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Ultrahigh Raman-Fluorescence Dual-Enhancement in
Nanogaps of Silver-Coated Gold Nanopetals

Xinyuan Bi, Zhening Fang, Binge Deng, Lei Zhou,* and Jian Ye*

Raman-fluorescence dual-mode enhanced nanoparticles have enormous
potential for bioimaging with combined advantages of sensitivity and speed.
This is primarily achieved through a trade-off between fluorescence
quenching and electromagnetic (EM) enhancement on the plasmonic metal
surface, as demonstrated in previous research. A strategy that can minimize
EM-field attenuation and temporal photobleaching would be highly desirable.
In this study, a novel approach using Raman-fluorescence enhanced
dual-mode nanoparticles with the near-infrared fluorescence reporter IR780
directly embedded in the ultra-high EM fields between gold (Au) nanopetals of
various morphology and a silver (Ag) coating without a spacer is presented.
The results show these nanopatrticles to be single-nanoparticle Raman
sensitive and that they can generate a fluorescence enhancement factor as
high as 1113 experimentally and 2000 by numerical simulation. The random
morphology of the nanopetals supports broadband resonances for both
fluorescence excitation and emission, resulting in nanowatt detectability, the
dual-mode photostability of more than 30 min under continuous laser
irradiation, and a long shelf life, making them promising for wide applications
in bioimaging with ultra-brightness, low laser power, and long-duration
monitoring. In summary, they represent a novel strategy for high-performance

intraoperative guiding,'™ residual tu-
mor recognition,>¢l and tissue boundary
delineation,”8] among others. Currently,
surface-enhanced Raman scattering (SERS)
nanoparticles (NPs) are gaining popularity
in labeled bioimaging due to their superior
photostability and higher multiplexing
capability compared with fluorescence.
This is due to the shorter lifetime, narrower
linewidth, and clear spectral fingerprint
of the vibrational and rotational modes of
their chemical bonds.>-11]

Through the careful fabrication of
plasmonic nanostructures and selection
of Raman reporters, SERS can achieve
super-high sensitivity down to a single-
nanoparticle (SNP) level. However, the
commonly used stepwise raster-scan pat-
tern used for large-area SERS imaging is
time-consuming.[*1213] In comparison, flu-
orescence images can be collected within
seconds on a relatively large scale in a
wide-field imaging mode, which is pre-

Raman-fluorescence enhancement dual-mode nanotags.

1. Introduction

Sensitivity and imaging speed are two critical concerns
in bioimaging, especially in clinical applications such as
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ferred in clinical applications for its time

efficiency. Therefore, combining SERS and

fluorescence imaging with dual-mode NPs
presents a promising solution combining the advantages of both
approaches. For example, fluorescence imaging can be used in
the first step for an overview picture, and then SERS imaging can
be used for specific regions of interest for ultra-sensitive lesion
detection.!314]

To enable the dual enhancement of fluorescence and Ra-
man scattering, a fluorescence reporter molecule is usually se-
lected and placed adjacent to the plasmonic nanostructures of
coinage metals to generate surface-enhanced fluorescence (SEF)
and SERS based on the intense electromagnetic (EM) field pro-
duced by resonance excitation.['315-7] However, fluorescence typ-
ically quenches if the reporters are in contact with the metal sur-
face due to near-surface energy transfer (NSET),!'8-2l while SERS
signals quickly reduce as the metal-reporter distance increases
and the EM field weakens based on the fourth power law.[21-23]
This trade-off makes it challenging to prepare high-performance
dual-mode enhancement NPs.

Consequently, fluorescence enhancements up to three orders
of magnitude have been realized in solid assays created by the
atomic-layer deposition, by which a thickness-tailorable spacer
can be formed at the atomic level to achieve an optimal metal-
reporter distance for both modes (x4 nm, slightly varying in
spacers of different refractive indices?*?%!). Approaches using

