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Abstract Non-spherical noble metal nanoparticles (NPs)
have widely tunable localized surface plasmon resonance, very
high extinction coefficient, and strongly facet-dependent
adsorption/binding properties. A few non-spherical noble met-
al NPs have been employed as reporters and/or modulators for
various optical sensing. This review summarizes recent prog-
ress in the study of design, performance, and application of
colorimetric and fluorescent sensing/biosensing systems based
on three kinds of non-spherical noble metal NPs with different
dimension, namely, one- (or quasi-one) dimensional nanorods,
two-dimensional nanoplates, and three-dimensional
nanodendritics; furthermore, the future developments in this
research area are also discussed.

Keywords Sensing - Biosensing - Optical sensors -
Non-spherical metal nanoparticles

Background

In the last 30 years, the remarkable achievements in
nanoscience and nanotechnology well promote the develop-
ment of analytical chemistry. Various nanomaterials with spe-
cial optical, electrical, and magnetic properties possess great
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potential applications in detection, imaging, separation, en-
richment, etc. [1-12]. Especially, noble metal (eg., Au, Ag)
nanoparticles (NPs) have attracted considerable attention in
sensing/biosensing applications because of their prominent
optical property, versatile surface modification chemistry,
and multiple signal output modes [13-21]. Since surface-
modified Au NPs were employed as colorimetric reporters
for studying DNA hybridization [22, 23], noble metal NP-
based systems have been well explored and constructed for
the detection of multifarious target analytes. Noble metal NP-
based detection systems have been well studied and obtained
many significant results. In recent year, a few excellent re-
views on this field have been published [13-21]. However,
to our knowledge, there is no review paper that has focused on
the design, performances, and sensing/biosensing applications
of non-spherical metal NPs. In terms of noble metal NPs, there
are several features on size/shape influenced physicochemical
properties. First, compared with semiconductor NPs [quantum
dots, (QDs)] [24], the optical bands of noble metal ones are less
size-dependent. As shown in Fig. 1a, the localized surface plas-
mon resonance (LSPR) peaks of spherical Au NPs remain al-
most unchanged in the size range from 2.5 to 14 nm [26]. In
contrast, the LSPR bands of rod-like NPs can be easily tuned
from visible to near-infrared region by their aspect ratio
(Fig. 1d) [27, 28]. In this regard, the latter is more appropriate
and versatile as energy acceptors in the construction of fluores-
cence resonance energy transfer (FRET) systems. Then, metal
NPs with specific shape possess higher extinction coefficient.
For example, the extinction coefficient of Au and Ag rod NPs is
as high as 10” to 10" M' ecm™, which is much higher than
those of spherical NPs [29-31]. As we know, toward colori-
metric system, a higher extinction coefficient of the used re-
porters facilitates enhancing the sensitivity [32]. Third, aniso-
tropic metal NPs have certain exposed facets, which can cause
preferential binding, adsorption, as well as self-assembly

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-015-9203-3&domain=pdf

2814

Fig. 1 Optical property of Au
NPs. (a) Surface plasmon
oscillations in spherical gold NPs
and AuNRs. (b) Au NPs in
Faraday’s colloidal samples. (c) .
LSPR bands of different sized Au incoming
NPs. (d) TEM images and LSPR light
bands of AuNRs with different

aspect ratio; Figure reprinted with

permission from Refs. [20, 25-27],
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behaviors. These properties are very significant for better ana-
lytical performances (enhance sensitivity and/or selectivity)
[33, 34]. Lastly, a few NPs have special superstructures (den-
dritic, star, flower, etc.), and their extremely strong electro-
magnetic field resulting from coupling effect can well height-
en various molecular spectroscopy applications, including
fluorescence, infrared absorption, and Raman scattering
[35-37]. As a result, powerful sensing systems can be con-
structed accordingly. Because of these reasons, non-spherical
metal NPs possess many advantages over spherical ones in
sensing/biosensing applications.

Without a doubt, the controllable synthesis of
nanomaterials has made great progresses on account of the
consistent efforts of chemists and material scientists. For ex-
ample, various semiconductor and metal NPs with tunable
size can be well synthesized by bottom-up strategies,
and their size distribution is as low as 5 % [38—40].
In addition to spherical and quasi-spherical products, various
nanomaterials with more complicated morphology and/or
structure, such as rod-, wire-, plate-, star-like, etc. can also
be obtained by combination of thermodynamics and dy-
namics regulation [27-30, 33, 41-43]. These studies, on the
one hand, are the interest of synthetic chemistry; on the other
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hand, these studies well extend the properties and applications
of various nanomaterials.

