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Abstract

Plasmonic nanoassemblies are well-defined organizing of elementary metallic nanocrystal building
blocks into ordered architectures across multiple scales, which constituents an exciting route to engineer
nanomaterials structures with novel properties. Such nanoassemblies can accurately enhance, guide,
and switch electromagnetic field at the nanoscale, which is shaping new-generation technologies with a
plethora of applications, such as ultrasensitive bimolecular sensors, cancer diagnostics, and photother-
mal therapy (PTT), to name a few. In this review, we mainly focus on the plasmonic nanoassemblies,
including the structure design, property control, and biomedical applications. The guiding principles
have been first clarified with design rules being suggested. Then, the methodologies for fabrication of
surface-enhanced Raman scattering-based (SERS-based) biodetection devices have been discussed.
Finally, we summarized the PTT by using the plasmonic nanoassemblies as bioprobes for theranostics.
Based on the facile yet efficient fabrication methods, high-efficient optoelectronic properties, and high
performance in biomedical applications, we firmly believe that the plasmonic nanoassemblies can be

integrated with portable devices for next-generation biosensors and biomedical theranostics.
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he rapid advances and substantial progress in the

controllable synthesis of plasmonic nanoparticles

with noble metallic compositions have provided
versatile building blocks for the nanoengineering of nano-
assemblies. Due to the unique optical properties, facile
surface chemistry, and appropriate size scale of the plas-
monic nanocrystals, much enthusiasm and great efforts
have been generated in assembling such elementary build-
ing blocks into well-defined assemblies, such as plasmonic
dimer/multimers (1, 2), linear structures (3, 4), 2D super-
lattice sheets, and 3D supracrystals (5-10). By integrating
bottom-up assembly method with top-down lithography,
multidimensional nanoassemblies have been fabricated at
the nanoscale with sufficient degree of control over the
material size, shape, composition, and morphology. It is
expected that the ability to manipulate these elementary
nanoparticles into well-defined assemblies will further
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impact the way materials are synthesized and devices are
fabricated. The fabrication of such plasmonic nanoassem-
blies has led to a wide spectrum of applications, including
miniaturized optical (11) and electronic devices (12, 13),
biosensors (14, 15), and biomedical diagnostics and ther-
apeutics (16, 17) (Fig. 1).

The plasmonic nanoassemblies constitute an exciting
route not only to engineer material structures at nano-
scopic dimensions with high accuracy but also to create
novel properties different from their bulk counterparts at
multiple length scales to integrate multifunctionalities into
well-defined multi-material composites. Under the guiding
of basic theoretical laws and predictions (18), the plas-
monic coupling and hybridization effects can be designed
with well-defined methodology. Among those functions,
surface-enhanced Raman scattering (SERS) represents a
rapidly developed, expanding method for ultrasensitive
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detection of biomolecules, such as cancer biomarkers and
specific protein. Also, the SERS devices that being assem-
bled by plasmonic nanocrystals can be applied in real-time
detection of trace chemicals for in situ chemical reaction
monitoring; metal-catalyzed reactions monitoring; molec-
ular imaging; evaluating microorganisms, cells, and tissues;
and even in vivo. However, there is still a great challenge to
fabricate efficient and reproducible SERS substrates due
to the complex forces and interactions among nanopar-
ticles. Apart from the plasmonic imaging and sensing for
diagnostics, the ability of plasmonic nanoassemblies to
convert strongly absorbed light efficiently into localized
heat can be exploited for the selective photothermal ther-
apy (PTT) of cancer and bacterial infection, which paves
promising avenue for biomedical theranostics and precise
medicine for health monitoring.

Here, in this review, we begin with the introduction of
basic theoretical principles for controlling the plasmonic
properties of individual nanocrystals and nanoassem-
blies. Based on the optoelectronic laws and electromag-
netic enhancement of nanoparticles, we then summarize
the representative methods for the construction of
SERS substrates from the point of view of materials
design. The recent advances in SERS-based plasmonic
nanostructures for biodetection have been described,
including the enhancement of SERS activity and high
sensitivity with different shapes and morphologies, and
briefly expounded the bio-diagnostic applications based
on SERS. Finally, we summarized the typical therapeu-
tic strategies by using the plasmonic nanoassemblies
and mainly focus on the progresses in PTT for biomed-
ical theranostics.