© 2023 Wiley-VCH GmbH
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colloidal NPs have proved much more challenging due to the fab-
rication challenges of wet chemistry (i.e., coating thickness,!**]
random adsorption site of the reporter,?®! etc.).[?*! Typical meth-
ods for forming the spacer on colloidal NPs include polymer,?*]
DNA,!1] Si0, 177291 CTAB,3%3! and pluronic,i*! among others,
most of which only result in single to double-digit fluorescence
enhancement factors (EFs) and severe loss of SERS intensity due
to the weakened EM field. Crucially, under clinically safe laser
intensities (e.g., ultra-low power density),!**! the dual-mode NPs
are still not bright enough, and mediocre signals in both channels
are unsuitable for long-term monitoring because fluorescence re-
porters suffer from rapid bleaching under continuous resonance
excitation.l’?-3* Therefore, it is important to find a new technical
route for the design of particles with Raman-fluorescence dual-
mode enhancement with adequate sensitivity and photostability
using both imaging methods.

Herein, we propose a plasmonic nanostructure to optimize
this trade-off between SERS and SEF consisting of a gold (Au)
petal core, an embedded-fluorescence reporter, and a silver shell
(petals@IR780@Ag) without creating a spacer between core and
shell. These NPs exhibited ultra-bright SERS signals and a flu-
orescence EF as high as 1113. We used finite-element-method
(FEM) simulations to investigate the mechanism of the dual-
mode enhancement. and found that the nanogaps between the
Au nanopetals and the Ag layer create resonances with ultrahigh
Q-factors randomly distributed across a broad band of frequen-
cies. This improves the excitation rate and quantum yield simul-
taneously, promoting dual-mode enhancement and suppress-
ing photobleaching. In addition, we demonstrated nanowatt de-
tectability, improved Raman-fluorescence photostability of more
than 30 min under continuous resonant laser excitation, and a
long shelflife in both aqueous and dry states. With excellent sen-
sitivity and photostability in both imaging modes, Ag-coated Au
nanopetals demonstrate impressive dual-enhancement on the
near-metal surface without sacrificing EM intensity, providing a
new technical route for dual-mode design and exhibiting great
potential for practical, rapid, and sensitive bioimaging.

2. Results and Discussion

2.1. Synthesis and Characterization of Petals @ IR780@Ag

The Ag-coated IR780-embedded Au nanopetals,
petals@IR780@Ag for short, were fabricated with the layer-
by-layer method (Figure 1a). In brief, the Au nanopetals were
formed by 4-nitrobenzenethiol-induced multi-point nucleation
on an Au spherical core, creating numerous external nanogaps
among the nanopetals.l"?] A near-infrared (NIR) fluorescence re-
porter, IR780, was directly physio-adsorbed on the Au nanopetals,
followed by Ag coating for protection and EM enhancement
based on the bimetallic sandwich-like structure. The structures
were analyzed under a transmission electron microscope (TEM)
combined with element mapping, showing that the numerous
nanogaps naturally formed by the rough petal-like structure
were still observable after the Ag coating!**3¢) (Figure 1b and
Figure S1, Supporting Information), though gaps between
flat Au and Ag surface cannot be experimentally observed as
reported in previous works.[>>%7]
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The macroscale extinction spectrum was collected with a col-
loidal aliquot with a UV-vis spectrophotometer, exhibiting two
plasmonic resonance peaks at 437 and 556 nm corresponding
to the Ag shell and Au petal core, respectively (Figure 1c). The
strongest SERS and fluorescence intensities were found under
785 nm laser excitation compared with two alternatives (532 and
638 nm) because it is closest to the maximum absorption of
IR780 and can leverage SERS and fluorescence resonance effects
(Figure 1d). Furthermore, we observed an obvious enhancement
in fluorescence with a fluorescence spectrophotometer and an
in vivo optical imaging system (IVIS) (Figure S2, Supporting In-
formation). To quantitatively evaluate the SERS and fluorescence
EF achieved by the core-shell structure, we measured the IR780-
DMEF solution, petals@IR780 (the product before Ag coating),
and petals@IR780@Ag using a confocal Raman system.

The spectra obtained show sharp SERS peaks (=1 nm in
linewidth) superimposed on a broad fluorescence background
continuum over 50 nm in linewidth3*33] (Figure 1e). It should
be noted that the substrate photoluminescence contribution
to this background was negligible since the excitation laser
wavelength was in the plasmonic off-resonance range.2240 This
was validated by measurements from NPs of the same struc-
ture with a non-fluorescence reporter (Figure S3, Supporting
Information).