In this review, we summarize the state-of-the-art progress
in the design, performances, and applications of optical
sensing/biosensing systems using non-spherical metal NPs
as reporters and/or modulators. The review discusses three
kinds of non-spherical metal NPs with different dimension,
namely, one- (or quasi-one) dimensional nanorods,
two-dimensional nanoplates, and three-dimensional
nanodendritics. Before the summary, the optical properties
of noble metal NPs are briefly introduced, considering that
they will be intensively mentioned in this review. At the end
of this review, the prospects of non-spherical NP-based
sensing/biosensing will also be discussed. Several points
should be noted here. First, the signal readout modes are fo-
cused on colorimetry and fluorescence. Raman scattering, in-
cluding surface enhanced Raman scattering (SERS), is not
included because of the following reasons. Generally, the
quantitative SERS measurements are rather difficult [44] al-
though they possess ultrahigh sensitivity and hold promise for
sensing/biosensing applications. On the other hand, there have
already been several excellent reviews that are focused on
metal NPs-based SERS systems [45, 46], and they contain a
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few shape-related properties. The interested reader can consult
these publications. Second, the discussed fluorescence arises
from extrinsic fluorophores; and the intrinsic fluorescence
from both large Au NPs (tens of nanometers) [47] and smaller
metal clusters (<2 nm) [48] are ruled out. Third, this is not a
comprehensive review but rather discusses key developments
and applications, and we apologize for possible oversights of
some significant contributions.

LSPR property of noble metal NPs

As early as 1857, Michael Faraday discovered that “fine
particles” could be fabricated by treating aqueous chloroauric
acid with phosphorus dissolved in carbon disulfide in a two-
phase system [49]. The aqueous suspension of such “fine
particles” displays a beautiful, ruby red color (Fig. 1b), which
is completely different from the golden yellow color of their
bulk counterpart. In 1908, Gustav Mie, a German physicist,
well explained the optical phenomenon of the “fine
particles” by solving the Maxwell equations: the intense
red color of Faraday’s samples can be attributed to the ab-
sorption and scattering of light by the Au NPs contained
within the samples [50]. When light impinges on an Au
(or Ag) NP, the free electrons of the metal will immediately
sense the electromagnetic field and begin to oscillate collec-
tively relative to the lattice of positive ions at the same
frequency as the incident light. A schematic illustration in
Fig. 1a shows this phenomenon for a metal nanosphere. This
phenomenon is commonly known as LSPR, which can oc-
cur in any nanomaterial with an adequately high density of
free charge carriers.

The LSPR behaviors of metal NPs are strongly dependent
on their morphology. For metal nanospheres, the free electrons
have only one kind of oscillation mode (up, Fig. 1a), and the
oscillation frequency is less size-dependent according to the
calculations of Mie theory [50]. As shown in Fig. lc, the
LSPR bands of spherical gold NPs always locate at about
520 nm as their size changes from 2.5 to 14 nm, whereas for
non-spherical metal NPs, the situations are more complicated.
For example, in the case of gold nanorods (AuNRs), one of the
most studied non-spherical metal NPs, electron oscillation can
occur in one of two directions depending on the polarization
of incident light, namely, the short and long axes (down,
Fig. 1a) [25]. The excitation of the oscillation along the short
axis induces an absorption band in the short wavelength re-
gion, referred to as the transverse band. The excitation of the
surface plasmon oscillation along the long axis induces a
much stronger absorption band in the longer wavelength re-
gion, referred to as the longitudinal band. Furthermore, the
transverse band locates at about 515-520 nm and is insensi-
tive to the size of the NRs; in contrast, the longitudinal band is
red-shifted largely from the visible to near-infrared region

with increasing aspect ratio (Fig. 1d). The optical behaviors
can be well understood according to Gans theory [51], which
was developed for the explanation of optical properties of
ellipsoid particles based on a dipole approximation. To other
shaped NPs, such as, nanoplates, nanocubes, and nanocages,
their oscillation often involves quadrupole and even higher
poles, the LSPR bands are correspondingly more complicated.
The readers can consult Refs. [27, 28, 30] for more informa-
tion on the shape-dependent optical properties of metal NPs.

