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Plasmonic field-field coupling-induced enhancement of the optical
properties of dye molecules in the nanogaps among metal nano-
particle clusters and thin films has attracted significant attention
especially in disease-related theranostic applications. However, it is
very challenging to synthesize plasmonic core-gap-shell nanos-
tructures with a well-controlled nanogap, uniform shape, and
distances to maximize the plasmonic field-field coupling between
the core and the shell. Herein, we synthesized Au@gap@AuAg
nanopeanut-shaped core-gap-shell nanostructures (Au NPN) and
tuned their optical absorption from near-infrared region-I (NIR-I) to
near-infrared region-Il (NIR-II) by filling their nanogap with a high
dielectric NaCl(,q) aqueous solution, which led to a dramatic red-
shift in the plasmonic absorption band by 320 nm from 660 to
980 nm and a 12.6-fold increase (at 1064 nm) in the extinction
coefficient in the NIR region (1000-1300 nm). Upon filling the
nanogap with NaCl,, aqueous solution, the Au NPN6.5(NaCl)
(i.e., ~6.5 nm nanogap)-mediated NIR-Il photodynamic therapy
effect was dramatically enhanced, resulting in a much longer
average lifespan of >55 days for the mice bearing a murine colon
tumor and treated with Au NPNG6.5(NaCl) plus 1064 nm light
irradiation compared to the mice treated with Au NPN6.5 +
1064 nm light irradiation (without nanogap filled with dielectric
NaCl(,q), 40 d) and the doxorubicin-treated group (23 d). This study
demonstrates a simple but effective method to tune and maximize
the plasmonic field-field coupling between the metal shell and
metal core of core-gap-shell nanostructures, the plasmonic field-
lattice interactions, and biomedical applications for the treatment
of tumors. Overall, our work presents a new way to enhance/
maximize the plasmonic field-field and field-lattice coupling, and
thus the performance/sensitivities in nanogap-based bioimaging,
sensing, and theranostic nanomaterials and devices.
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New concepts

Plasmonic field-field coupling interactions between metal nanoparticles
are well known to spectroscopic scientists and have been utilized in the
surface-enhanced Raman sensing of biological species and probes.
Although the magnitude of plasmonic field-field coupling is known to
be influenced by many factors, it has never been reported that the
plasmonic field-field coupling can be tuned via the addition of salt
solution, and thus has never been applied in the therapeutic treatment
of cancers. Herein, we report a simple but very effective method for
tuning and maximizing the plasmonic field-field and field-lattice
interactions between the metal core and metal shell in an
Au@gap@AuAg nanopeanut-like core-gap-shell (Au NPN) nanostructure.
We demonstrate for the first time that salt-filling in the nanogaps of
plasmonic core-gap-shell nanostructures can also enhance the plasmonic
field-lattice interactions, leading to enhanced photothermal conversion
efficiencies, X-ray scattering cross sections in XRD measurements, a 2-
fold increase in the singlet oxygen sensitization quantum yield, >10-fold
increase in the SERS intensities of surface-absorbed dye molecules,
enhanced photodynamic therapy effects in destroying solid tumors and
prolonged average lifespan of diseased mice. Our study sheds new light
on enhancing the detection sensitivities and limits of biosensing devices
based on plasmonic field-field coupling.

Introduction

Surface plasmon resonance (SPR) is a unique property of
metallic nanostructures.” The plasmonic field generated from
a single, isolated metal nanoparticle or rough metal surface is
known to enable a large enhancement in the Raman scattering
intensity of dye molecules absorbed on the metal surface via
the plasmonic field-enhanced Raman scattering cross section
of the dye molecules with incident photons.® This phenomenon
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is well-known as surface-enhanced Raman scattering (SERS).
The enhancement factor for the SERS phenomenon from a
single, isolated metal nanoparticle is in the range of 1 x 10° to
1 x 10°° Besides SERS, the plasmonic field is also known
to enhance the fluorescence emission™ and infrared absorption®”
of dye molecules nearby or absorbed on the surface of metal
nanoparticles. Simple-structured metallic nanoparticles, such
as nanospheres,® nanodisks,’ nanorods,'® nanotriangles,"
nanocubes,’> nanorings,"> nanoshells,'"* nanostars,"
nanocrescents,'® nanocrosses,'” and nanocages,'® were reported to
generate plasmonic field upon photo irradiation. The SPR-enhanced
opto-properties of metal nanostructures have attracted significant
attention and have been widely applied in different research areas,
such as bio-sensing/imaging,*** photodetectors,>*>* plasmon-
enhanced solar cells,”** surface-enhanced Raman scattering
(SERS),*®*° cancer therapy and drug delivery.**>* Recently, the
plasmonic field generated from isolated metal nanoparticles was
utilized to mediate singlet oxygen generation in the absence of any
organic photosensitizers for cancer treatment in xenograft mice
models.*>*

When simple-structured nanoparticles gather to form
complicate-structured aggregates, such as metal nanoparticle
clusters and self-assembled structures, metal nanoparticle on
metal thin film (ie, so called nanoparticle-on-mirror,
NPoM)*'™** and core-gap-shell structures, some new opto-
properties may appear, which uniquely belong to these more
complicated nanostructures and cannot be found in simple-
structured nanomaterials. For example, plasmonic field-field
coupling interactions through the nanogap space between two
adjacent plasmonic fields can occur in the above-mentioned
complicated metal nanostructures, but not in single, isolated
nanoparticles. Plasmonic field-field coupling through the
nanogaps between two adjacent metal nanoparticles, among
metal nanoparticle clusters,*>>* in core-gap-shell metal
nanostructures,”® and in NPoM>**?> was found to result in
an enormously large plasmonic field enhancement factor (EF)
in the range of 1.0 x 10° to >10"® due to the Raman scattering
of dye molecules located within the nanogap,”> % which is 3-4
orders larger than that generated from a single, isolated metal
nanoparticle (EF = 1 x 10°-1.0 x 10°).> The huge plasmonic
field-field coupling in nanogaps with an EF larger than
1.0 x 10% is believed to be large enough to allow the observation
of the Raman scattering of a single molecule.*'™***” The
observation of single molecule Raman scattering is not possible
from single, isolated metal nanoparticle systems due to their
insufficient enhancement factors. The huge plasmonic field
enhancement in metal nanoparticle arrays and metal nano-
particles on metal thin films is frequently utilized in sensing
devices to enhance the fluorescence emission or Raman scat-
tering of dye molecules siting in the nanogap cavities.**>*"*3
When dye molecules are encapsulated in the nanogap region of
core-gap-shell nanostructures or nanoparticle arrays, the
Raman scattering intensities can be dramatically enhanced by
the coupled plasmonic fields between the metal core and the
metal shell or between the nanoparticles in nanoparticle aggre-
gates/arrays. This is the so-called gap-enhanced Raman tag
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(GERT), which is commonly used to trace/image the location
and distribution of core-gap-shell nanomaterials and tumor
sites in biological systems.>*® The huge nanogap-enhanced
plasmonic field-field coupling phenomenon was utilized to
detect cancer biomarkers with an ultralow detection limit of
10 fM.>7

Besides enhancing the fluorescence and Raman scattering
intensities, the plasmonic field-field coupling in nanogaps was
also found to cause a redshift in the localized surface plasmon
resonance (LSPR) bands of aggregated metal nanoparticles/thin
films by 35-250 nm.*>™*” Rod-shaped gold nanorattles were
shown to have a redshift in their LSPR band by ~75 nm
compared to isolated Au NRs.>* Au opening-nanoshell ordered
arrays were also shown to exhibit a redshift in their LSPR from
the visible to NIR region upon a decrease in the nanogap
distance from 16 to 2 nm between adjacent Au nanoshells.>?
The most well-known example is the aggregation of gold
nanoparticles (Au NPs), leading to a color change from red
for single isolated Au NPs (LSPR absorption band in the short
UV region) to blue color for aggregated Au NPs (i.e., LSPR band
shifted to long visible region).**>° This aggregation-induced
red-to-blue color transition of Au NPs was utilized in colori-
metric sensing devices to detect various types of biological
species.’™** Gold nanorod-in-shell was reported to act as an
effective photothermal therapeutic (PTT) reagent in the NIR-II
biological window using a 1064 nm high laser power of
3 W cm™? for excitation, which exceeds the skin threshold
value of 420 mW cm > at 1064 nm.”>*° Most of the therapeutic
models were studied in the NIR-I BW (650-950 nm).®"** How-
ever, recently, isolated metal nanomaterials were used for NIR
PDT therapeutic treatment of cancers in the NIR-II biological
WindOW.33’34’63'64

In the literature, many theoretical calculations and experi-
mental observations have confirmed and illustrated that the
plasmonic coupling between two adjacent plasmonic fields
leads to a redshift in the LSPR bands of nanostructures. For
example, theoretical calculation using a discrete dipole approxi-
mation (DDA) method showed that the magnitude of coupling
between two adjacent plasmonic fields and the extent of the
redshift of LSPR bands will increase upon decreasing the
nanogap distance between two metal nanoparticles,®>°°
increasing the number of coupling plasmonic fields in a metal
nanoparticle chain,®” and increasing the medium dielectric
constant in the nanogap between two plasmonic
nanoparticles.®®’® The magnitude of plasmonic field-field
coupling was also found to be strongly dependent on the
relative orientation of two gold nanorods.”"’? In the case of
hollow Au nanoframes, the magnitude of plasmonic field-field
coupling between the outer and the inner LSPR fields and the
extent of the redshift in coupled LSPR absorption bands
increased as the solvent dielectric constant increased.”® It is
also well established in the literature that the extent of the
redshift in the LSPR absorption band is linearly correlated with
the strength of the plasmonic field-field coupling between two
adjacent plasmonic fields. Theoretical simulation also pre-
dicted that the magnitude of plasmonic field-field coupling is

This journal is © The Royal Society of Chemistry 2022
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independent of the aspect ratio in the case of core-gap-
shell nanostructures. The above-mentioned experimental
observations, including redshift in the LSPR absorption bands
of assembled nanoparticles,”>™” gold nanorattles,> and
aggregation-induced red-to-blue color transition of Au
NPs*®7? can be well predicted and explained by theoretical
calculations based on the plasmonic field-field coupling
between two adjacent plasmonic fields. Experimentally, it was
also observed that the extent of the redshift in the LSPR bands
of an Ag nanoparticle array continuously increased upon
increasing the refractive index in the nanogap from 1.0 (air)
to 1.49 (filling the nanogaps by PMMA).”? In another study, it
was observed that coating a dielectric layer (i.e., TiO,) on Au
nanodisks dramatically led to a redshift in the LSPR absorption
bands of a 2D Au nanodisk array.”* Overall, it is well estab-
lished and confirmed by both theoretical calculations and
experimental observations that the magnitude of the plasmonic
field-field coupling between two adjacent plasmonic metals
and the extent of the redshift in the LSPR absorption bands
are strongly influenced by many factors, including the nanogap
distance, the dielectric constant of the nanogap medium, the
number of coupling plasmonic fields, and relative orientation
of two plasmonic fields.