For quantitative comparison, the spectra were obtained from
the probed volume with abundant NPs monodispersed in three
independent aliquots, then normalized by the measurement pa-
rameters (i.e., acquisition time and laser power) and the number
of IR780 fluorescence molecules adsorbed on the NPs (i.e., 2560
molecules per NP, see Note S1, Supporting Information). SERS
intensities were computed using the integral area of the IR780-
specific band at 1206 cm™" (C-H in-plane deformation!*!).

Petals @IR780@Ag showed single-nanoparticle sensitivity us-
ing dual-type single-nanoparticle technique and observation un-
der the correlative Raman imaging and scanning electron mi-
croscopy (RISE) under resonance excitation, as reported in our
previous works.’**?] The enhanced EM fields produced by Ag
coating create an averaged Raman enhancement 7582 times
higher for the same number of fluorescence molecules!**~*! (Fig-
ure S6, Supporting Information) compared to petals@IR780.
These uncoated nanostructures have already been found to be
able to provide a SERS EF beyond 5 x 107.[2]

However, since no Raman signals were observable in IR780
dissolved in DMF in the current system, the SERS EF was not
calculated in absolute terms. For SEF, the background spec-
tral maxima were taken as the fluorescence intensities. The
petals@IR780@Ag exhibited a fluorescence EF value of 1113 +
75 compared to bare IR780, higher than the < 2 orders of mag-
nitude enhancement achieved by many previous studies using
optimized spacers for SEF on metallic NPs.[*!% This high flu-
orescent enhancement could improve sensitivity, accuracy, and
safety in clinical applications.

Specifically, the resultant high signal-to-noise/background
ratio can enable early detection of some minor lesions labeled
with only a few NPs and facilitate the distinction of cancerous
from normal tissue to reduce unnecessary damage as much as
possible.

Additionally, thanks to enhanced sensitivity, a lower NP injec-
tion dose and laser power can be applied to minimize bio-/photo-
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Figure 1. Characterizations of petals@IR780@Ag. a) Schematic illustration and b) TEM images (scale bar: 30 nm) of i) Au nanopetals and ii)
petals@IR780@Ag. Horizontal arrows: internal gaps between Au spherical core and Au nanopetals; vertical arrows: external gaps among Au nanopetals.
c) Absorbance spectrum of petals@IR780@Ag (black) and the IR780 in methanol solution (blue). The dashed line shows the excitation laser wavelength
(785 nm) used in this work. d) SERS spectra of petals@IR780@Ag excited by the laser of 532, 638, and 785 nm. e) Averaged SERS spectra (n = 3) of
IR780 in DMF solution (black), petals@IR780 (blue), and petals@IR780@Ag (red). The spectra were normalized by the number of adsorbed IR780 per
nanoparticle. The fluorescent backgrounds are shown in colored shades under the sharp SERS peaks. f) Histogram of the SERS (black) and fluorescence

(blue) EFs with the error bar indicating the standard deviations (n = 3).

toxicity. For comparison, petals@IR780 presented only 3.79 +
0.03 compared to bare IR780, about the same level as seen in pre-
vious research(3%3! (Figure 1f). Thus, we deduce that the strong
dual-mode signals of petals @IR780@Ag can be attributed to the
highly intense EM fields generated by the tips and the external
nanogaps tightly confined between the Au nanopetals and Ag
coating, in addition to the resonance effect. Detailed computa-
tion of SERS and fluorescence EFs is provided in Note S1, Sup-
porting Information. Moreover, an obvious fluorescence redshift
has been observed in petals@IR780@Ag towards 870 nm com-
pared with petals@IR780 mainly because of the changed polarity
upon the encapsulation of the fluorescence molecules within the
NPs, similar to dissolving in DMF (redshift to 830 nm) which
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is a less polar system comparing to dissolving in methanol(46-#8
(Figure S7, Supporting Information). Other mechanisms such
as energy transfer to the metal might also account for the re-
duced energy in fluorescence emission.l***° Further validation
and mechanisms regarding the enhancement will be discussed
later.

