
Gapping into Ultrahigh Surface-Enhanced Raman Scattering
Amplification

Since its discovery in 1974 by Martin Fleischmann
et al., surface-enhanced Raman scattering (SERS) has
become a powerful sensing and imaging technique in

biomedicine.1,2 SERS is based on the physical phenomenon
of plasmon resonance whereby the inelastic scattering of
photons can be significantly enhanced during the adsorp-
tion of molecules on metallic surfaces. A widely accepted
mechanism for this effect is attributed to the excitation of
localized surface plasmons on metal surfaces, resulting in
concentrated electromagnetic optical fields and a greater
increase in the electric field interactions with surrounding
analyte molecules.2,3 Due to the influence of these localized
surface plasmon “hot spots”, the close proximity of an
analyte to metallic surfaces at nanometer length scales sig-
nificantly intensifies the analyte’s Raman scattering. With
enhancement factors of up to 10 orders of magnitude, SERS-
based techniques are posed to achieve sensitivities signif-
icantly higher than conventional fluorescence microscopy.
While the SERS technique offers unprecedented possibil-

ities in biomedicine, its translation into the clinics has been
largely impeded because of poor reproducibility of SERS-
active structures. Dana Dlott and co-workers4 report that less
than 1% of Raman-active dye molecules on a silver-coated
nanosphere have enhancement factors on the order of 107,
while they are significantly lower for the rest. This poor
distribution of SERS enhancement factors is the result of an
inability to control particle−dye interactions with precision.
Thus, the main challenge for improving SERS techniques lies
in amalgamating dye and nanostructures effectively to manu-
facture reproducible SERS-active “hot spots” to develop
bioprobes with a narrow distribution of high enhancement

factors, moving the field a step closer to the adoption of
SERS-based probes in clinical applications.

Writing in ACS Central Science,5 Jwa-Min Nam and co-
workers now report a facile synthesis to fabricate dealloyed
intra-nanogap particles (DIPs) with an impressive yield of
∼95%. More importantly, they introduce a neat method to
enable the generation of nanometer-sized intragaps by selec-
tive silver-etching and interdiffusion of silver atoms. Recog-
nizing the significance of intra-nanogap formation in SERS
enhancement in their early work,6 the group takes one step
further by applying these SERS-active probes for biosensing
and imaging applications (Figure 1).
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More importantly, they introduce
a neat method to enable the
generation of nanometer-sized
intragaps by selective silver-
etching and interdiffusion of

silver atoms.

Figure 1. Schematic showing the SERS effect of an intra-nanogap
inside a gold nanoparticle on Raman reporter molecules that are
conjugated to the nanogap interface.
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Next-generation SERS-active dealloyed
particles with intra-nanogaps might empower
and drive the translation of SERS techniques
into the clinics.
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Using an Au nanoparticle, modified with Raman reporter

molecules, as a seed particle, the growths of silver and gold
shells are conducted simultaneously. Because of the strong
affinity between silver and the pyrrolidone group, the silver
shells grows preferentially at a faster rate than that of the
gold, enabling the creation of an intermediate silver and outer
gold layer. Subsequent selective silver-etching via ferric nitrate
allows an elegant intra-nanogap of ∼2 nm to be formed
(Figure 2A,B). With the construction of these nanogaps, local-
ized surface plasmon “hot spots” are created. What is remark-
able is that all DIPs under study display a consistent SERS
enhancement factor on the order of ∼108 with a narrow dis-
tribution (Figure 2C). This approach nicely overcomes SERS’s
common limitations of poor enhancement factor distributions
and low reproducibility in plasmon “hot spot” environments
for effective interactions with Raman reporter molecules.

Another exciting achievement is the validation of such
intra-nanogap gold structures for DNA biological sensing7

and targeted imaging.8 Nam and colleagues have shown the

feasibility of applying these DIPs for ultrasensitive DNA

detection (Figure 2D). To test the approach, the team built a

sandwich nanostructure by assembling DNA-modified DIPs

with magnetic microspheres using established DNA gold

conjugation techniques.9 This design offers a limit of DNA

detection of as low as 10 aM. In a parallel experiment, the

research team tested the use of peptide-modified DIPs for

integrin targeting and imaging in cells (Figure 2E). Due to

the high sensitivities enabled by SERS, the implementation

of a low power laser with a short exposure time is adequate,

thereby reducing potential physiological damage to bio-

logical samples while maintaining high signal response for

bioimaging.

A caveat in this work might lie in how to control the

dealloying process to effectively etch the silver intermediate

layer to form nanogaps. A simulation is conducted based on

the assumption that metal residues exist. An ineffective

etching of the silver layer might result in toxicity issues

known for Ag ions.10 It would also be interesting to under-

stand the toxicity of these DIPs in in vitro and in vivo models.

Resolving this potential pitfall would tremendously accel-

erate the integration of SERS probes with medical devices

and facilitate their commercialization for medical uses.

Figure 2. Dealloyed intra-nanogap particles (DIPs) for SERS biosensing and bioimaging applications. (A) Transmission electron microscopic image
of SERS-active DIPs. (B) High-magnification electron microscopic imaging of a typical DIP. (C) SERS enhancement factors obtained with DIPs.
(D) SERS intensity profiles obtained for DNA sensing at different concentrations using DIPs. (E) Sketch of the experimental setup for DIP-based
molecular sensing and cellular imaging. Reproduced with permission from ref 5. Copyright 2018 American Chemical Society.

What is remarkable is that all DIPs
under study display a consistent
SERS enhancement factor on the
order of ∼108 with a narrow

distribution (Figure 2C).
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Despite its tremendous potential, SERS is still in its
infancy for clinical applications. Moving forward, the holy
grails in the field are developing SERS to guided surgery and
therapy, in addition to ultrasensitive multiplexed rapid detec-
tion of disease markers with minimal sample preparations.11

In addition, SERS, with its capability for single-molecule
sensing, could also tremendously benefit fundamental
research in cellular biology to elucidate metabolite mecha-
nisms with super resolution imaging.12 Recent advancements
in biophotonics, spectroscopy, and microscopy have
improved the infrastructures for SERS, paving the way for
better integration of SERS with current state-of-the-art
equipment.13,14 To complement this growth, reliable SERS-
active probes must be innovated. The systematic redox
approach presented by Nam and co-workers has allowed for
fine-tuning of gap structures with nanometer precision and
provided a valuable thought process for creating new syn-
thetic strategies. This work may spark deliberate efforts in
the design of more complex and reliable SERS-active intra-
nanogap probes. To conclude, this is an exciting era for SERS
with new opportunities ranging from materials design and
chemical synthesis to clinical diagnostics, imaging, and med-
ical therapy.
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Recent advancements in
biophotonics, spectroscopy, and
microscopy have improved the
infrastructures for SERS, paving
the way for better integration of
SERS with current state-of-the-art

equipment.
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