Currently, the plasmonic field enhancement in nanostruc-
tures with nanogaps has been mostly applied to bioimaging
and sensing but very rarely applied to enhance in vivo ther-
apeutic efficacies for cancer treatments.”>”® One of the reasons
for this is that it is difficult to maintain metal nanoparticles in a
cluster form with a constant nanogap distance in biological
systems, and meanwhile still be able to pass through various
biological barriers to reach tumor/disease sites. In the case of
core-gap-shell nanostructures, it is difficult and challenging to
synthesize nanostructures with a uniform nanogap and a
suitable nanogap distance to achieve the maximum plasmonic
field-field coupling between the metal core and the metal shell.
Core-gap-shell nanostructures with irregular nanogap shapes/
distances are always obtained, making it very difficult to con-
duct theoretical simulation and experimental optimization of
the plasmonic field-field coupling between the core and the
shell. When the nanogap in a core-gap-shell nanostructure is
too large, the plasmonic field-field coupling among the core
and the shell becomes very weak, which behaves like a single
isolated metal nanoparticle. Therefore, it is crucial to develop
alternative/simple ways to tune the plasmonic coupling
strengths in core-gap-shell nanostructures and to maximize
the enhancement factors of their fluorescence/Raman scatter-
ing intensities and other opto-properties, allowing their use in
more applications, in particular, in the field of cancer diagnosis
and therapeutic treatments.

Herein, we demonstrate that the plasmonic field-field inter-
actions of core-gap-shell metal nanostructures can be tuned by
adjusting the medium dielectric constant by filling high dielec-
tric NaCl(,q) aqueous solution in the nanogaps. We demon-
strate that filling NaCl(,q) aqueous solution into the nanogap of
Au@gap@AuAg core-gap-shell nanopeanut-shaped nanostruc-
tures (Au NPNs) resulted in an amazingly large LSPR band

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

redshift of 320 nm from 660 nm (NIR-I) to 980 nm (NIR-II) and
a 12.6-fold increase (at 1064 nm) in the extinction coefficients
in the NIR region. We also demonstrate the biomedical appli-
cation of the Au@gap@AuAg core-gap-shell nanostructures to
treat tumors with salt-enhanced NIR-II PDT efficacy for the first
time. We observed that the average lifespan of mice bearing CT-
26 colon tumor and treated with Au NPN6.5(NaCl) + 1064 nm
light irradiation was prolonged to >55 days, which was much
longer than that of the mice treated with Au NPN6.5 + 1064 nm
(without filling NaCl in the nanogap, 40 d) and doxorubicin-
treated mice group (23 d).

Results and discussion
Characterization of Au NPNs with 2.0 and 6.5 nm nanogaps

In this study, we synthesized gold nanopeanuts (Au NPNs) with
nanogaps of ~2.0 nm and ~ 6.5 nm (average) between the Au
NR core and the AuAg shell according to literature procedures
with slight modification.’®®° In brief, the Au NPNs were pre-
pared via a three-step process. All nanostructures were well
characterized. Firstly, gold nanorods (Au NRs) were prepared
with an aspect ratio of 4.0, which exhibited the LSPR maximum
at 780 nm. Further, the Au NRs were coated with an Ag shell of
different thicknesses (7-8 nm and 9-10 nm), which was con-
trolled by tuning the volume of AgNO; (1 mM) added to the Au
NR-containing solution. The coating of a thin layer of Ag shell
resulted in a blue shift in the LSPR band (at 780 nm) of the Au
NRs. The Au@Ag core-shell NRs possessed two LSPR bands
located at 390 and 670 nm (for 7-8 nm Ag shell) and 402 and
604 nm (for 9-10 nm Ag shell), respectively (Fig. S1(a) and (b),
ESIT). The final step of the synthesis involved galvanic replace-
ment of the Ag shell by Au®* ions via the addition of 1 mM
HAuCl,-3H,0 to a solution containing the Au@Ag core-shell
nanorods. The Ag shell served as a sacrificial reducing agent to
reduce the Au®* ions to form a hollow AuAg shell (vide infra)
with a nanogap to the Au NR core.>>®® This galvanic replace-
ment process is similar to that reported in the literature using
Ag nanoparticles as a sacrificial electron donor for the prepara-
tion of Au nanocages or Au nanoframes.””"®> Depending on the
thickness of the Ag shell layer and the amount of Au ions, the
as-produced AuAg shell was intact or had small nanopores (like
Au nanocage) or large nanopores (like Au nanoframe) on the
outer shell. Au NPNs with different nanogaps were formed by
controlling the amount of 1 mM HAuCl,-3H,0 (volume V =
700 pL for ~2.0 nm average nanogap and V=400 pL for 6.5 nm
average nanogap) added to the solution. The nanogaps were
generally irregular with different nanogap distances at different
locations. The values of 2.0 and 6.5 nm are the average nanogap
distances. The nanogaps of the Au NPNs of 2.0 and 6.5 nm were
filled with 1.67 M NaCl aqueous solution by soaking the Au
NPNs in 1.67 M NaCl aqueous solution overnight, which were
designated as Au NPN2.0(NaCl) and Au NPN6.5(NaCl), respec-
tively. The NaCl,q) aqueous solution filled the nanogap region
through the nanopores on the Au shell via capillary action. The
LSPR bands for Au NPN2.0 appeared at 530 and 700 nm,
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(a) ' () 9-10 nm Ag
-’ \
50 nm
7-8nm Ag |

AuNPN 6.5(NaCl)

Fig.1 TEM images of as-synthesized gold and gold—silver nanostruc-
tures. TEM images of (a) Au NRs with an aspect ratio of 4.0. (b) and
(c) Au@Ag core—shell NRs with different Ag thicknesses of 7-8 nm and 9—
10 nm, respectively. (d) and (e) Au NPNs with two different average
nanogaps of 2.0 nm and 6.5 nm, respectively. (f) and (g) Au NPNs with
an average nanogap of 2.0 nm, and 6.5 nm, respectively, with NaCl,q filled
in the nanogaps.

whereas that of Au NPN6.5 nm was located at 525 and 660 nm.
The morphological evaluation of the Au NPNs was performed
via TEM, as shown in Fig. 1(a)-(g). The as-prepared Au NRs had
an average longitudinal length of ~52 nm and average trans-
verse diameter of ~13 nm with an aspect ratio of ~4.0. The
TEM images clearly showed that no morphological collapse or
aggregation occurred after the NaCl,q) aqueous solution filled
the nanogaps (see Fig. 1(f) and (g)). Fig. S2 (ESIt) shows the
TEM-EDX analysis of Au NPN6.5, where the presence of both Ag
and Au elements can be clearly seen in the shell. The ratio of
Ag:Au is 36: 64 in atomic percentage in the Au NPN6.5 sample,
as evidenced by point spectral analysis. Interestingly, upon
filling NaCl,q) aqueous solution in the nanogaps between the
core and the shell, both Au NPN2.0(NaCl) and Au NPN6.5(NacCl)
showed enhanced broad LSPR absorption in the NIR region,
extending from 500 nm to 1350 nm, which is attributed to the
NaCl,qmediated plasmonic field-field coupling between the
core and the shell (see Fig. 2(a)). When the metal nanoparticles
are brought together by salt-induced aggregation, two adjacent
plasmonic fields can couple, leading to a redshift in their LSPR
bands,*>™” and possibly an enhancement in their LSPR band
absorption (or extinction coefficients) (note that this point has
never been reported in the literature). This process is highly
disfavored by the dilution of the nanoparticle concentration in
solution, given that a low concentration of metal nanoparticles
prevents aggregation. Alternatively, the redshift and enhance-
ment in the LSPR bands of the Au NPNs could be due to
the salt-in-nanogap-mediated plasmonic field-field coupling
between the metal core and the metal shell, as proposed in
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this study. This latter process is an intrinsic property of a core-
gap-shell nanoparticle and is independent of the nanoparticle
concentration in solution. To differentiate whether our
observed redshift and enhancement in NIR absorption origi-
nated from the aggregation-induced plasmonic field-field cou-
pling or from salt-in-nanogap-mediated plasmonic field-field
coupling, we compared the UV-visible-NIR absorption spectral
profiles of high and low Au NPN6.5(NaCl) concentrations in
solution by diluting the nanoparticle concentration by 10 times.
The blue-green spectrum (top 1 curve) shown in Fig. 2a was
obtained from an Au NPN6.5(NaCl)-1.67 M NaCl aqueous
solution with an OD of ~1.0 at 1064 nm. Upon 10 times
dilution (still in a 1.67 M NaCl aqueous solution), the OD value
of Au NPN6.5(NaCl) became nearly 10-fold smaller (see the
bottom pink curve in Fig. 2a). The UV-visible-NIR spectrum of
the low-concentration Au NPN6.5(NaCl) sample was magnified
by 9.5x (see the dashed green-brown curve in Fig. 2a) and
compared with that obtained from the high-concentration
sample. As shown in Fig. 2a, the profile of the UV-visible-NIR
spectrum from the low-nanoparticle concentration sample in
the NIR region is nearly the same as that from the high
nanoparticle concentration sample (the green-blue curve) but
is distinctly different from that of Au NPN6.5 (without salt in
the nanogaps, blue curve). The redshift and enhancements in
the LSPR bands in the NIR region were still observed for the low
concentration Au NPN6.5(NaCl) sample. This result clearly
demonstrates that the redshift and enhancements in the LSPR
bands in the NIR region for the Au NPN6.5(NaCl) core-gap-shell
nanostructure originate from the salt-in-nanogap-mediated
plasmonic field-field coupling, but not (or very minor) from
aggregation-induced plasmonic field-field coupling.