One- (or quasi-one) dimensional nanorod metal NPs

We herein use AuNRs as an example to demonstrate the
sensing/biosensing applications of (quasi-) one-dimensional
metal NPs, as considering that AuNRs are one of most famous
non-spherical metal NPs. Owing to tunable optical properties
and specific functions, AuNRs have been well studied from
controllable synthesis to various potential applications. Based
on seed mediated method, AuNRs have been well fabricated
in the presence of 0.1 M cetyltrimethyl ammonium bromide
(CTAB). Furthermore, the aspect ratio of the products can be
modulated by the amounts of the added Ag" ions [27]. To
date, AuNRs have been widely used in photothermal therapy,
molecular imaging, gene delivery, and data storage. Mean-
while, their sensing/biosensing applications have attracted in-
creasing interest of analytical scientists. Based on the roles of
AuNRs in the sensing/biosensing systems, the corresponding
systems can be divided into several categories.

Colorimetric system

In 2005, Thomas and co-workers developed a simple colori-
metric platform for cysteine and glutathione sensing using
unmodified AuNRs as building blocks and reporters [52].
The side face of AuNRs synthesized by colloidal methods is
densely capped by a double layer of CTAB molecules; in
contrast, the two tips are less protected because of anisotropic
property. As the analytes were introduced into the AuNR so-
lution, the thiols bound onto the Au rod tips by Au-S conjunc-
tion, and the terminated amino and carboxyl groups at differ-
ent rods attracted each other by two-point electrostatic inter-
action. As a result, end-to-end (EE) self-assembly of the
AuNRs was observed, which accompanied a ratiometric sig-
nal readout. The sensitivity could reach to micromolar con-
centration level. Other amino acids did not cause the AuNR
assembly because of lack of the corresponding functional
groups. The sensing processes were performed in
acetonitrile/water (4:1) medium. Obviously, it was less bio-
compatible. Then, this system was improved and extended to
complete aqueous medium by Wang group [53], which corre-
spondingly enhanced its application potential.
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Subsequently, Wang et al. successfully assayed
microcystin-LR (MC-LR), one of the pervasive environmen-
tal toxins, using MC-LR antibodies-modified Au nanorods as
reporters [54]. By rationally modifying sides or ends of Au
nanorods, side-by-side (SS) or EE assembly was achieved,
respectively (Fig. 2a and b). Both of the assembly modes
could be employed for the detection of MC-LR, and EE mode
was more sensitive than that of SS (0.03 versus 0.6 ng mL ™)
(Fig. 2¢). The sensing parameters for MC-LR using the AuNR
assemblies surpassed the required standard of drinking water
by the World Health Organization (1 ug L"), indicating their
potential applications. In addition, based on versatile chemical
modification and various recognition principles, AuNR as-
sembly system was also used for the detection of Hg*" [55,
56], amino acids [57], proteins [58, 59], etc.

Recently, Lu and Xia presented enzymatic reaction-
modulated self-assembly of AuNRs; furthermore, it was ap-
plied in colorimetric assays of cholinesterase (ChE) and or-
ganophosphate pesticides (OPs) in human blood [60]. The
sensing processes are shown in Fig. 3a: in the absence of
ChE, cysteine molecules selectively bind to the tips of AuNRs
based on S—Au conjunction, which causes the AuNR EE as-
sembly and form well-defined one-dimensional architectures
[52]. As ChE is introduced, pre-added substrate
(acetylthiocholine) is catalyzed and decomposed to
thiocholine and acetate acid. The resulting thiols can also bind
to the tips of the AuNRs and effectively prevent the subsequent
cysteine-induced self-assembly (Fig. 3b). As a result, the AuUNR
LSPR band is modulated and a distinctly ratiometric signal
output is obtained (Fig. 3d). The linear range is 0.042 to
8.4 pU/mL and the detection limit is as low as 0.018 pU/mL.
As ChE is incubated with OPs, the enzymatic activity is ef-
fectively inhibited. So, the cysteine-induced AuNR EE

Fig. 2 Colorimetric assay of
MC-LR by the analytes-induced
AuNR assembly. (a) Schematic
illustration of toxin detection
system based on SS (above) and 5\2*
EE (below) NR assemblies. (b) MCLR Ora oy
Representative TEM images for Antibody 1o MC-LR Wl