1D Linear Structure

SERS-based Biodetection

3D Supracrystals

Biomedical Theranostics

Fig. 1. Plasmonic nanoassemblies with multidimensional structures assembled from libraries of plasmonic atoms. (a) Plasmonic
multimers (19-21). (b) 2D superlattice sheets (22, 23). (c) Linear and branch ‘polymeric chain’ assembled by Au nanorods (3, 4).
(d) 3D Au nanoparticles (AuNPs) supracrystals controlled by DNA (10).
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Basic plasmonic theories and design rules for the
nanoassemblies
The fundamental property of plasmonic nanoassemblies
is the localized surface plasmon resonance (LSPR), which
is induced by the coherent collective oscillations of con-
duction electrons upon interaction with electromagnetic
radiation (24). According to the classical Mie theory (25),
the optical properties are strongly affected by structural
parameters, such as morphology, material composition,
the surrounding dielectric property, and interparticle
interactions (26, 27). The extinction cross-section, C,_, for
the scattering of a metallic nanosphere is given by (28):
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where R is the radius of nanosphere, ¢ is the speed
of light, ¢_ is the dielectric constant of the surrounding
medium (assumed to be frequency independent), w is the
frequency, and &(w, R) = ¢(w, R) + ie,(w, R), in which
g,(w, R) and ie,(w, R) are the real and complex parts of
the material dielectric constant, respectively. Based on this
principle, controlling the size and morphology of nano-
crystals is the one feasible way to engineer the wavelength
and distinction strength of LSPR bands (29).

Accordingly, it is important to develop high-efficient
chemical synthesis method for controlling the particle
sizes and shapes. Moreover, rational design of nanoparti-
cle-assembled nanostructures is in urgent need for unrav-
elling the multifunctionality (28). By programming the
resonance frequencies and coupling effects of plasmonic
nanoparticles under the guidance of other theoretical pre-
dictions, such as plasmon hybridization theory, well-de-
fined architectures and novel optoelectronic properties
may be generated for real-world biomedical applications.

SERS-based nanoassemblies for the detection of
biomarkers

Electromagnetic field is generated between any plasmonic
nanoparticles near each other. It is the local enhancement
of these electromagnetic fields that causes high signal of
SERS. When plasmonic nanoparticles are closed enough
even to a few nanometers, LSPR will be obtained and
coupled, resulting in enhanced electromagnetic fields
(30) called hotspots. It is generally believed that the main
methods to increase the SERS activity to obtain higher
SERS signals are to form as many hot spots as possible,
and they can be generally divided into three types.

The first is that under the induction of various micro-
scopic forces, the noble metal nanoparticles may self-as-
semble on the substrate as close as possible to form hot
spots; the second way is to control the specific shape
of the substrate, and novel metal nanoparticles will be
placed close to each other when they are deposited on
them by using the top-down template method. The third
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is to prepare plasmonic nanoparticles with very sharp tips
or irregular morphology such as core-shell satellite and
multi-branched nanoparticles.

Accordingly, great efforts were put into improving the
sensitivity via evaluating different noble metal shapes
from simply structures to complex structures. In addi-
tion to synthesizing advanced nanostructures, the devel-
opment of effective Raman-labeled compounds that can
resonate with excitation light also attracted much interest.
By appropriate integration and hybridization, plasmonic
nanoparticles combining of noble metal and other mate-
rials like metallic oxide, non-metallic oxide, and magnetic
nanoparticle were synthesized.

The use of bimetallic systems for substrate preparation
is an effective way to optimize SERS detection. Novel
metal alloy nanoparticles, particularly Au-Ag alloys and
Au-Cu alloys, can generate strong LSPR coupling under
visible radiation excitation, which were acting as excel-
lent candidates for SERS substrates. The SERS effect can
be controlled by changing the bimetallic system composi-
tion to adjust the LSPR coupling (31). For example, the
incorporation of a small amount of Au in Ag nanopar-
ticles can effectively improve the SERS effect. Rao et al.
(31) synthesized Ag-Au bimetallic nanoparticles for the
preparation of a stable and uniform SERS substrate
using a two-step method, and the substrate showed
about 10® enhancement factors (EFs) and a detection
limit of 0.6 pmol for the detection of rhodamine 6G.
The research of M. Bankowska group? mainly focuses
on the Au-Cu bimetallic nanostructures. The substrate
is prepared by sputter deposition of the Au-Cu bimetal-
lic thin film layer on nanostructured GaN prepared by
photolithography. The preparation process was etching
hexagonal etch pits with six inverted pyramids on the sur-
face of nanostructured GaN, and sputter Au-Cu alloys
on the surface to form an SERS measurement platform.
It is reported that gold is not as effective as silver, but the
silver surface is easily oxidized and not biocompatible.
However, Au-Cu alloy nanoparticles have been reported
that can be used for catalysis, so the use of Au and Cu
alloys as SERS measurement platforms was explored by
them. The experiment not only compares the influence
of the percentage of Cu in the alloy Au-Cu layer on the
SERS enhancement effect but also compares the differ-
ence in measurement effect of pyridine and 4-mercapto-
benzoic acid when Au-Cu alloy and Au and Au-Ag alloy
covered on the same GaN platform. Final experiments
show that a moderate reduction of the percentage of
Cu can increase the chemical stability of the substrate.
The coated Au-Cu alloy is about one order of magni-
tude lower than that of the Au-Ag alloy, but the etch pit
surface is an order of magnitude higher than that with-
out the etch pit surface. Therefore, the etching sputter-
ing method can also be used as simple and reproducible
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method to manufacture sensitive SERS platforms with
different plasma metal coatings.