In the literature, it has been reported that the oscillation
frequency of surface plasmon resonance is in the THz
domain.®® Increasing the salt (NaCl) concentration will lead
to an increase in the dielectric constant of the aqueous
solution.?* Therefore, the redshift from NIR-I (650-950 nm) to
NIR-II (1000-1350 nm) in the current gold core-gap-shell nano-
peanut system can be well explained by the increase in the
surrounding medium dielectric properties, and thus the
enhanced plasmonic field-field couplings between the outer
shell and the inner shell, and the metal core and the metal shell
upon filling NaClpq) solution in the nanogap through the
nanopores on the outer shells of the Au NPNs (Fig. S3, ESIT).
The nanopore regions have a broken or no Au outer shell, and
thus appear brighter than the other nanogap regions in the
transmission electron microscopy images (Fig. S3, ESIT). Some
have clear edges and some have irregular edges. This method
for the identification of nanopores is the same as that reported
in the literature for gold nanocages/nanoframes.”’"*> Dynamic
light scattering (DLS) measurements using low concentrations
of Au NPN samples with OD= 0.1 at 1064 nm showed that the
particle size distribution of the Au NPNs remained nearly the
same after NaCl,q) aqueous solution filled their nanogaps,
indicating that the large redshift in the LSPR absorption bands
of the Au NPNs is not due to aggregation (Fig. S4, ESIt). As
stated in the Introduction, it is well reported in the literature

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Characteristic properties of Au NPNs upon filling NaCl(,q) in their nanogaps. (a) Molar extinction coefficients of the as-synthesized Au NPNs with
different nanogaps of 2.0 nm and 6.5 nm and that for Au NPN2.0(NaCl) and Au NPN6.5(NaCl). TEM-EDX line scan mapping intensities of the Au and Na
elements in (b) Au NPN6.5 and (c) Au NPNs6.5(NaCl) nanostructures. The intensities of Au and Na elements are plotted in the figures. The scale bar is
70 nm. (d) Singlet *O, phosphorescence emission spectra generated from photo-excitation of methylene blue (1ex = 650 nm) and Au NPN6.5(NaCl) in
1.67 M NaCl aqueous solution (excitation wavelength Zex = 808 or 1064 nm) in the presence of air (black curve), N, atmosphere (blue curve)-
reoxygenation (red curve) and 10 mM NaNs (blue-green curve). (e) EPR spectra of singlet oxygen generated from anti-EGFR-Au NPN6.5(NaCl)
nanostructures upon NIR light (808 or 1064 nm) photo-excitation. Addition of 10 mM sodium azide (blue color line) led to partial suppression of the
singlet O, EPR signals. (f) and (g) Surface-enhanced Raman spectra of surface-bound Rhodamine B molecules on Au NPN2.0 and Au NPN6.5 before and
after filling NaCl(,q) aqueous solution in their nanogaps, respectively.

that the LSPR band of plasmonic metal nanoparticles is very the line scan TEM-EDX line scan mapping of Au

sensitive to the dielectric properties of the local environment.®
Thus, the introduction of a high dielectric salts, such as
NaCl(,q), in the nanogap region is expected to enhance the
plasmonic field-field coupling between the Au core and AuAg
shell. This enhancement was more pronounced in the case of
Au NPN6.5(NaCl) as compared to Au NPN2.0(NaCl). Further,

This journal is © The Royal Society of Chemistry 2022

NPN6.5(NaCl)(1.67 M) clearly showed the presence of the Au
and Na elements (Fig. 2(b) and (c)). The Na element was
observed in the nanogap region of the Au NPN6.5(NaCl) nanos-
tructures but not in the Au NPN6.5 samples. The data clearly
showed that after soaking in NaCl aqueous solution overnight,
the percentage of Na element in the nanogap region increased
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dramatically, indicating the entry of NaCl,q) via capillary action
through the nanopores on the outer surface of nanostructures
into the nanogap of the Au NPN6.5 core-gap-shell nanostruc-
ture. Fig. 2(b) and (c) provide direct evidence for the diffusion/
filling of NaCl(,q) aqueous solution in the nanogap region of the
Au@gap@AgAu core-gap-shell nanostructures. The overall pro-
cedure for the preparation of Au NPN6.5(NaCl) is schematically
presented in Scheme 1.

The molar extinction coefficient for Au NPN2.0(NaCl) is
0.96 x 10" M~ em™" at 1064 nm, whereas Au NPN6.5(NaCl)
has a larger extinction coefficient of 1.95 x 10'* M™' ecm " at
1064 nm (Fig. 2(a)), which is 6-8 orders higher than that of
conventional organic dyes and 2-3 orders higher than that of
gold nanoparticles. Besides the large molar extinction coeffi-
cients, we also found that the Au NPNs could sensitize the
formation of singlet 'O, upon photo excitation by 1064 nm (but
not by 808 nm) light, as evidenced by the characteristic singlet
oxygen phosphorescence at ~1260 nm (Fig. 2(d) and Fig. S5b,
ESIT). In the presence of 10 mM NaNj, the singlet 0, phos-
phorescence emission was partially quenched with a lower
intensity (blue color line). Upon bubbling the solution with
N, gas for 10 min, the 1260 nm emission intensity was
dramatically suppressed, which could be restored by bubbling
the solution with air for 10 min. The non-zero 1260 nm emis-
sion intensity under an N, atmosphere is probably due to some
residual molecular O, inside the nanogap region, which could
not be easily removed by bubbling N, gas for 10 min in the

(a)
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solution. In the literature, it was reported that the emission
maximum wavelength of singlet O, phosphorescence distri-
butes in a wide range from 1263 to 1279 nm,**®® depending
on the local environment, solvent polarity and solvent
polarizability.®>®® The emission maximum wavelength repre-
sents the LUMO-HOMO energy gap of singlet oxygen. The
singlet O, emission wavelength at 1260 nm for the current Au
NPN6.5(NaCl) in a 1.67 M aqueous solution is slightly higher
than that reported in the literature, indicating that the LUMO-
HOMO energy gap of singlet O, in the current system is slightly
higher than that commonly reported in the literature. Possibly,
the highly dielectric polar aqueous environment stabilizes the
slightly polar HOMO energy level of the triplet ground state O,
or de-stabilizes the non-polar LUMO energy level of the singlet
excited O,, leading to a slightly larger LUMO-HOMO energy
gap, and thus slight blue shift in the singlet oxygen phosphor-
escence emission maximum wavelength.

The singlet 'O, quantum yields were determined to be 0.20
and 0.42 at 1064 nm for Au NPN6.5 (without filling NaCl,q)
aqueous solution in the nanogaps) and Au NPN6.5(NacCl),
respectively, using low concentrations of Au NPNs in solution
with OD = 0.1 at 1064 nm to avoid the incident light scattering
problem and the inner filter effect, i.e., absorption of singlet O,
phosphorescence intensity by Au NPNs in the region of 1200-
1300 nm.* (Please see ESI,t for details regarding the measure-
ments of singlet oxygen formation quantum yields). It appears
that filling NaCl,q) aqueous solution in the nanogaps could

50 mM CTAB,

1 wt% PVP 100 mM CTAB, A.A 1.67 M NiCl

1mM AgNO;; 1mM HAuCl,.3H,0 Stir over

A.A; NaOH night ()
Tiny pores

Au@Ag core-shell NRs

/
P

f BALB/C Nude mi
SN ude mice

N

Au NPNs Au NPN(NaCl)

-S-MUA-COOH
AUNPN6.5(NaCl) (X 5 ti-h-EGER

Scheme 1 Synthesis and in vivo therapeutic scheme for targeted Au NPN6.5(NaCl) in BALB/C nude mice.
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enhance the plasmonic field-lattice interaction, and thus the
singlet oxygen sensitization quantum yield in the Au
NPN6.5(NaCl) nanostructures. In the literature, it was reported
that the singlet oxygen phosphorescence quantum yield from a
surface-bound, photoexcited photosensitizer could be
enhanced by a plasmonic field generated from simple, isolated
metal nanoparticles;’*°" however, it has never been reported to
be enhanced by simply adding a salt-containing aqueous solution to
the nanogaps of core-gap-shell nanostructures. The singlet oxygen
phosphorescence lifetime measurements were carried out in D,O
(Fig. S6(a), ESIt). For Au NPN6.5(NaCl), the singlet oxygen phos-
phorescence emission lifetime decay curve is composed of two
components with a short-lived component (34.7%) having a lifetime
of 0.9 ps and a long-lived component (65.3%) having a lifetime of
9.0 ps. The results indicate that the singlet O, generated from anti-
EGFR-AuNPN 6.5(NaCl) in D,O upon 1064 nm photo-excitation has
two distinctly different environments, most probably one from the
singlet O, inside the nanogap regions of the anti-EGFR-Au NPN
6.5(NaCl) and another one outside the core-gap-shell nanostructure
and free in the D,O solution. It is known that many factors
including physical energy transfer/vibrational collision processes
and chemical reaction quenching processes can lead to a shorter
singlet oxygen phosphorescence lifetime.”* The long-lived compo-
nent with a lifetime of 9.0 ps is slightly shorter than that reported in
the literature, i.e., 18 ps™ to 68 us.”** The detailed mechanism of
the singlet oxygen relaxation/lifetimes in the current heterogeneous
system is complicated and different from those in homogeneous
systems, which is not the main focus of this study and deserves a
separate study in the future.