2.2. Temporal Photostability and Nanowatt Sensitivity
After confirming the ultra-brightness in both imaging modes,

we proceeded to assess the temporal photostability of the NPs,
which is another major concern in bioimaging applications such
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Figure 2. Raman and fluorescence photostability of the petals@IR780@Ag. a) Raman spectra (solid lines) of petals@IR780@Ag and the corresponding
fluorescence background (shaded areas) at the three-time points (0, 15, and 30 min) during continuous laser excitation. The characteristic Raman band
at 1206 cm~" of IR780 is highlighted in orange. b) Attenuation curves of the Raman signal at 1206 cm~" (black) and fluorescence signal (red). The original
attenuation curves are shown by dots and the fitted ones are presented by the thick lines in the corresponding colors. The orange spots represent the
ratio of normalized Raman to fluorescence signals with 30 data points displayed for clarity. The fluorescence decay curve of IR780 powder on Si wafer
excited by the same parameters (blue) is presented as comparison. c¢) Raman spectra of petals@IR780@Ag excited by 785 nm-laser of different powers
at a fixed site. d) Attenuation curves of different laser powers. e) Raman spectra of petals@IR780@Ag at three-time points (0, 15, and 30 min) by

continuous laser excitation (power: 50 n\W).

as intraoperative guiding which require long-term monitoring.
Although fluorescence molecules are inherently susceptible to
photobleaching, it is possible to have a sufficiently intense Ra-
man/fluorescence signal that remains detectable even after pro-
longed continuous excitation. To evaluate the temporal photosta-
bility of petals@IR780@Ag, we prepared dried NP samples on a
silica wafer and subjected them to continuous irradiation for 30
min at the same site (785 nm laser, power: 50 uW).

Both SERS and fluorescence signals of IR780, though de-
creased, remained recognizable with a high signal-to-noise ra-
tio even after 30 min of continuous excitation, indicating their
sustainability for long-term distinct visualization (Figure 2a). Fur-
thermore, SERS and fluorescence were found to decay at a com-
parable rate, as indicated by the fluorescence-to-SERS ratio oscil-
lating close to 1 throughout the irradiation (Figure 2b). This syn-
chronous attenuation indicated that the continuous resonance
excitation can cause damage to the fluorescence reporter due to
EM intensity,?2** heating effect,32°!l photocatalysis,>>*3 etc.,
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leading to a decreased number of active reporters for both types
of radiative emission. We looked more closely at the SERS decay-
ing process and found the sudden drops (Figure S8, Supporting
Information), demonstrating the bleaching of fluorophores re-
sulting in a fluorescence dark statel>* and ineffective resonant
enhancement.

Since the fluorescence-related photobleaching is a stepwise
quasi-unimolecular reaction that can be described by the multi-
exponential decay model,[>>~’ we applied the bi-exponential for-
mula (y = Aje™/" + A,e7"/™) to fit the time-dependent attenua-
tion (Figure 2b, see Figure S9, Supporting Information for the
original data).

Herein, the first stage primarily stands for the transient
change and the later one for the steady attenuation, consistent
with fluorescent multi-step photolysis (see Table S1, Supporting
Information for fitting parameters). The obtained time constants
() were quite distinct between different stages, but at each stage,
SERS and fluorescence exhibited high consistency. Notably,
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85U80|7 SUOWIWOD aA1e8ID 3cedljdde au Aq pausenob aJe Sapife VO ‘@SN JO e 10j A%eiq18ulUO A1\ UO (SUORIPUCO-pUe-SWLRY/LIcO" A3 1M AfeIq 1 Ul |UO//SdNY) SUORIPUOD pue swie | 8y 88s *[£202/20/92] uo AriqiTauljuo feim ‘Aisienlun uepn Aq 88T00EZ0Z WOPR/ZO0T OT/I0p/W0 A8 | 1M Aeiq 1 pul|uo//sdny Wwouy pepeoumod ‘T ‘€202 ‘TLOTS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

petals@IR780@Ag exhibited an averaged fluorescence survival
time 10 times longer (expressed by the time constants obtained
from the bi-exponential fitting®®>%)) than bare IR780 for both
the first and the second order time constant (i.e., 7; and 7,)
(Figure 2b and Table S1, Supporting Information). Despite the
inevitable photobleaching of the fluorophore compared with
non-resonance NPs which feature a much milder decay with tem-
porary fluctuations of chemical bonds,'® petals@IR780@Ag
improved the sensitivity significantly, maintaining acceptable
recognizability even after long-term resonance excitation.