Commonly used complex structures such as core-shell
satellites and multi-branched structures and nanorosette
particles can form enhanced electromagnetic fields for
SERS signal enhancement. Core-shell nanostructures are
one of the most common structures to improve SERS
activity because they not only can enhance the LSPR but
also increase the intensity of E-field. Common core-shell
structures such as Au-Ag core-shell nanoshuttles (NS),
core-shell satellite structures of Au and magnetic oxides,
or non-metal oxides have been studied. Bai et al. (32) pre-
pared core-shell Au-Ag nanoshuttles structures with Au
nanorods as cores and Ag nanoparticles as shells with
sharp tips at both ends and adjustable shell thickness. The
morphology control was mainly achieved by adjusting the
temperature of the reaction system containing the basic
glycine buffer (pHS&.5). This sharp-pointed Au-Ag NS
has significantly improved refractive index sensitivity and
SERS activity relative to the original Au NR and other
Au nanostructures, which make these materials to have
great potential in biomedical applications such as ultra-
sensitive sensing of biomarkers.

The combination of SERS performance with cata-
lytic property by using multi-branched nanoparticles
has also received extensive attention in recent years.
Anisotropic nanostructures with rough surfaces can sig-
nificantly improve SERS activity. On the surface of the
transition metal Pd or Pt, or when the diameter of the
metal particles is less than 10 nm, catalytic reaction can
be observed. Au protrusions growing on the surface of
the particles can produce some ‘hot spots’ to enhance
the SERS effect, and the increased surface area of the
protrusions and the number of low coordination atoms
can also increase the catalytic activity. Cui et al. (33)
fabricated Au@Pt nanoparticles with multi-branched
structures by precisely controlling the amount of Pt
sputter deposited on the Au@Pt surface. In the charac-
terization, these particles show good SERS characteris-
tics and extremely high catalytic activity, and these two
characteristics can be regulated by adjusting the ratio of
Pt and Au two metals.

Shin et al. (34) pointed out a simple way to prepare
uniform Au nanorosette as a good SERS substrate for
the detection of methylene blue (MB) and crystal violet
(CV) with efficient EFs of 2.6 x 10% and 8.8 x 107, respec-
tively. The assembly was conducted via the reduction of
the AuCl, precursor by 2-thiopheneacetic acid (2-TAA),
which was both as a reducing agent and a surface-stabi-
lizing agent. The structures of Au nanoparticles strongly
depend on the molar ratio of 2-TAA to AuCl,". Under the
high ratio state, the aggregate of nanorods and nanopar-
ticles will be observed, in which Au nanorosette will be
synthesized at low ratio.
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Bifunctional nanoparticles integrate two formerly dis-
tinct functionalities into a single entity, which can pro-
vide superior and sometimes unprecedented properties
(35). Multifunctional magnetic core-satellite nanostruc-
ture Fe,O,@SiO,-Au substrate was synthesized via graft-
ing Au NPs onto microsized Fe,O, (36) for the charge
selective detection of food dye molecules like sunset
yellow, where the Fe O,@SiO, is the core and the Au is
the satellite. The charge of food dyes could be captured
selectively via adjusting the gaps of Au nanoparticles
and analyzed by SERS with high sensitivity due to the
plenty of hotspots produced between core-shell-satel-
lite 3D magnetic microspheres and assembled Au satel-
lites. Meanwhile, three-dimensional finite difference time
domain (FDTD) simulation, molecular dynamics (MD)
simulations, and density function theory (DFT) cal-
culations were conducted to research the most suitable
Au nanoparticle gap and support the theory and result.
Sinha et al. (37) investigated low-cost efficient and recy-
clable SERS-active substrates by sputter depositing Au
nanoparticles onto ZnO nanorods for the detection of
methylene blue. Apart from low fluorescence and excel-
lent resistance against oxidation of Au, strong light con-
finement resulted by high refractive index contributes
to increase the SERS effect vastly. In addition, taking
advantages of the photocatalytic properties of ZnO to
degrade the analyses under the UV light inducement, the
substrates can be cleaned and reused.