Besides the detection of the singlet oxygen phosphorescence
emission spectrum, we also detected the formation of hydroxyl
radicals (Fig. S6(b), ESIT) and singlet oxygen via EPR measurements
using 2,2,6,6-tetramethylpiperidine (TEMP) as a singlet oxygen-
trapping reagent upon 1064 nm NIR light irradiation of the Au
NPNG6.5(NaCl) nanostructures (Fig. 2(e)). The TEMP-singlet oxygen
adduct EPR signal has a characteristic 1:1:1 triplet pattern, which
can be dramatically suppressed by the presence of a singlet oxygen-
specific quencher, i.e., sodium azide, further confirming the identity
of the singlet oxygen. In contrast, 808 nm light irradiation of Au
NPNG6.5(NaCl) generated a negligible amount of singlet oxygen. The
hydroxyl radical has a characteristic 1:2:2:1 quartet pattern, which
can be dramatically suppressed by the presence of a hydroxyl
radical-specific quencher, ie, mannitol, further confirming the
identity of the hydroxyl radials. In contrast, 808 nm light irradiation
of Au NPN6.5(NaCl) generated a negligible amount of hydroxyl
radicals. In the literature, it is well known that hydroxyl radicals
can be derived from singlet oxygen via a multistep process of
superoxide formation (via electron transfer to singlet oxygen),
hydrogen peroxide formation, and dark Fenton reaction of hydro-
gen peroxides with reducing metal ions/reagents.”” Therefore, it is
not surprising to observe the formation of hydroxyl radicals, given
that singlet oxygen was formed upon 1064 nm NIR light irradiation
of the Au NPN6.5(NaCl) nanostructure.

Au NPN6.5(NaCl) exhibited a larger extinction coefficient as
compared to Au NPN2.0(NaCl) under the same conditions,
implying its promising bio-application for cancer treatment.

This journal is © The Royal Society of Chemistry 2022
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To introduce tumor targeting ability, Au NPN6.5(NaCl) was
surface-modified with anti-h-EGFR antibody for subsequent
in vivo applications. Briefly, the surface of Au NPN6.5(NaCl)
was initially conjugated with 11-mercapto undecanoic acid by
following a literature procedure with slight alterations, and
then coupled to anti-h-EGFR antibody using EDC coupling
agent. The successful functionalization was confirmed by the
appearance of the characteristic 1632 cm ™" (amide bond C=0
stretching) and 2900 cm™" (amide bond N-H stretching) bands
in its FT-IR spectrum (Fig. S7, ESIf).

XRD and SERS enhancement

Upon filling 1.67 M NaCl,q) aqueous solution in the nanogap,
Au NPNs were found to exert slightly enhanced XRD intensities
compared to that of the Au NPNs (Fig. S8, ESIt). It was clearly
observed that the major (111) XRD peaks of Au NPNs 2.0 and
the (200) peak for Au NPN6.5 were enhanced after filling the
nanogap with NaClgq) aqueous solution. The mechanism
responsible for the enhanced XRD signals is not clear at this
stage, which may be due to the plasmonic field-enhanced
scattering interactions between the incident X-ray beams and
metal crystalline lattices, similar to the working mechanism for
plasmonic field-enhanced Raman scattering between incident
photons with molecular vibrations observed in SERS. Besides
an enhancement in the XRD intensity, we also found that the
primary SERS signals of the surface-bound organic molecules
on the Au NPNs could also be further enhanced upon filling
NaCl(,q) aqueous solution in the nanogaps. Upon filling the
gaps with 1.67 M NaCl(,q), it could clearly be seen that the SERS
signal at 1650 cm™' for the surface-bound Rhodamine B
molecules was further enhanced by 11.7- and 14.8-fold for both
Au NPN2.0(NaCl) and Au NPN6.5(NaCl) (Fig. 2(f) and (g)),
respectively. Consistent with the results in the NIR plasmonic
absorption, the enhancement in the SERS signals was more
pronounced in Au NPN6.5(NaCl) compared to that from Au
NPN2.0(NaCl). To the best of our knowledge, this is the first
literature report showing salt-mediated enhancement effects on
all the NIR plasmonic absorption, XRD and SERS characteris-
tics of plasmonic core-gap-shell metal nanostructures.

Mechanism of filling NaCl,q) aqueous solution in the
nanogaps

In the synthesis of the gold core-gap-shell nanopeanut
structure,”®® the Au NR@Ag core-shell nanorod was synthe-
sized first. Then, the silver shell nanorod was used as the
sacrificial electron donor to reduce Au ions to generate the
AuAg outer shell layer. This galvanic replacement process is
similar to that was reported in the literature using Ag nano-
particles as a sacrificial electron donor for the preparation of Au
nanocages or Au nanoframes.”” Depending on the thickness of
the Ag shell layer and the amount of Au ions, the as-produced
Au outer shell may be intact or have small holes (like Au
nanocage) or large holes (like Au nanoframe). In the case of
the intact Au core-gap-shell, the external NaClyq) aqueous
solution will not be able to enter the inner nanogap region.
However, in the case of the slightly broken Au shell, the external
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NaCl,q) will be able to slowly diffuse and fill the nanogap
region via capillary action through the nanopores on the outer
shell. The diffusion/filling and the diffusing-out rates of
NaCl(,q) will be strongly dependent on the size of the nanopores
on the AuAg outer shell. For the Au core-gap-shell nanopeanuts
with small nanopores on the AuAg outer shell, it takes a
relatively longer time for the external NaCl,q) aqueous solution
to diffuse into the nanogaps, and likewise it will be difficult for
the trapped NaCl(,q) in the nanogap (or takes a longer time) to
diffuse out. Note that the physiological NaCl concentration is
0.125 M. The NaCl aqueous solution inside the nanogap will
stop diffusing out when the internal NaCl,q becomes nearly
equal to the outside physiological NaCl concentration, ie.,
0.125 M. In addition, the surface adsorption of proteins, such
as bovine serum albumin (BSA) on Au NPN nanostructures,
may partially block NaCl,q) from diffusing out of the nanogaps.
For all the experiments, we soaked the Au@gap@AuAg core-
gap-shell nanoparticles in NaCl aqueous solution overnight to
allow the diffusion of the NaCl aqueous solution into the
nanogap. For the Au@gap@AuAg having an intact AuAg outer
shell, the NaCl aqueous solution could not diffuse into the
nanogap, and thus no Na element was expected to be in the
nanogap region after overnight soaking in NaCl-containing
aqueous solution. In addition, the XPS analysis (see Fig. S9(a)
and (b), ESIt) of both Au NPN6.5(NaCl) and Au NPN6.5 showed
that the Na 1s (at ~ 1072 eV) and Na KLL (at ~498 eV) XPS
peaks could be clearly observed from the Au NPN6.5(NaCl)
(1.67 M) sample, but not in the Au NPN6.5 sample, respectively.
The atomic percentage of Na element obtained from the XPS
measurements is ~15% in the Au NPN6.5(NaCl)(1.67 M) sam-
ple and nearly zero in the Au NPN6.5 sample. The large
percentage of Na element in Au NPN6.5(NaCl)(1.67 M) is
consistent with the filling of NaCl,q) aqueous solution in the
nanogap region and cannot be from the surface adhesion of
residual NaCl,q) on the outer surface of Au NPN6.5(NaCl)
(1.67 M). Both the TEM-EDX line scan data and XPS data
strongly support the presence of NaCl,q) aqueous solution in
the nanogap, which cannot be explained by residual, if any,
NaCl,q) on the surface of the Au NPN6.5(NaCl) nanostructure.
The NaCl detected in the TEM-EDX line scan mapping and XPS
measurements cannot originate from the surface adsorbed
layer on the Au@gap@AuAg core-gap-shell nanopeanuts, given
that NaCl is highly soluble in water and has no special affinity
with the surface of Au. According to general chemistry text-
books, all sodium salts are highly soluble in water due to the
very large exothermic hydration energy (~—97 kcal mol ") of
the Na* cation with water molecules and the large entropy gain
upon their dissolution in water.

Further, to obtain the optimal NaCl concentration for max-
imum plasmonic field-field coupling, the absorption spectrum
of Au NPN6.5(NaCl) was plotted as a function of NaCl concen-
tration (Fig. S10, ESIt), which shows that an NaCl concen-
tration of ~1.67 M can lead to the maximum redshift and
highest LSPR absorption at 1064 nm, and thus the maximum
plasmonic field-field coupling effect. Besides NaCl, filling other
high dielectric salts, such as NaBr, Nal, MgSO,, MgCl,, and
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((NH,4)»S0,), in the nanogaps all increased the medium dielec-
tric properties in the nanogap region, and thus led to enhanced
plasmonic field-field coupling, redshift in the LSPR bands, and
enhanced NIR absorption of Au NPN6.5. However, the optimal
salt concentrations for the maximum plasmonic field-field
coupling were not the same for different salts due to the
differences in their dielectric constants (see experimental
results shown in Fig. S11, ESIt). Overall, the biocompatibility
of NaCl makes it suitable to be used and filled in Au
NPN6.5(NaCl)(1.67 M) for therapeutic applications. To measure
the amount of NaCl,) inside the nanogap region, we washed
the Au NPN6.5(NaCl)(1.67 M) sample with DI water 6 times, and
then conducted ICP-MS measurements to determine the Na
element concentration. Our ICP-MS measurements (data not
shown) indicated that the amount of NaCl present in the gaps
of Au NPN6.5(NaCl)(1.67 M) is ~3.019 ppm.