With the aim of reducing phototoxicity, we explored the sensi-
tivity and photostability by applying lower laser powers (5 pW, 500
nW, and 50 nW) than 50 uW, using a series of neutral density fil-
ters (O.D. = 1.0, 2.0, and 3.0). As seen in Figure 2¢, SERS and flu-
orescence signals can be detected with a good signal-to-noise ra-
tio even by nanowatt excitation. In addition, petals@IR780@Ag
showed a slower decay rate during the 30-min continuous ex-
citation with decreased laser power. The fitted time constants
were positively correlated with the laser power, following the
same rule as the power density-dependent photobleaching rate of
fluorescencel3>>] (fitting for the 50 nW data points using Origin-
Pro® 2018 failed because the curve was too flat). The remaining
signals after the 30-min continuous excitation were 2.9%, 16%,
79%, and 100% of their initial intensity when irradiating at 50 uW,
5 uW, 500 nW, and 50 nW, respectively (Figure 2d and Table S1,
Supporting Information). Almost no attenuation was observed
under 50 nW irradiation, with SERS intensity at the 30-min time
point almost identical to that at the start (Figure 2d,e). Even us-
ing a confocal Raman system, the corresponding laser density
was only about 640 W-m™2, far below the maximum permissi-
ble exposure of the skin to laser radiation according to European
standards (i.e., 2958 W-m™2 corresponding to continuous laser ir-
radiation for 10 to 3 x 10* s at 785 nm).l%!] Compared with other
research demonstrating nanowatt-level sensitivity with a much
higher reporter concentration and longer acquisition time for
each spectrum,[%26] petals @IR780@Ag promise minimal pho-
totoxicity, robust recognition, and real-time tracking with a high
acquisition frequency, nanowatt excitation and photostability for
longer than 30 min.

2.3. Mechanism of Raman-Fluorescence Dual-Mode
Enhancement and Photostability

The petals@IR780@Ag exhibited a large fluorescence enhance-
ment when compared to other studies in the field of SEF with col-
loidal NPs, while the SERS EF was not as high as in other work(®¥]
despite of the ultra-brightness in the SERS channel which was
partially attributed to the resonance enhancement. Therefore,
our focus was on understanding the physics that governs flu-
orescence enhancement during both excitation and emission
processes, which may also provide insight into the underlying
physics of Raman enhancement. As discussed in ref. [54], the to-
tal fluorescence enhancement factor Fy; can be written as

FEZFachFem (1)
where F,_ and F,, denote the excitation EFs and quantum yield

EF, respectively. In general, high enhancements can be attributed
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to certain resonance modes at the excitation and/or emission
frequencies of the molecule. However, we found that the mea-
sured extinction spectrum of our sample only showed two no-
table peaks at 437 and 556 nm, corresponding to typical reso-
nant frequencies of Ag and Au NPs, respectively (Figure 3a).
Unfortunately, neither of these two peaks is close to the ab-
sorption (780 nm) and emission frequencies (810 nm) of IR780
molecules, indicating that they might not be responsible for the
observed enhancement. To resolve this puzzle, we noted that the
colloidal NPs may exhibit different morphologies due to the fab-
rication process, thus supporting resonance modes with a variety
of frequencies. The measured far-field extinction spectrum (see
Figure 3a) represents an average of these randomly distributed
modes and thus does not exhibit any pronounced peaks apart
from the two commonly existing plasmonic resonant modes (i.e.,
437 and 556 nm). Nevertheless, IR 780 molecules located in the
hot spots of these NPs can still be excited by these resonant
modes yielding strongly enhanced fluorescence.