Nanostructures that being assembled by Au and some
non-metallic oxides show unique potential to be used as
SERS tags for bioimaging applications. Rodriguez-Fer-
nandez et al. synthesized hybrid core-satellite colloidal
particles that can closely contain different sized Au sphere
particles, two different dye molecules then were loaded
into these particle clusters for SERS imaging applica-
tions in vivo, and silica was covered outside them as a
nano-antenna, which played the role of fixing and pro-
tecting nanostructures at the same time. In this study, the
final geometry region can be produced successfully by
controlling Au-SiO, particles to limit the assembly area.
Zhong et al. (38) pointed out a new way to prepare SERS
substrate through Poly(methyl methacrylate) (PMMA)
template on insoluble liquid-liquid interface. Due to its
excellent optical transparency, PMMA can be used as an
ideal template for fixing self-assembled AuNPs. The insol-
ubility of water and toluene will cause the AuNPs aqueous
solution and PMMA toluene to separate, and adding eth-
anol to the aqueous solution of the AuNPs in the layered
solution will change the density, so that the AuNPs will
rise to the interface and self-assemble into an ordered layer
with numerous ‘hot spots’. At the same time, with the slow
evaporation of the toluene solution, the PMMA molecules
form a thin PMMA template constraining the assembly of
the gold nanoparticle layer on the water/toluene interface.
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Finally, using the polyethylene (PE) film as carrier to solve
the AuNPs/PMMA film is too thin to remove the prob-
lem. The SERS substrate prepared by this method exhibits
excellent reproducibility, high EF, and great potential both
in the detection of the model molecule malachite green
isothiocyanate and the detection of residual malachite
green on the surface of irregular fish. Bekana et al. (39)
claimed that in the existing methods for the preparation
of SERS substrates using Au nanoparticle assembly, either
preparing AuNPs first and then adding external inducer
to induce assembly, or taking advantages of the template
method to assemble the nanoparticles into an ordered
structure, an external reagent/polymer linker both may
interfere with SERS detection of trace analyses, and thus
affect the SERS performance (Fig. 2a). Hence, they devel-
oped a novel method to prepare large-area, high-sensitiv-
ity and low-cost, high-efficiency SERS substrates using the
polycrystalline ice (PCI) freezing method. In this method,
the substrates are fabricated only count on the PCI micro-
structure without any external template or crosslinking
agents. At cryogenic temperatures below —20°C, colloidal
gold nanoparticles have very low solubility in ice crystals,
so they can only be concentrated and packed together
between growing ice crystals. Therefore, PCI can assem-
ble colloidal nanostructures into a one-dimensional (1D)
chain. The practicality of preparing SERS substrates in
this way has been demonstrated by testing trace Thiram
eluted from the apple fruit surface. In addition, researches
about adjusting the size of AuNPs and AuNPs superstruc-
ture to optimize SERS activity are further explored.

Based on the efficient fabrication methods for the plas-
monic nanoassemblies, the enhanced electromagnetic
field can induce ultrahigh Raman signal for biomedical
diagnostics. Cereal toxins such as ochratoxin A (OTA)
and aflatoxin B1 (AFBI1) are frequently found in cereal
samples, which are toxic secondary metabolites released
by fungi, and are generally carcinogenic, mutagenic, and
hepatotoxic (40). The existing detection methods for
them are generally immunoassay or fluorescence analysis,
require expensive cost and tedious procedures, or are eas-
ily interfered by foreign substances such as oxygen and
humidity. Zhao et al. (40) proposed that the SERS tags of
core-shell satellite structures can enable more rapid and
high-throughput detection of mycotoxins. The insertion
of AFBI (50 bp) and OTA (36 bp) Raman markers into
the nucleus and shell junctions will avoid these mycotox-
ins from creating larger gaps between the nanoparticles,
thereby reducing SERS signal problems, while at the same
time passing through nuclear-shell satellites. The structure
generates a large number of hotspots to amplify the SERS
signal, enabling ultra-sensitive dual detection of OTA and
AFBI in corn flour.