Stability and salt diffusing-out rate from Au NPN6.5(NaCl)

To gain more information regarding the stability of the NaCl,q)
aqueous solution in the nanogaps, we carried out salt filling-in
and diffusing-out experiments (Fig. 3). As shown in Fig. 3(a), Au
NPNG6.5 (the black curve) has a very weak absorption in the NIR
(800-1300 nm) region. Upon dispersion in a 1.67 M NacCl
aqueous solution for 5 min, the NIR absorption of Au NPN6.5
immediately increased to a very large extent (see the red curve
in Fig. 3(a)), followed by a further slow increase and redshift in
the broad LSPR absorption band in the next 12 h. It has been
reported in the literature that the LSPR absorption band of
plasmonic metal nanoparticles will redshift upon increasing
the dielectric constant of the surrounding medium,”® where
increasing the dielectric constant of the external solvent will
enhance the coupling between the outer and the inner plas-
monic fields of hollow plasmonic metal nanostructures, lead-
ing to a redshift in the LSPR absorption band.”® The increase in
the LSPR absorption for the first 5 min of immersion of Au
NPNG6.5 in 1.67 M NaCl aqueous solution is most probably due
to the sudden increase in the dielectric property of the sur-
rounding solvent, which enhanced the plasmonic field-field
coupling between the outer and inner plasmonic field of the
AgAu shell alone (without involving the Au NR core),” rather
than enhanced the plasmonic field-field coupling between the
AgAu shell and the Au NR core. This is because it is unlikely
that the NaClyq) aqueous solution diffused and filled the
nanogap completely within 5 min of immersion. Upon slow
diffusion and filling of NaCl(,q) in the nanogap region within
the next 12 h, the high dielectric NaCl aqueous solution could
further mediate and promote the plasmonic field-field coupling
among the outer shell field, inner shell field and core plasmo-
nic field, leading to a further NIR redshift and increase in the
LSPR absorption band of Au NPN6.5(NaCl). Specifically, the
overall plasmonic field-field coupling is composed of two parts,
as follows: (a) the plasmonic field-field coupling between the
outer shell and the inner shell alone (without or weakly invol-
ving the metal core) and (b) the plasmonic field-field coupling
between the AuAg shell and the Au NR core. The former is
strongly and rapidly influenced by sudden changes in the

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nh00631b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 09 mai 2022. Downloaded on 7.11.2025 17:49:07.

(cc)

View Article Online

Nanoscale Horizons Communication
25 5 -

( ) (b) Au NPN6.5NaCl(1.67M) soaked in DI
- 20 c 204 water. NaCl
K] 9
S g
© ~15 @ =~ 1,54
8 ‘E 8 £
c O c O

- o
Lo E 1.0 e i 1.0
* o
£ T £=
£e % 2
o =05 - = 0.54
|} ©
s s
g 0.0 . Eo 0.0+ =12 hour

w AUNPN 6.5 . ~=-AUNPNES .
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
2.5 ppem JLETONTER —TedTn (d) s5 AuUNPN 6.5(1.67 M NaCI)oked in

0.125 M NaCl solutjs

(c)

@ R '

S 2.04NaCl,,, diffuse =

E _ p S

o =

O E 154 8

50 °

£ = S

cc 101 °

s o =

&= ;

~  0.5- w

8 =

o -

s o

00 —AuPNGE Y N 1
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)
I Salt leakout in 0.125 M NaCl solution (f)
(e) N Salt leakout in DI water

[ Salt leakout in 0.125 M NaCl + BSA solution

® < 2.0

ES

g s 15 Z ®  aunpNes AUNPNG.5 (NaCl +BSA)
o =
8= s

O o t

s =10 g
Q2 = o

B = a

§ 3

£ Zos §

*® .9 .20
w E

-

3

] :

= 0.0

0 12

2 4 6 8 10
salt leakout time (h)
Fig. 3 (a) UV-visible-NIR absorption spectrum of Au NPN6.5 in DI water (black curve) and spectra obtained upon dispersing Au NPN6.5 in 1.67 M NaCl
aqueous solution with different soaking times. (b) and (c) UV-visible-NIR absorption spectrum of Au NPN6.5(NaCl) (1.67 M) in 1.67 M NaCl aqueous
solution (navy blue curve), and spectra obtained upon dispersing Au NPN6.5(NaCl)(1.67 M) in (b) DI water and (c) 0.125 M NaCl aqueous solution with
different soaking times. (d) UV-visible-NIR absorption spectrum of Au NPN6.5(NaCl) (1.67 M) in 1.67 M NaCl aqueous solution (navy blue curve) and the
spectra obtained upon dispersing Au NPN6.5(NaCl) (1.67 M) in 0.125 M NaCl + BSA (~30 mg mL™%) aqueous solution with different soaking times.
(e) LSPR band intensity at 1064 nm for the salt diffusing-out experiments in DI water (red bars), 0.125 M NaCl aqueous solution (black bars) and 0.125 M
NaCl + BSA aqueous solution (green bars). (f) Zeta potential measured for AUNPN6.5 and AUNPN6.5(NaCl) after salt diffusion out experiments in 0.125 M
NaCl + BSA aqueous solution.

external surrounding solvent dielectric constant, whereas the dispersing Au NPN6.5(NaCl)(1.67 M) in DI water (Fig. 3(b)),
latter is strongly influenced by the medium dielectric constant 0.125 M NaCl aqueous solution (Fig. 3(c)), and 0.125 M NacCl +
in the nanogap. The LSRP absorption band rise profile shown BSA aqueous solution (Fig. 3(d)). The NaCl concentration in the
in Fig. 3(a) indicates that the filling of NaClyg) via capillary —physiological condition is 0.125 M. As shown in Fig. 3(b), upon
action in the nanogap region is a slow process. dispersion in DI water, the LSPR absorption band of Au

To investigate the diffusing-out process of NaClq) from the NPN6.5(NaCl)(1.67 M) immediately decreased to a certain
nanogaps of Au NPN6.5(NaCl)(1.67 M) to the external aqueous extent, followed by a slow decrease process. The rapid decrease
phase, we carried out salt diffusing-out experiments by in the LSPR absorption intensity is due to the sudden decrease
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in the surrounding solvent dielectric constant from 1.67 M
NaCl to DI water, which caused a rapid decrease in the
plasmonic field-field coupling between the outer AuAg shell
surface and the inner AuAg shell surface. The slow decrease in
the LSPR absorption intensity is consistent with the slow
diffusion of the Na'(,q)/Cl ™ (aq) hydrated ions from the nanogaps
to the external DI water phase, and thus the decrease in the
medium dielectric constant in the nanogap region, leading to a
decrease in the plasmonic field-field coupling strength between
the outer AgAu shell and the inner Au NR core. When the
outside solvent contained high dielectric species, such as
0.125 M NaCl or (0.125 M NaCl + BSA protein), the rapid LSPR
absorption decrease shown in Fig. 3(d) was absent. In fact, the
surface absorption (vide infra) of negatively charged BSA pro-
teins on the surface of Au NPN6.5(NaCl) could enhance the
overall LSPR absorption and slow down the salt diffusing-out
rate, as seen in Fig. 3(d). The salt diffusing-out profiles of Au
NPN6.5(NaCl)(1.67 M) in the above-mentioned three conditions
are shown in Fig. 3(e), where the decrease in the LSPR absorp-
tion intensity at 1064 nm is plotted as a function of the soaking
time. When Au NPN6.5(NaCl)(1.67 M) was dispersed in 0.125 M
NaCl (physiological NaCl concentration) aqueous solution
(Fig. 3(c)), the LSPR band intensity decay profile (see black
bars in Fig. 3(e)) is similar to that (red bars in Fig. 3(e)) in DI
water, but to a lesser extent due to the smaller decrease in the
external surrounding solvent dielectric constant. After 12 h soaking
in 0.125 M NaCl solution, the LSPR absorption at 1064 nm
(with an extinction coefficient of 1.61 x 10" M~ em™") for Au
NPNG6.5(NaCl) dropped by 27% but still 8.7-fold higher than that
(018 x 10" M " em™") of Au NPN6.5 without NaClyg in its
nanogap. It was observed that the decay in the LSPR absorption
band intensity became much slower with a longer soaking time. In
addition, besides NaCl, many other salts are present in the physio-
logical condition, including KCl, CaCl,, and MgCl,. All these high
dielectric salts can also contribute to enhance the plasmonic field-
field couplings between the outer plasmonic field and the inner
plasmonic field of the AgAu shell, as well as the plasmonic field-field
coupling between the AgAu shell and the Au NR core. Therefore, the
stability or the extent of the decrease in the salt-mediated plasmonic
field-field coupling (and thus the enhanced LSPR absorption in the
NIR region) in Au NPN6.5(NaCl) is still within an acceptable range.
The salt diffusing-out rate can be further tuned or slowed down by
designing Au NPN nanostructures with smaller nanopores on the
outer AgAu shell. The zeta potential for Au NPN6.5 was determined
to be +9 mV, whereas that for Au NPN6.5(NaCl) was —19 mV after
the salt diffusing out experiments in 0.125 M NaCl + BSA aqueous
solution. This result indicates that the negatively charged BSA binds
to the surface of the Au NPN6.5(NaCl) nanostructures, preventing
the salt from diffusing out and stabilizing the saltfilled Au
NPNG6.5(NaCl) nanostructures.