We employed FEM simulations to understand the effect of this
random distribution of morphologies and resonances, and per-
formed a sample average on multiple configurations to reproduce
the observed effects. As shown in Figure 3a, the Au nanocore is
covered with multiple petal-like structures, and then coated by
an Ag shell. In the fabrication process, nanogaps were likely cre-
ated between Au nanopetals and Ag shell, which can sustain cer-
tain resonance modes with very high quality (Q) factors. To verify
our assumption, we studied the far-field extinction spectra of a
series of different structures with various geometric parameters
and performed a weighted average of the calculated results (see
more details in Note S2, Supporting Information). As seen by the
red line in Figure 3a, this averaged extinction spectrum has cap-
tured all salient features of the measured extinction spectrum.
In particular, the calculated spectrum contains two pronounced
peaks at similar positions to those discovered experimentally. In-
terestingly, from detailed analyses of individual spectra of differ-
ent NPs, we found that the plateau in the calculated spectrum is
an average of many resonance peaks with wavelengths randomly
distributed in the range of 700-1000 nm. As shown in Figure 3b,
the length of nanopetals (see Figure S13, Supporting Informa-
tion) can significantly alter the extinction spectrum of the NP. As
the length of nanopetal varies from 30 to 180 nm, a high-Q peak
appears at a wavelength between 700 to 1000 nm (Figure S11,
Supporting Information), which has also been seen under a dark-
field microscope with single NPs (Figure S15, Supporting Infor-
mation). The position of such a high-Q peak is dependent on var-
ious structural parameters, and multiple high-Q peaks can exist
in a single NP, due to the uncontrollable randomness of the fab-
rication process, leading to a background plateau in the averaged
spectrum. Meanwhile, two resonance modes at 437 and 556 nm
persisted in the spectra of all different systems (see Figure 3b)
and thus were not smeared out by averaging (see Figure 3a).

Having explained the far-field extinction spectra with our
model, we then calculated the corresponding F,,. and F.,, fac-
tors of NPs with different nanopetal lengths (Figure 3c,d, see
Note S3, Supporting Information for details of calculations). As
seen in the insets demonstrating the specific field distributions
for the resonance of the effective mode, dramatic enhancements
exist in the nanogaps and at the tips. Each calculated structure
can provide great enhancement in both excitation and emission
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Figure 3. Mechanism of the Raman-fluorescence dual-enhancement and photostability. a) The extinction ratio of the petals@IR780@Ag i) examined
(black line) and ii) calculated (red line) together with its schematic illustration. b) The extinction ratio for different lengths of nanopetals, calculated with
effective models. c) The spectrum of enhancement of excitation for different lengths of nanopetals, calculated with effective models. d) The spectrum
of enhancement of emission for different lengths of nanopetals, calculated with effective models. The insets in panels (c) and (d) show their respective
field distributions when the effective length (L) is 140 nm as indicated by the dashed lines. e) Schematic illustration of the excitation cycle of the

petals@IR780@Ag.

processes for a range of reporter molecules thanks to these ran-
dom variations in the fabrication process.

On the other hand, photochemical reactions of fluorescence
molecules can destroy them, leading to photobleaching if the
excited molecules do not emit their energy through radiation.
Hence, simply increasing the excitation rate without manipulat-
ing the emission process can result in a short lifetime of the
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molecule, which is undesirable. Fortunately, by increasing the
quantum yield of the molecules, our structure could suppress
the bleaching rate and enhance the fluorescent ability of the
molecules. We calculated the quantum yield of the molecules
within the nanogaps (Figure 3d) and found that they were
dramatically enhanced compared to IR780, which has an ini-
tial quantum yield of 0.078.1°] Furthermore, although our NPs
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Figure 4. Shelf life. a) SERS spectra of petals@IR780@Ag in aqueous form before and after 8 months of storage. b) Attenuation curves of dried
petals@IR780@Ag on silica wafer for 3 days in the ambient conditions and c) their respective time-sampled Raman spectra.

supported resonant modes with very high Q factors, the cor-
responding quantum yield was not dependent on the work-
ing wavelength since the same nanogap mode could enhance
both excitation and emission processes since their frequencies
were similar. By analyzing the EFs for both excitation and emis-
sion processes, we used our model to calculate the overall en-
hancement of a realistic situation consisting of many different
NPs. Our calculations indicate that petals@IR780@Ag can the-
oretically achieve an enhancement rate of 2000 (see details in
Note S3.3, Supporting Information).