The identification of cancerous B cells in lymphoma
and leukemia is critical for early diagnosis and precise

Citation: STEMedicine 2022, 3(4): e 147 - http://dx.doi.org/10.37 1 75/stemedicine.v3i4.147

Plasmonic nanoassemblies

treatment. The diagnostic technique currently used is the
fluorescence label detected by flow cytometry. The lim-
itation of this technology is that only a single excitation
source can be used, and the number of markers present on
the cell surface that can be detected by a single excitation
source is limited. However, narrow SERS bandwidths of 1
to 2 nm can solve this bandwidth issue (41). MacLaughlin
et al. (41) proposed a SERS probe that fabricated by Au
nanoparticles and can produce antibodies that target three
surface-specific markers of malignant B cells from LY 10
lymphoma cell lines (Fig. 2b). The SERS probe has good
scattering near infrared wavelengths, and the wavelength
is not strongly absorbed, thus reducing the possibility of
sample damage or autofluorescence interference. In this
experiment, they characterized the feasibility of SERS
probes by a variety of methods. The use of SERS and con-
focal Raman imaging from cell suspensions confirmed the
specificity of primary chronic lymphocytic leukemia and
LY10 cells for granulosa cell markers, respectively. Fluo-
rescence flow cytometry was used to confirm the binding
of the SERS probe to LY 10 on a large cell population.
The intense surface-plasmon-enhanced scattering from
AuNPs makes them promising as optical probes and
labels for imaging-based detection of cancers. One such
technique for molecular specific labeling of cancer cells
is the immunotargeting of nanoparticles by conjugating
them with antibodies to antigens overexpressed on the
diseased cells (42). Sokolov et al. employed immunotar-
geted AuNPs for the imaging of cervical epithelial cancer
cells (SiHa cells) (43). Colloidal AuNPs 12 nm in diam-
eter were conjugated to anti-EGFR (epidermal growth
factor receptor) monoclonal antibodies via non-covalent
electrostatic adsorption of the antibody molecules to
the citrate-capped, negatively charged Au nanoparticle
surface. The cell suspensions were labeled with the Au
nanoparticle-antibody conjugates by simple incubation.
Using a scanning confocal reflectance microscope, with a
647 nm laser to excite the nanoparticle SPR, SPR scatter-
ing of the Au nanoparticles labeling the cells was clearly
demonstrated on an otherwise dark background.

Plasmonic nanoassemblies for PTT

PTT is demonstrated to be a satisfactory and compara-
tively innocuous alternative strategy to treat cancer, due
to the high-efficiency for the heat transfer based on the
photothermal effects of nanocrystals. By exposing bio-tis-
sues to a relatively high temperature, it would destroy
abnormal cells further effectively and promptly; therefore,
the pain of the patients could be significantly relieved.
Moreover, PTT causes little wound and no need for giant
equipment, clinically appropriated for unresectable and
hardly operable tumors therapy. PTT strategy approxi-
mately contains two procedures: photothermal conver-
sion and specific-targeting treatment. The former is a
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Fig 2. (a) Plasmonic surface-enhanced Raman scattering (SERS) substrate made by using polycrystalline ice for assembly (39).
(b) SERS-based imaging and analyzing of the LY10 B cell line (41).

pure physical energy transformation, whose main energy the infrared, while the latter is the supreme focus of the
source of the time would be Near-infrared laser irradi- current PTT research, which have been being developing
ation, required the substances whose absorption is near for several decades. El-Sayed et al. showed the efficiency
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of immunotargeted AuNPs as photothermal agents in liv-
ing cells in vitro (44). The cancerous HOC and HSC cells
suffer photothermal damage within 4 mins at laser energy
thresholds (19 W/cm? and 25 W/cm?), which are less than
half that of healthy HaCaT cells (57 W/cm?) (Fig. 3a).

Since the rise and ever-acceleration of PTT research,
four generations of its nanomaterials have been devel-
oped, including noble-metal nanoparticles (45-52),
graphitic nanostructures (53-55), colloidal nanocrys-
tals consisted of metallic and non-metallic elements
(56-59), and complex organic-dye compounds (60-67).
Noble-metal nanoparticle represents the first-generation
PTT nanomaterial attributed to their higher photother-
mal conversion efficiency, especially gold nanorods, yet
this strategy costs too much, whereas their magnificent
properties cannot be overlooked, still presenting a long-
term cutting-edge investigation. Showing larger area of
photothermal conversion but lower absorption capacity
of NIR, graphitic nanostructures have become the sec-
ond-generation materials of PTT; thereafter increasingly
various materials and strategies have been considered for
using as PTT agents. The third generation of PTT system
comprising colloidal nanocrystals made of metallic and
non-metallic elements is in the research craze recently,
such as Cu/Se (56), Bi/S (57), Mo/Se (58), W/O (59), etc.
As well, complex organic-dye compounds were reported
its noticeably photothermal properties, becoming the
fourth generation that has been being the latest research
craze and keeping attracting attentions.