The photothermal conversion efficiency (PCE, #) for both
AuNPN6.5 and AuNPN6.5(NaCl) was measured to be: = 6.4%
(at 808 nm) and 5% (at 1064 nm) for AUNPN6.5, as well as
n = 28.1% (at 808 nm) and 15. 1% (at 1064 nm) for AUNPN6.
5(NaCl) (see ESLt for details on the measurements and experi-
mental data shown in Fig. S12). This enhanced photothermal
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conversion efficiency phenomenon upon filling NaCl,q) aqu-
eous solution in the nanogaps was also observed in the singlet
oxygen sensitization quantum yields, i.e., 0.20 for AuNPNG6.5
and 0.42 for AuNPN6.5(NaCl), upon 1064 nm laser excitation. It
appears that filling NaCl(,q) in the nanogaps not only enhanced
the plasmonic field-field coupling between the AuAg shell and
the Au NR core, but also enhanced the plasmonic field-lattice
interactions, which promoted nonradiative decay of plasmonic
excited states and further led to enhanced photothermal con-
version efficiencies and other optical properties.

The mechanism of ROS generation in Au NPN6.5(NaCl)

In 2011, our group discovered and reported for the first time
that in the absence of any organic photosensitizer, photo
excitation of metal nanoparticles can lead to the generation
of singlet oxygen,*>?”°® which was later confirmed by many
other groups.””'°" Experimentally, it was observed that
1064 nm NIR light irradiation of Au NPNs could lead to the
generation of singlet O,, whereas 808 nm light irradiation did
not lead to the formation of singlet O,, as evidenced by the
absence of the characteristic singlet O, phosphorescence emis-
sion at ~1265 nm. The excitation spectrum of Au NPNs for
singlet O, generation is shown in the ESI,{ Fig. S5a. Not all
excitation wavelengths can lead to the generation of singlet O,
upon photo irradiation of Au NPNs. To generate singlet O,, the
wavefunctions of the Au NPN plasmonic excited states should
have good similarity and overlap with the singlet excited state
of the triplet ground state molecular oxygen to allow effective
plasmonic energy transfer from the localized surface plasmon
resonance (LSPR) excited states of Au NPNs to the ground state
molecular O,. Gold nanoparticles are known to have many
LSPR states, which are localized and have different excited
state wavefunctions, and thus different extents of wavefunction
similarity/overlap with the singlet excited state wavefunction of
molecular O,. Different photo excitation wavelengths, such as
808 and 1064 nm, will lead to different LSPR excited states,
which have different LSPR excited-state wavefunctions, differ-
ent extents of wavefunction similarity/overlap with the singlet
excited state wavefunction of molecular O,, and thus different
abilities to induce the generation of singlet oxygen. This may be
the reason why 1064 nm excitation light can lead to the
formation of singlet O,, whereas 808 nm light cannot. This
possible mechanism was previously discussed in a literature
review article.'®

In vitro PDT/PTT cellular experiments

To investigate the possibility of using the Au NPNs as NIR-I and
-II dual-modal photodynamic and photothermal therapy
reagents, in vitro cellular experiments were carried using mur-
ine CT-26 colon carcinoma cancer cells. Given that Au
NPN6.5(NaCl) has a much larger extinction coefficient in the
NIR region than Au NPN2.0(NaCl), it was chosen as the nano-
material for in vivo cancer treatment applications. After incu-
bating the murine CT-26 colon carcinoma cancer cells with
different amounts of Au NPN6.5 (or Au NPN6.5(NaCl)), the cancer
cells were irradiated with an 808 (200 mW c¢m™ > 10 min)

This journal is © The Royal Society of Chemistry 2022
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or 1064 nm (200 mW cm ™2, 11 min) laser. The laser irradiation
time was adjusted according to the extinction coefficients at 808
and 1064 nm, allowing the amounts of photons being absorbed
by Au NPN6.5(NaCl) to be the same for both 808 and 1064 nm. For
example, the extinction coefficient at 1064 nm is 0.909-fold that at
808 nm. Therefore, the laser irradiation time for the 1064 nm
wavelength was set to be 1.1-fold longer (10 min x 1.1 = 11 min)
than that set for 808 nm, causing the photon fluxes for both
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wavelengths to be the same. Then, the corresponding photother-
mal therapy and photodynamic therapy effects could be fairly
compared. The MTT cell experiments were carried out at 37 °C
and 4 °C, respectively.

Fig. 4(a) and (b) show that Au NPN6.5(NaCl) had negligible
to low dark cellular cytotoxicity toward the murine CT-26
colon carcinoma cancer cells in a dose-dependent manner.
However, upon 1064 nm laser irradiation, ~71.5% cellular
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Fig. 4 Cell viability of Au NPN6.5 upon 1064 nm NIR light irradiation at 37 °C and 4 °C. Cell viability assay for Au NPNs at different conditions in murine
CT-26 colon carcinoma cancer cells: (a) Au-NPN6.5 and Au NPN6.5(NaCl) at 37 °C and (b) Au-NPN6.5 and Au-NPNG6.5(NaCl) at 4 °C. Relative
contributions of PDT and PTT to cellular death under 1064 nm photo irradiation of (c) Au-NPN6.5 at 37 °C, (d) Au NPN6.5 at 4 °C, (e) Au NPN6.5(NaCl) at

37 °C, and (f) Au NPN6.5(NaCl) at 4 °C.
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death, together with 13% dark cellular death, was observed due
to the photo-induced cytotoxicity at a dose of 50 pg mL ™" of Au
NPN6.5(NaCl) at 37 °C. At a dose of 50 pg/mL, the Au
NPN6.5(NaCl) + 1064 nm laser condition resulted in 1.73-fold
higher cellular death than Au NPN6.5 + 1064 (without filling
NaCl(,q) aqueous solution in the nanogaps), 1.48-fold higher
than that for Au NPN6.5(NaCl) + 808, and 2.53-fold higher
than that for Au NPN6.5 + 808 nm at 37 °C. The cellular
death followed the order of Au NPN6.5(NaCl) + 1064 > Au
NPN6.5(NaCl) + 808 > Au NPN6.5 + 1064 > Au NPN6.5 + 808.
The results clearly showed that filling NaCl,q) in the nanogap
of Au NPN6.5 led to greater photo-induced cellular death for
both 1064 and 808 nm, which was due to the salt filling-
enhanced light absorption (or larger extinction coefficients).
When irradiated with 1064 nm, more cell death was observed
compared to that for 808 nm light irradiation, which is attrib-
uted to combined NIR-II PDT and NIR-II PTT effects for
1064 nm compared to the pure NIR-PTT effect for 808 nm light
irradiation (vide infra). To estimate the relative contributions/
fractions of PDT/PTT-induced cellular death, the cell viability
experiments were carried out at a low temperature of 4 °C. The
percentage PDT vs. PTT was calculated according to the litera-
ture method (please see ESI,{ for detailed procedure).’*™® As
shown in Fig. 4, it can clearly be seen that 1064 nm NIR light
irradiation of the murine CT-26 colon carcinoma cancer cells
incubated with Au NPN6.5(NaCl) (at a dose of 50 pg mL™") led
to 71.5% (=57% PDT + 14.5% PTT) cellular death at 37 °C and
67% (=55% PDT + 12% PTT) cellular death at 4 °C, which are
much higher than that obtained from Au NPN6.5 without filling
NaCl,q) aqueous solution in the nanogap. It should be noted
that in the absence of Au NPN6.5 and Au NPN6.5(NaCl), laser
light irradiation alone did not cause any noticeable cell death
under a laser power of 200 mW c¢cm ™ for both 808 nm (10 min
irradiation) and 1064 nm (11 min irradiation) (see Fig. S13,
ESIT). These results unambiguously show that filling NaCl,q)
aqueous solution in the nanogap of Au NPN6.5 led to much
more effective photothermal (808 nm irradiation) and photo-
dynamic (1064 nm irradiation) therapy on inducing cancer cell
death under the same NIR photo irradiation conditions. As
shown in Fig. 4(a) and (b), it can also be seen that the cancer
cell killing effect was more pronounced for 1064 nm NIR light
irradiation compared to 808 nm light irradiation. The wave-
length effect on killing cancer cells is due to the fact that ROS-
based photodynamic therapy (from 1064 nm light irradiation)
is more effective in killing cancer cells compared to the
hyperthermia-based photothermal therapy effect (via infra).
The cancer cell killing mechanism of photothermal therapy is
based on the hyperthermia-induced generation of heat-shock
proteins (HSP), and subsequently HSP-mediated cell apoptosis.
When the local temperature is slightly higher than the normal
physiological temperature of 37 °C, cells will produce HSPs to
help stabilize other cellular proteins from being denatured and
malfunctioning, thus protecting the cells from thermal
damage. Specifically, the major function of HSPs is to protect
cells from malfunctions and deaths. However, when the
local cell temperature is higher than 42-45 °C for a period of
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15-30 min or 50 °C for 4-6 min, the over-expressed HSPs will
then trigger the cell apoptosis process to destroy cells. Specifi-
cally, a low amount of HSPs can protect cellular proteins from
denature and prolong the life of cells.’>®! In contrast, excess
HSPs will trigger the cellular death/apoptosis process.'®* Upon
photo irradiation, the temperature rising profile in cancer
tissues is not even within tumor tissues due to the uneven
uptake/distribution of nanoparticles in tumor tissues. The
threshold hyperthermia conditions may not be reached for
some areas in tumor tissues, where a smaller number of
nanomaterials accumulates and/or low intensity of excitation
light is provided. The harmful hyperthermia effect of PTT will
be partially cancelled by the protection effects of HSPs. It also
requires accumulation of many photon energies to reach or
surpass the harmful hyperthermia condition. In addition, PTT
is strongly dependent on the outside cellular temperature, and
will be significantly suppressed upon lowering the temperature
surrounding cancer tissues. The uneven uptake of nanomater-
ials by cancer cells due to the poorly and unevenly developed
blood vessels in cancer tissues and low light intensity will also
lead to in-efficient PTT effects.