For a more intuitive demonstration of the final outcome of the
continuous resonance excitation, we present a step-by-step pro-
cess in Figure 3e. For the petals@IR780@Ag, IR780 molecules
were embedded in the nanogaps between Au nanopetals and Ag
coating. When the NPs are excited under resonance, there ex-
ist two routes of emission: fluorescence or Raman scattering.
In each excitation-emission cycle, if the molecule survives un-
damaged, it goes into the next excitation step for either type of
emission; but if it is bleached, it exits. As the number of cy-
cles accumulates, the number of active reporters decreases with
the bleaching molecules, resulting in simultaneous bleaching of
both SERS and fluorescence signals. Due to the enhancement of
both excitation and emission processes of IR780 in the critical
nanogaps, petals@IR780@Ag demonstrate ultra-brightness and
greatly improved photostability, making them suitable for long-
term monitoring with high confidence, that is, suitable for con-
tinuous irradiation for longer than 30 min in clinical conditions.

2.4. Off-Site Photostability
In addition to on-site photostability, off-site stability is critical

for commercialization. To assess shelf life in aqueous form,
we stored the petals@IR780@Ag in CTAC solution for more
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than 8 months. Neither the SERS nor fluorescence intensities
showed any apparent decay (Figure 4a), indicating that the ex-
piration period is possibly much longer than this tracked du-
ration. To assess the case where NP-labeled dried specimens
may be stored for later examination, petals@IR780@Ag was
dropped and dried on a silica wafer, and exposed to ambient
conditions for 3 days. When comparing the examination on the
day when the samples were freshly made and 3 days after stor-
age, both intensities and attenuation behaviors remained un-
changed (Figure 4b,c). This significantly outperforms common
fluorescence molecules for clinical use at present such as ICG,
which must be used within 4 h after dissolving in water. There-
fore, petals @ IR780@ Ag demonstrated excellent shelflife in both
aqueous and dried states, promising easy commercialization and
wide application.

3. Conclusion

We have presented a novel plasmonic nanostructure,
petals@IR780@Ag, that offers ultra-high SERS-fluorescence
dual-mode enhancement at the single-nanoparticle level. By
combing resonance excitation with an ultra-intense EM field
generated by sandwiching reporter molecules between Au
nanopetals and an Ag layer, we achieved an averaged fluores-
cence EF of 1113 experimentally and 2000 through numerical
simulation, as well as an ultra-bright SERS signal. Our FEM
simulations revealed that the enhancement was due to the
strong near fields in the sandwiched nanogaps and the en-
hancement of both the excitation rate and quantum yield of
the reporter by the randomly grown nanopetals. Thanks to
the ultra-high enhancement of both excitation and emission
processes, petals@IR780@Ag achieve NIR nanowatt detectabil-
ity and superior photostability. The particles are promising
for many applications in bioimaging in the NIR, where their
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superior sensitivity, long-term stability, low phototoxicity, and
long shelf life in both aqueous and dried forms all suggest
easy commercialization. With these Ag-coated Au nanopetals,
we introduce a new strategy for developing SERS-fluorescence
dual-mode NPs for efficient clinical bioimaging, including bulk
tumor localization and residual tumor detection.

4. Experimental Section

Materials and Instrumentation:  Chloroauric chloride (HAuCl,-4H,0),
N, N-dimethylformamide (DMF, > 99%), and ethanol (> 99.7%) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Cetyltrimethylammonium chloride (CTAC, 99%) and sodium borohydride
(NaBH,, 98%) were obtained from J&K Chemical Ltd. (Shanghai, China).
4-Nitrobenzenethiol (4-NBT) and IR-780 iodide (IR780, 98%) were ac-
quired from Sigma-Aldrich (Shanghai, China). Silver nitrate (AgNOj3,
99.8%) and ascorbic acid (AA, > 99.0%) were bought from Aladdin
(China). All materials were used without further purification. Ultrapure
water (18.2 MQ) was used for the experiments. Absorbance spectra were
collected by a UV1900 UV-vis spectrophotometer (Aucybest, Shanghai,
China). A JEM-2100F transmission electron microscope (JEOL, Tokyo,
Japan) was used to obtain the morphologies of the NPs. The fluorescence
spectra were measured by an FLS1000 photoluminescence spectrometer
(Edinburgh Instruments, England) and the fluorescence image of the NP
solution was taken by IVIS Lumina Series Il (PerkinElmer, U.S.A.).