The mechanism of PTT has never been integrated con-
sistently, instead varied research theory came up (68).
El-Sayed et al. (69) used a real-time surface enhanced
Raman spectroscopy to uncover the microcosmic process
of hyperthermia-caused cell death. With laser irradiation,
the protein tertiary structure was fading, by SRES analy-
sis, because of the rupture of disulfide bonds, amide III,
a-helix, B-sheet, etc. With exposure of laser, AuNPs was
turning to local heat sources, caused destruction of pro-
teins and lipids and then, finally, led to hyperthermia-in-
duced cell death (Fig. 3b).

Apart from gold nanospheres applying for PTT, the
most effective AuNPs using for PTT are gold nanorod
(AuNR), contributed by their vast range of NIR windows.
Decade ago, AuNR has been demonstrated as a specially
promising candidate material for its tunable fabrication
and fine LSPR property that AuNPs reveal a higher
absorption cross-section at NIR frequencies. Huang et al.
(70) designed an aptamer-based Au-AgNR (gold-silver
nanorod), resulting a development in efficient and selec-
tive PTT for targeted tumor cell recognition; meanwhile,
Au-AgNR required less energy than AuNRs. With aptamer
labeled, 93% (£11) of cells have been induced to death by a
relatively low power of laser irradiation and made decreas-
ing side effect damage of surrounding tissues. Yi et al. (71)
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demonstrated an MMP-AuNR (matrix metalloprotease
sensitive gold nanorod) in which MMP for bioimaging,
both in vivo and in vitro, and AuNR for cancer PTT. Guo
et al. (72) successfully fabricated a multifunctional nano-
carriers based on CS-AuNR (chitosan/gold nanorod) by
complexation and demonstrated this system could be used
for bioimaging and PTT by in vitro experiments.

Further investigation has evaluated the photother-
mal therapeutic efficiency of various aspects of AuNRs.
Mackey et al. (73) compared the photothermal therapeutic
efficacy of three aspects of AuNRs theoretically and an in
vitro experimentally. Summarizing consequences, the closer
the maximum absorption peak is to the wavelength of the
NIR laser irradiation, the better the hyperthermia effects.

To improving individual AuNR properties, Choi et al.
(74) conjugated functional Pluronic nanocarriers on
AuNR to stabilize AuNR as well as target drug delivery
achieving combination PTT (Fig. 3c). Fen et al. (75) have
replaced CTAB into poly(ethylene glycol) linked with
11-mercaptoundecanoic acid on AuNR surface, carry-
ing Paclitaxel to present combination PTT. Presenting a
similar but more succinct ligand, Liu et al. (76) grafted
multidentate PEG to stabilize and biocompatibilize
AuNR and then injected into tumor infected parts. With
targeting NIR laser irradiation, the tumor cells have been
proved wearing off. Chen et al. (77) reported a low-mo-
lecular-weight polyethylenimine-modified AuNR as a low
cytotoxicity agent to treat tumor through photothermal
route and diagnose with photoacoustic imaging, which
can also transfect gene or drug efficiently. Sometimes with
variety PTT materials involved together, the hyperthermia
effect would be raised. Xu et al. (78) packaged AuNR in
nanographene oxide, and, thus, these nanocomposites
have increased both biocompatibility and hydrophilic-
ity for better use in the biomedical field. Hyperthermia
affects tumor tissues as well as brings collateral damages
to normal tissues encompassed, and how to decrease the
side effect is of the essence. Mooney et al. (79) reported
a tumor-tropic therapeutic system based on PEG-grafted
AuNRs and neural stem cells (NSC). PEG-grafted
AuNRs were allowed to usher in the NSC to gain NSC-
AuNR. Demonstrated NSC exhibited tumor-specific tro-
pism, and NSC-AuNR showed the same property that it
will close to tumor tissues meanwhile avoiding healthy
tissues. Generally, collateral damages are come from the
high intensity of laser, so mitigating the power of NIR
laser is valuably investigable. Pan et al. (80) reported a
nuclear location signal peptides-covered AuNR (AuNR-
NLS), which only required low NIR irradiation of 0.2
W/cm? instead of normally above 0.4 W/cm? and even
higher (75, 77, 81, 82), and the further in vivo experiments
have indicated its biosafety and sufficiency.