In contrast, ROS-based photodynamic therapy relies on
chemically highly reactive oxygen species, such as '0,, 0,”*,
and *OH radicals and H,0,, to kill cancer cells. Due to their
high chemical reactivities and powerful oxidation abilities, ROS
lead to cellular damage, whereas in the case of PTT, a single
photon energy is not enough to create a harmful hyperthermia
condition. The chemical reactivity of ROS is nearly independent
of the local temperature in cancer tissues and will not be
suppressed by low temperatures in cancer cells. Unlike HSPs,
ROS do not have a cellular protection effect. All ROS contribute
to cancer cell damages and deaths. This is why ROS-based PDT
is more effective in destroying cancer cells as compared to
hyperthermia-based PTT effects under the same conditions.
Experimentally, we also observed that under the condition of
equal amounts of photons being absorbed by the same nano-
material, NIR PDT always led to greater cellular death and the
corresponding NIR PTT.?¢38:63,104

Further, cellular uptake experiments were carried out using
confocal laser scanning microscopy (CLSM) to determine the
uptake efficiency of Au NPNs by cancer cells. The observation of
bright fluorescence in the Cy5.5 channel confirmed the effi-
cient uptake of anti-h-EGFR-Au NPN6.5(NaCl)-Cy5.5 by the
murine CT-26 colon carcinoma cancer cells (Fig. 5(a) and (b)).
Further, the targeted anti-h-EGFR-Au NPN6.5(NaCl)-treated CT-
26 cells showed a significantly higher allophycocyanin (APC)
fluorescence intensity than the Au NPN6.5(NaCl) (without
surface-coated anti-h-EGFR)-treated CT-26 cells (Fig. S14, ESIt),
indicating the important role of the anti-h-EGFR moieties in
endowing the Au NPNs cancer cell-targeting ability. The extent
of cellular death was determined using the Calcein AM and PI
staining assays (see Fig. 5(c) and (d)), respectively. A higher
extent of cellular death was observed in the case of anti-h-
EGFR-Au NPN6.5(NaCl) + 1064 nm compared to the cases of (i)
anti-h-EGFR-Au NPN6.5 + 1064 nm and (ii) anti-h-EGFR-Au-
NPN6.5(NaCl) + 808 nm light irradiation. The data is consistent

This journal is © The Royal Society of Chemistry 2022
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In vitro cellular uptake of Au NPNs. IVIS imaging for in vivo uptake and cell death analysis. (a) Murine CT-26 colon carcinoma cancer cells fed with

anti-h-EGFR-Au-NPN6.5(NaCl)-Cy5.5. (b) IVIS imaging for in vivo location/distribution of anti-h-EGFR-Au-NPN6.5(NaCl)-Cy5.5 (via i.v. injection, bottom
image), whereas a PBS-injected mouse was used as the control for comparison (top image). (c) and (d) Calcein-AM/PI staining of CT-26 cancer cells
treated with Au-NPN6.5 or Au-NPN6.5(NaCl) under different conditions as labeled on the side of each figure and under laser irradiation of 808 and
1064 nm, respectively. Cells not incubated with anti-h-EGFR-Au-NPN6.5(NaCl) were used as the control.

with that obtained from the MTT assay. This is mainly due to
the enhanced NIR absorption of Au NPNs upon filling NaCl(,q)
aqueous solution in their nanogap.

To investigate the origin (hyperthermia vs. ROS) of the
cellular death, the CT-26 colon cancer cells were incubated
with Au NPN6.5 or Au NPN6.5(NaCl) + DCFH-DA, and then
irradiated with 808 and 1064 nm lasers. The flow cytometry
results showed that Au NPN6.5(NaCl) + 1064 at 37 °C generated
a 31-fold higher level of ROS relative to that measured in the
dark control group. Further, in the in vitro ROS experiments
(Fig. S15(a), ESIT), the addition of 50 mM NaNj; (a known singlet
oxygen quencher) significantly suppressed the amount of ROS,
suggesting that the major component of ROS is singlet oxygen.
When Au NPN6.5 (without filling NaCl(,q) in the nanogap) was
irradiated with 808 and 1064 nm lasers, a negligible amount of
ROS was detected, which is attributed to the poor absorption
(or small extinction coefficients) of Au NPN6.5 at these two
wavelengths. According to the intra cellular ROS experiments, it
is clear that Au NPN6.5(NaCl) + 1064 nm could lead to a higher

This journal is © The Royal Society of Chemistry 2022

extent of cellular death due to its higher molar extinction
coefficient compared to that of its counterpart without filling
NaCl,q) in the nanogap. It is known that thermal stress can also
induce the generation of ROS in cells."® As shown in Fig. S15a
(ESIt), the amount of thermal stress-induced ROS generated by
808 nm light irradiation for the Au NPNs was negligible or
much lower than that from PDT-induced ROS (i.e., generated by
1064 nm light irradiation of Au NPNs). Further, the generation
of ROS was confirmed by confocal imaging. As shown in
Fig. S16 (ESI{), the Au NPN6.5(NaCl) + 1064 nm system gener-
ated a higher amount of ROS, as evidenced by the bright green
fluorescence from the DCFH-DA probe compared to the other
systems without NaCl,q) aqueous solution filled in the nano-
gap or irradiation by 808 nm light (see Fig. S16, ESIT). The ROS
data are consistent with the cellular death data, showing that
the Au NPN6.5(NaCl) + 1064 nm system has the highest amount
of ROS and cellular death among the samples. When a singlet
oxygen ('0,) specific sensor, ie., singlet oxygen sensor green
(SOSG), was used to detect the ROS, bright green fluorescence
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was observed, further confirming that the major ROS generated
from the Au NPN6.5(NaCl) + 1064 nm system is singlet oxygen
(Fig. S17, ESIt). To examine whether the photothermal effect
was also involved in the cellular death, the amount of heat
shock protein (HSP70) was determined for different irradiation
conditions. As shown in Fig. S18(a) and (b) (ESI{), the amounts
of HSP70 for Au NPN6.5(NaCl) + 808 nm light irradiation at
37 °C and Au NPN6.5(NaCl) + 1064 at 37 °C are 8.5-fold and
4-fold, respectively, relative to that for the dark control group.
The results confirm that 808 nm light irradiation of Au
NPN6.5(NaCl) mostly results in a photothermal therapeutic
effect, whereas 1064 nm light irradiation of Au NPN6.5(NaCl)
results in the combination of photothermal (minor) and photo-
dynamic (major) therapy effects for killing cancer cells.

In vivo mice experiments

Inspired by the in vitro results, in vivo mice experiments were
carried out using BALB/C nude mice. CT-26 colon cancer cells
were implanted on the right leg muscle area of the mice. When
the tumor grew and reached a size of 3-4 mm in diameter (or a
volume of 14-33 mm?®), the nanomaterial-photo irradiation
treatments were started. In all the in vivo therapeutic models,
anti-h-EGFR-Au NPN6.5 and anti-h-EGFR-Au NPNG6.5(NaCl)
were injected intravenously with a dose of 25 mg kg™ '. The
Au NPN6.5(NaCl) nanopeanuts were surface-modified with
Cy5.5 and anti EGFR via EDC coupling, and then injected into
the mice through tail vein injection. At 24 h after i.v. injection,
the mice were euthanized and their major organs were col-
lected to analyze the biodistribution of the nanomaterials.
Their organs were digested according to standard protocols,
and the amount of nanomaterials in all the organs was deter-
mined via inductively coupled plasma mass spectrometry (ICP-
MS). The amount of anti-h-EGFR-Au NPN6.5(NaCl) at the tumor
site was determined to be 46 pug Au per g tumor tissue, which
accounts for ~13.6% of the total amount of anti-h-EGFR-Au
NPN6.5(NaCl) injected (Fig. S15(b), ESIt). The targeting and
accumulation of the gold core-gap-shell nanostructures at the
tumor site were investigated via in vivo IVIS imaging of mice iv
injected with anti-h-EGFR-Au NPNG6.5(NaCl)-Cy5.5, where the
anti-h-EGFR-Au NPN6.5(NaCl) nanoparticles were further mod-
ified with a red fluorescent probe, Cy5.5. According to Fig. 5(b),
the red fluorescence (Cy5.5 channel) at the tumor site clearly
indicates the effective accumulation of anti-h-EGFR-Au
NPN6.5(NaCl)-Cy5.5 at the tumor site. The red fluorescence at
the Cy5.5 channel is consistent with the ICP-MS results for the
accumulation of gold nanopeanuts at the tumor sites. After
confirming the successful targeting by anti-h-EGFR-Au
NPN6.5(NaCl)-Cy5.5, the mice were separated randomly into
eight groups. Subsequently, in vivo temperature elevation
experiments were carried out to monitor the temperature
changes at the tumor site upon NIR light irradiation
(Fig. 6(a)—(f)). In the case of Au NPN6.5(NaCl) + 808 nm light
irradiation, a temperature elevation of AT = 19.5 °C was
observed, which is significantly higher than that for Au
NPN6.5 + 808 (AT = 9.7 °C), Au NPN6.5(NaCl) + 1064 (AT =
5.7 °C) and Au NPN6.5 + 1064 (AT = 2.8 °C). The temperature
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elevation profiles (see Fig. 6(g)) together with the HSP70 and
ROS data confirm that the Au NPN6.5(NaCl) + 808-treated
mouse group underwent tumor ablation purely through the
PTT effect, whereas the Au NPN6.5(NaCl) + 1064-treated mouse
group received combined PDT (major) and PTT (minor) effects.
In addition, the results also clearly demonstrate that filling
NaCl(,q) aqueous solution in the nanogap could significantly
enhance the PTT effect (via enhanced NIR light absorption).
Further, for nanomaterials to be used in the clinical treatment
of tumors, many factors have to be considered, including their
biocompatibility, metabolic tolerance, immune response, and
long-term cytotoxicity. In the current study, we investigated
the short and mid-term cytotoxicities of anti-h-EGFR-Au
NPN6.5(NaCl). BALB/C nude mice were treated with anti-h-
EGFR-Au NPN6.5(NaCl) at a dose of 50 mg kg™ * and the hepatic
and nephritic functions of the mice were examined at the time
point of 45 days posti.v. injection of anti-h-EGFR-Au
NPN6.5(NaCl) (see Fig. S19, ESIt). No noticeable differences
were observed between the anti-h-EGFR-Au NPN6.5(NaCl)-
treated and the PBS-treated control groups. The results clearly
showed that the anti-h-EGFR-Au NPN6.5(NaCl) is biocompati-
ble and safe without any noticeable short and mid-term cyto-
toxicities to the liver and kidney. In addition, the mouse group
treated with anti-h-EGFR-Au NPN6.5(NaCl) + 1064 nm
showed an average half-life span of >55 days (see the data
below in Fig. 6(i)), which also indicates the biocompatibility
and low short- and midterm-cytotoxicities of anti-h-EGFR-Au
NPNG6.5(NaCl). The investigation of the long-term (> 6 months)
cytotoxicity and metabolism pathways of anti-h-EGFR-Au
NPN6.5(NaCl) deserve a separate study in the future. It is
generally accepted and believed that gold nanomaterials have
good biocompatibility and low cytotoxicities.