Synthesis of Nanoparticles: Petal-like gap-enhanced Raman NPs (Au
nanopetals, or called P-GERTs in previous works) and petals@IR780@Ag
were synthesized according to the previous works.[12364266] |n brief,
200 uL IR780-DMF (0.16 mM) was mixed and incubated with 1 mL of Au
nanopetals (0.25 nM) in 32 °C water bath for 1 h to form Petals@IR780.
The resultants were centrifugated and washed with CTAC (50 mM) to re-
move extra IR780. The supernatant was preserved to evaluate the adsorp-
tion rate of IR780 by comparing the peak intensity with the absorbance
spectrum of the IR780-DMF solution before adsorption. Ag coating was
realized by mixing 400 uL AgNO; (14.58 mM), 1.875 mL AA (40 mM),
2.5 mL of CTAC (25 mM), and 1 mL of the Petals@IR780 obtained above.
The mixtures then experienced ultrasonication and 70 °C incubation in a
water bath for 3 h. The petals@IR780@Ag NPs were centrifugated and
washed three times and finally redispersed in 25 mM CTAC.

Raman Measurements and Data Processing: Raman measurements
were performed on a confocal Raman system (Horiba, XploRA INV) with
a laser wavelength of 785 nm if not otherwise indicated. For enhance-
ment evaluations, 5 pL of the aqueous samples were dropped on a sili-
con wafer and measured through a 10x objective lens. For photostability
testing, samples were dripped on a silica wafer after redispersion in wa-
ter and then dried in the room environment without exposure to light.
A 60X objective lens was used for all measurements of the dried sam-
ples. In particular, the laser powers lower than 50 pW (i.e., 5 uW, 500 nW,
and 50 nW) were achieved by using neutral density filters (Daheng Op-
tics, OD: 1.0, 2.0, and 3.0, respectively) under the configuration of 50 puW.
Backgrounds were extracted from all the obtained spectra based on the
adaptive iteratively reweighted penalized least squares (airPLS) method
(order =3, 2 =50). Fluorescence intensities were taken to be the maxima
of the extracted background. SERS signals were read by the integral area
from 1190-1220 cm™! corresponding to the IR780-characteristic peak at
1206 cm™ from the spectra after background removal. Both signals were
also used for the monitoring of temporal photostability. The attenuation
curves of SERS and fluorescence intensity were fitted by the bi-exponential
function (y = Aje™"/™1 + A,e~*/72) using OriginPro® 2018 software.

Methods for Simulation: ~All FEM simulations were performed using
the commercial software COMSOL Multiphysics. In studying the far-field
scattering spectra of the NPs, we considered a spherical space with 800 nm
in diameter containing the NP and imposing open boundary conditions.
Johnson and Christy’s 1972 model was applied to describe the permittivity
of Ag and Au. The NP was illuminated by an x-polarized Gaussian beam
propagating along the z-axis with field distribution E, = exp(—x%/8% —
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y%/8%) on its waist-plane in which § = 133 nm. When studying the fluo-
rescence enhancements of the molecules, the whole process was divided
into two parts: excitation and emission. For the excitation part, the same
configuration was considered when studying the far-field spectra and il-
luminated the structure by the same Gaussian beam. The hotspot was
identified as the point exhibiting the maximum electric field in the region
sandwiched between the Ag shell and the Au nanopetal, and then calcu-
lated the local electric fields with and without the NP under the same il-
luminations, and finally computed the corresponding excitation enhance-
ment. For the emission part, a dipole emitter was put at the same spot as
in the emission process, and then computed the total power radiated from
the emitter to the free space and the power absorbed by the NP, again in
two different cases. With these values numerically obtained in FEM simu-
lations, the authors finally computed the quantum-yield enhancement of
the molecule with the NP. More details can be found in Notes S2 and S3,
Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
the author.
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