Finding an appropriately reasonable carrier to con-
jugate AuNPs to achieve targeting delivery has been
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always an attractive subject, and these kinds of carriers
were reported variously. Liu et al. (83) creatively com-
bined AuNR with silica dioxide shell and then grafted
CXCR4 antibody, which was allowed to be recognized
and introduced by pluripotent stem cells (iPS). Injecting
these AuNRs-iPS systems into in vivo tumor lesion that
exposed to NIR laser, the AuNRs would be released into
tumor tissues, and hyperthermia would kill tumor cells,
achieving PTT.

To make some significant progresses in stabilizing ther-
apy agents, Li et al. (84, 85) coated natural mushroom
B-glucans, a natural source product owning antitumor
activity, over the AuNRs (AuNR-Glu) to somehow cur-
tail its cytotoxicity and improve its colloidal stability;
meanwhile, AuNR-Glu also presented anticancer activity
and photothermal property.

Apart from AulNRs, there presents other simple mor-
phological gold-based nanoparticles reported as pho-
tothermal therapeutic agents. Nam et al. (86) reported
a brand-new proof-of-concept PTT based on plasmon
modes of AuNPs, which shows aggregation in moderate
acidic intracellular environment. The surface chemistry
of this ‘smart” AuNPs is designed to own both positive
and negative charges by pH triggering that these AuNPs
aggregated within acidic internal environment causing the
red-shift to NIR for achieving PTT in vivo. Similar mech-
anism likewise, Gobin et al. (87) reported a series of NIR
gold/silica nanoshells and gold/gold sulfide as an efficient
PTT agent that would potentially ablate for tumor cells
in vitro through hyperthermia induced by lasers irradia-
tion. Wu et al. (88) explored the unusual optical property
of gold nanocube (AuNC), compared with AuNR, that
45 nm AuNC demonstrated the high photoluminescence
(PL) quantum yield and a remarkably enhanced extinction
band at 544 nm, which would use for intracellular imag-
ing and photothermal treatment, proving with intracellu-
lar experiments in human liver cancer cells (QGY) and
human embryo kidney cells (293T). Aware nanoparticles
whose absorption range is in NIR window will rise photo-
thermal effects, even if a nanohybrid consisting of simply
single no-NIR-absorption AuNPs could somehow reach
the NIR window and demonstrated photothermal effects
as well. Panikkanvalappil et al. (89) assembled dimer and
pantamer Au nanoassemblies that can induce photother-
mal effects. With the development of gold nanoparticles,
further more shaped AuNPs have been fabricated. Van de
broke et al. (82) demonstrated a conjugation nanobody
based on gold nanobranches whose lager absorption cross
section is in NIR.