To investigate the photo-therapeutic effects of anti-h-EGFR-
Au NPN6.5(NaCl) on the in vivo destruction of solid colon
tumor, mouse-bearing tumors were irradiated with either
808 nm (200 mW cm 2, 10 min) or 1064 nm (200 mW cm 2,
11 min) NIR laser light at 24 h after iv injection of nanomater-
ials with a dose of 25 mg kg™ '. The tumor growths were
monitored up to 55 days of therapy (Fig. 6(h)). Among them,
the tumor growth in the anti-h-EGFR-AuNPN6.5(NaCl) +
1064 nm-treated group was nearly completely inhibited. The
therapy images at day 0, 10, and 21 are shown in Fig. S20(a)
(ESIf). The median survival rate for anti-h-EGFR-Au
NPN6.5(NaCl) + 1064 nm was longer than 55 days, which far
exceeds that of the anti-h-EGFR-Au NPN6.5 + 1064 (no NaClg,)
in the nanogap, 40 d)-treated, doxorubicin (23 days)-treated,
and blank control (16 days) groups (Fig. 6i). As shown in Fig. 6j,
the amount of apoptotic cells (see the brown-colored cells)
followed the sequence of AuNPN6.5(NaCl) + 1064 nm >
AuNPN6.5(NaCl) + 808 nm > AuNPN6.5 + 1064 nm =~
AuNPNG6.5 + 808 nm, indicating that (a) the presence of NaCl,q)
aqueous solution in the nanogap dramatically enhances the
plasmonic field-field coupling between the Au NR core and the
AuAg shell, further leading to an increase in light absorption in
both NIR regions, enhancing the NIR-I PTT (808 nm) and NIR-II
PDT (1064 nm) effects on inducing the cancer cell apoptosis

This journal is © The Royal Society of Chemistry 2022
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Days after irradiation

In vivo therapeutic xenograft model. (a)—(f) Thermal imaging of tumor sites with CT-26 colon cancer. No necrotic cell death was observed in the

major organs, such as the liver and spleen. 1064 nm light irradiation led to more necrotic cell death than 808 nm light irradiation. Similar results were
observed in the immunohistochemistry (IHC) staining by caspase-3 antibody for apoptotic cellular death (see (j) below) at the tumor region.
(g) Temperature elevation (AT) vs. time of irradiation profiles for various groups of therapy. (h) Tumor growth curves for different treatment groups.
(i) Survival rate profiles for the mouse groups during therapy. (j) Caspase-3 antibody (ab2302) staining of tumor tissues under different conditions, as

labeled in the figure.

process and (b) in the presence of NaCl(,q) aqueous solution in
the nanogap, NIR-II PDT (1064 nm) has a much higher effect
than NIR-I PTT (808 nm) on inducing apoptotic cancer cell
death. These results are consistent with both the tumor growth
curves (Fig. 6h) and the average lifespan data (Fig. 6i). During
the therapy period, no abnormalities were observed in the body
weights of the mice (Fig. S20(b), ESIT). Further, after 10 days of
therapy, the liver, spleen, and tumor were collected for H&E
staining analysis to determine the extent of necrotic cellular

This journal is © The Royal Society of Chemistry 2022

death (Fig. S21, ESIt). Clear necrotic damage was observed in
the tumor tissues, but not in the other major organs. Pre-
viously, Au NPN2.0 was used to generate hyperthermia for
killing LLC/LL2 lung cancer cell-based tumors using very strong
1064 nm (3 W cm %, 5 min) laser light.>*>*° However, the
observed cell death was mistakenly assumed to be due to pure
photothermal therapy effects without measuring the amounts
of heat shock proteins and ROS. The salt-enhanced plasmonic
field-field coupling between the metal core and the metal shell,
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as well as the effects on enhancing the PTT/PDT therapeutic
effects were not realized in the prior work.>**°

According to the above-mentioned data, we demonstrated
that filling NaCl(,q) aqueous solution into the nanogap in Au
core-gap-shell NPNs could enhance both the NIR-I PTT and
NIR-II PDT effects for destroying a solid colon tumor. The core-
gap-shell plasmonic metal nanostructures have a very large
interfacial area between the core and the shell compared to the
few contact points in nanoparticle cluster/array systems, pro-
viding a very good system to allow plasmonic field-field cou-
pling to occur. As described in the Introduction, the LSPR of
metal nanoparticles is very sensitive to the dielectric function of
their local environment.®®*”® Thus, filling the high dielectric
NaCl(,q) aqueous solution in the nanogap of Au NPN6.5 pro-
vided a means to tune the medium dielectric property in the
nanogap, and thus maximize the plasmonic field-field coupling
between the metal shell and the metal core, which further led
to enhanced opto-properties, including a 3-fold enhancement
in SERS, large LSPR broad redshift by 320 nm, and 12.6-fold
increase (at 1064 nm) in the extinction coefficient in the NIR
regime. The larger the plasmonic field-field coupling, the larger
the redshift in the LSPR absorption bands. The increase in the
NIR extinction coefficients dramatically enhanced the ability of
Au NPN6.5(NaCl) to absorb NIR light and exert NIR-I PTT and
NIR-II PDT for the treatment of tumors with much better cancer cell
killing efficacies. The anti-h-EGFR-chelated Au NPN6.5(NaCl) system
could target and destroy the solid tumor very effectively under an
ultra-low laser power density (1064 nm, 200 mW cm ™ >) due to the
plasmonic field-enhanced absorption (or extinction coefficients) in
the far NIR regime.

Conclusion

In summary, we reported a simple but effective method to tune
and maximize the plasmonic field-field coupling between the
shell and the core of core-gap-shell nanostructures and the
plasmonic field-lattice interactions, and also demonstrated its
biomedical application for the treatment of tumors. By filling
1.67 M of high dielectric NaClq) aqueous solution into the
nanogap, the LSPR absorption band of Au NPN6.5(NaCl) was
red-shifted by 320 nm from 660 to 980 nm accompanied with
an increase in the LSPR absorption in the NIR region, or ~12.6-
fold increase in the extinction coefficient at 1064 nm. The large
extent of the redshift and increase in the NIR extinction
coefficient in the LSPR absorption band were due to the
combined effects of the high dielectric salt-enhanced plasmo-
nic field-field coupling between the outer shell surface and the
inner shell surface of the AuAg shell and the plasmonic field-
field coupling between the AuAg shell and the Au NR core.
Besides enhancing the plasmonic field-field coupling in the
metal core-gap-shell nanostructures, salt-filling in the nano-
gaps of the plasmonic core-gap-shell nanostructures could also
enhance the plasmonic field-lattice interactions, leading to
enhanced photothermal conversion efficiencies, X-ray scatter-
ing cross sections in the XRD measurements, a 2-fold increase
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in the singlet oxygen sensitization quantum yield, and
>10-fold increase in the SERS intensities of surface-absorbed
dye molecules. We also demonstrated the biomedical applica-
tions of the salt-enhanced NIR-I PTT and NIR-II PDT effects in
destroying a solid tumor in mice, leading to a prolonged
average lifespan (>55 d) of the mice bearing murine colon
tumors and treated with anti-h-EGFR-Au NPN6.5(NaCl) plus
1064 nm NIR light irradiation, which was much better than that
of the mice treated with anti-h-EGFR-Au NPN6.5 + 1064 group
(without filling salt, 40 d), the doxorubicin-treated group (23 d),
and blank control (16 days) groups. Simple salt-filling in the
nanogaps of the metal core-gap-shell nanostructures had a very
dramatic enhancement effect on prolonging the average life-
span of the NIR-II PDT-treated mice group. To the best of our
knowledge, this is the first literature report on salt-mediated,
plasmonic field-field/field-lattice coupling-enhanced optical
properties and their biomedical application in enhancing the
NIR-II PDT effects for destroying solid tumors using an ultralow
dose of laser light irradiation (1064 nm, 200 mW cm ™%, 11 min).
Overall, our work presents a new way to enhance/maximize the
plasmonic field-field/lattice coupling, and thus the perfor-
mance/sensitivities in nanogap-based bioimaging, sensing,
and theranostic nanomaterials and devices.
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