obtained, which provide the seeds 
for alloy shell growth. After cooling down, 6 mL synthesized Au NPs 
were left in the flask, and 54 mL of water was added in the flask, and the 
dispersion was heated up to 90 °C under vigorous stirring. Then, 540 µL 
170 × 10−3 m sodium citrate were added in ten steps during 1 h and each 
step followed by 27 µL 3 × 10−3 m HAuCl4 and 27 µL 30 × 10−3 m AgNO3 
solution added simultaneously. After adding all the solution, the mixture 
was refluxed at 100 °C for 1 h to complete the growth.

GRR Dealloying: Precursor NP dispersion was centrifugated at 
5000g, and 80% supernatant was replaced by water to remove the excess 
citrate. Then the NP dispersion was threefold diluted by water. HAuCl4 
as dealloying agent was slowly injected into the precursor dispersion 
under vigorous stirring, at a speed of 40 mL h−1. The dealloying was 
allowed for 30 min at room temperature, and then the porous NPs were 
washed with water through centrifugation at 7000g. Finally, the porous 
NPs are dispersed in water for further use.

Drug Loading and SERS Reporter Integration: DOX was applied as 
anticancer drug in the loading analysis for the prepared porous NPs. 
Each 1 mL NPs were incubated with certain volume (20–50 µL) of 1 × 
10−3  m DOX solution, and shaken under dark environment for 20  h. 
After loading, the excess DOX supernatants were measured after 
centrifugation at 7000g. The unloaded DOX was measured by UV–vis 
spectrophotometer, quantified by the intensity at the absorbance peak 
of 480 nm.

Characterization: The extinction spectra of colloidal precursors 
and porous nanoparticles were characterized by Epoch Microplate 
Spectrophotometer. The size, morphology and composition were 
characterized by JEOL 2100 Transmission electron microscope (TEM) 
and Oxford energy-dispersive X-ray spectroscopy (EDS) attached to 
it. The TEM and the high-angle-annular-dark-field (HAADF) scanning 
transmission electron microscope (STEM) measurements were 
performed at an accelerating voltage of 200  kV. Thin carbon film 
coated Cu grids (Electron Microscopy Sciences) were used for sample 
preparation, which were dipped in NPs ethanol dispersion and air-dried. 
Andor Shamrock SR-750 imaging spectrophotometer combined with an 
invert Nikon microscope were employed in hyperspectral measuring 
scattering spectra from individual nanoparticles. The sample were 
prepared in glass-bottom petri dish (MatTek), 10 µL NPs were spread 
onto the bottom and 4 mL of water was added. The measurements were 
performed with 100× oil objective through backreflection mode under 
illumination of a Halogen lamp. Similar setup and sample preparation 
were used in SERS measurements, instead of the halogen lamp, a 
focused 633 nm laser was employed as the excitation at 5.2 × 104 W cm−2 
and a beam spot size of 594 nm. A filter to cut the laser wavelength was 
implemented before the Andor imaging spectrophotometer, and FVB 
mode is applied in the measuring Andor software.
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