Developing with the further research, pure noble-metal
nanoparticles have been grafted with some specific ligands
for enhanced photothermal and targeted treatment effects.
Wang et al. (90) have reported a sequence of supramolec-
ularly assembled gold nanoparticles, which self-assembled
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B-CD-PEI (B-cyclodextrin grafted polyethylenimine), ada-
mantine-PEG (Ad-PEG), and Ad-grafted 2 nm gold colloid
into a gold supramolecular nanoparticle, in which Ad/p-CD
played a role of recognition system. Then, its ligands were
allowed to exchange into Ad-PEG(Arginylglycylaspar-
tic acid) for recognizing certain tumor cell as a targeted
treatment, and with optical irritation, it shows enhanced
photothermal properties as well. Modifying for further
applications, Jung et al. (91) have encompassed pH-re-
sponsive ligands on the surface of gold nanospheres as a
‘turn-on’ theragnostic agent for both simultaneously intra-
cellular Raman imaging and PTT. Binding AuNPs with bio-
materials, a new targeting therapeutic system was reported.
Oh et al. (92) bond AuNPs on multi-peptide-grafted T7
phage that will both recognize prostate tumor cell and bind
AuNPs to complete targeting PTT. Rengan et al. (93) uti-
lized liposome as supporter frame to growth AuNPs, pro-
ducing a AuNPs-coated liposome. After being injected in
cell and irradiated by NIR laser, the LiposAuNPs have
driven an increasing cell death rate. Sun et al. (94) conju-
gated a kind of thermally sensitive elastin-like polypeptides
(ELP) to specific sites of AuNPs, producing a thermally
sensitive ELP-AuNPs. Rising temperature led to an assem-
bly of AuNPs that would present photothermal effects.
Multiple shapes of AuNPs can be used in multifunc-
tional grafting as well, and Lu et al. (95) grafted prostate
tumor cell recognition aptamers and antibodies on gold
nanopopcorn for targeted therapy and photothermal
response of prostate tumor cell SERS using irradiation,
which occurred a brand-new strategy for targeted PTT.
To strengthen photothermal effects, Bhana et al. (81)
built gold nanopopcorn on the periphery of iron oxide
cluster core, producing a magnetic-field-guided drug
delivery system and combination treatment. Barbosa et al.
(96) presented PEG-grafted gold nanostars and load-
ing doxorubicin (DOX) chemically to target combined
chemo-PTT. Pérez-Hernandez et al. (97) utilized gold
nanoprisms to present PTT research and exploited this
to explore its molecular mechanism. Likewise, Tian et al.
(98) grafted PEG and pH insertion peptides (pHLIPs)
on gold nanostars orderly, gained good biocompatibility,
and, with this agent, observed stronger signals in com-
puted tomography (CT) and photoacoustic (PA) imag-
ing. Be involved in some messy system, AuNPs could
also present photothermal effects for combination ther-
apeutic strategy. Wu et al. (99) reported a micelle as a
cocktail therapeutic agent with photothermal effects and
controlled drug release, which consists of lactose (LAC)
and PEG-grafted polycysteine terpolymer (PC, -g-PEG -
LAC,), 6-mercaptopurine (6-MP), doxorubicin (DOX),
and AuNPs. Utilizing cross of materials to modified
AuNPs acquiring promising therapy agents has presented
these years. Xuan et al. (100) covered macrophage cell
membrane on the surface of AuNPs-shelled porous silica
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cell during PTT (69). (c) Fluorescence images after NIR PTT on SCC7 cancer cells (74).

nanoparticles to improve biocompatibility and load drugs
simultaneously, presenting in vivo photothermal effects
with NIR laser irradiation.

In most cases, the single therapy method often makes
the therapeutic strategy demanding and unworkable.
Developing multi-combination therapy is under the best
importance. Combined chemo-PTT is investigated a lot,
which somehow united therapeutic drugs and photother-
mal materials into one system, achieving more efficient
therapy effects. Constant investigation has developed
multi-combination methods and carriers. Loading drug
by porous structure is a typical method for integration.
An example described above (99) is beyond this way. As
another detailed example, Yang et al. (101) reported that
a triblock-engineered polypeptide PC, A(RGD) hydro-
gel-covered AuNR with the porous structure could intake
DOX molecules, united therapeutic drugs, and photother-
mal materials subtly. With further decoration, targeting
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delivery and controllable release would be developed.
Directly loading drug by chemical or physical interaction
presented another way for integration. A previous exam-
ple (96) is the use of this approach. The one more example
is that Yi et al. (102) utilized DNA, which is grafted on
AuNR, to accommodate DOX, and with laser stimulation
to controlled release.

Conclusions and outlooks

Based on the broad range of plasmonic nanoparticles as
basic building blocks, nanoassemblies with well-defined
structure and functions can be designed for SERS-based
biosensing and PTT theranostics. With the development
of large-scale fabrication of nanoassemblies, it can be
integrated with wearable electronics for real-time monitor-
ing of human health. Also, more accurate nanostructures
can be achieved by using both chemical modification and
physical controlling. For example, direct observation of
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the plasmon shift as a function of the coupling distance
between nanoparticles has been exploited in several appli-
cations, such as the so-called plasmonic rulers, which are
particularly useful for measuring biomolecular distances
(103), detection of chemical moieties that may affect the
size or conformation of the linker molecule, and for the
generation of plasmonic barcodes by tuning the distance
between two optically coupled silver disks (104, 105). In
addition, close consideration of the energy distributions
in the couplings among nanoassemblies suggests possible
additional applications, such as photochemistry of mol-
ecules, metamaterial fabrication (106), optical switches
(107), plasmonic waveguides, plasmon diodes, transmit-
ting optical nanoantenna behavior (108), plasmon-assisted
photothermal processes, or electrodes for single molecule
conduction measurements (109). The plasmonic nanoas-
semblies can also be integrated with biodegradable poly-
mers and loading drugs to achieve combined chemo-PTT
to escalate therapeutic efficiency, which paves broad ave-
nue for clinical theranostics and precise medicine.
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