SS and EE NR assemblies. (¢)
Evolution of LSPR spectra of the
NRs upon increasing
concentrations of MC-LR
indicated in the graph for side-to-
side (above) and end-to-end
(below) assemblies; Figure
reprinted with permission from
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assembly is observed again (Fig. 3¢). On the basis of this
principle, OPs are well determined ranging from 0.12 to
40 pM with 0.039 pM detection limit. As far as we know,
the present quasi-pU/mL level sensitivity for ChE and
quasi-femtomolar level sensitivity for OPs are at least 500
and 7000 times lower than those of previous colorimetric
methods, respectively. In the present system, the ultra-high
sensitivity can be attributed to two reasons. The first is the
rational choice of anisotropic AuNRs as building blocks and
reporters. The used AuNRs have rather inert side face, and
only the two tips are active for the interactions with
thiocholine/cysteine molecules. This “enriching” effect well
enhances the dispersion/assembly modulation effect, com-
pared with homogenously surfaced Au nanospheres. The sec-
ond is the specific structure of the enzymatic thiocholine. The
appended thiocholine molecules, on the one hand, occupy
cysteines’ binding sites; on the other hand, increase the elec-
trostatic repulsion among the AuNRs because of their strongly
positively charged quaternary ammonium groups. Such dual
effect substantially inhibits the cysteine-induced
self-assembly. Owing to ultrahigh sensitivity, serum samples
are allowed to be extremely diluted for the assay. So, various
nonspecific interactions, even from glutathione/cysteine, can
be well avoided (Fig. 3c). Accordingly, both ChE and OPs in
human blood can be directly assayed without any sample
pre-purification processes, indicating the simplicity and prac-
tical promise of the proposed system. The study of enzymatic
reaction-modulated AuNR assembly is important. Conceiv-
ably, in combination with enzyme-linked immunosorbent as-
say (ELISA), versatile and powerful assay platforms can be
constructed for various bio-assay applications.

It is known that the LSPR band of metal NPs is sensitive to
dielectric environment. According to this theory, AuNR-based
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Fig. 3 Enzymatic reaction- a
modulated AuNR self-assembly

for sensing of ChE and OPs. (a)
Schematic illustration of the assay 8 4+ B +‘3£=, +=
platform. (b) (acetylthiocholine + JLV\"\(_ {aciive) ’
AuNRs + cysteine) system (left),

A et~
AuNRs + cysteine) system Caibhad)

(right). (¢) Assay system toward
various potential interfering
substances. (d) Absorbance
response of the AuNR-based
assay system to ChE. (e)
Absorbance response of the
AuNR-based assay system to
parathion; Figure reprinted with
permission from Ref. [60]

- =

sensing/biosensing systems for various analyte targets were
constructed. For example, Yu and Irudayaraj fabricated
antibody-modified AuNRs and employed them for assay of
antigens [61]. As the targets bind onto the AuNRs, the refrac-
tive index in the vicinity of the AuNRs is changed, which
causes the red shift of the longitudinal bands about 20—
30 nm. The system could assay three antigen targets simulta-
neously by using three kinds of AuNRs with different binding
sites and aspect ratios. Based on targets-induced change in
local refractive index, a chip-based, label-free plasmonic bio-
sensor was fabricated for the detection of model analytes
(streptavidin) in serum, using AuNRs as reporters [62]. This
assay strategy was further extended to single AuNR detection,
and the detection of streptavidin could be low to 1 nM [63]. In
addition to biomacromolecules, such signal transduction strat-
egy was also employed for inorganic ion sensing. With the
assistance of Na,S,05, NaBH,, and HgCl,, Cu*" ions could
cause a shell around the AuNRs, which led to a red shift of the
longitudinal band of the host AuNRs. Based on this reaction,
Cu”" ions were successfully assayed in different bio-samples,
including human serum, human urine, and red blood cells
[64].

Furthermore, the LSPR of AuNRs, especially for longitu-
dinal band, is extremely sensitive to their aspect ratio.
Campiglia group found that Hg** ions could etch AuNRs
assisted by NaBHy,, based on the amalgamation of Hg with
Au. As a result, the aspect ratio of the AuNRs decreased and
a blue shift of the longitudinal band was observed. The
proposed method possessed high sensitivity (6.6 % 10~
3 o L") and could sense trace of Hg*" ions in tap water
[65]. By means of etch reactions, AuNR-based systems were
also employed in the assay of glucose [66], Co*" [67], mo-
lybdate [68], nitrite [69], etc.
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Fluorescent system

Because of versatile surface modification, tunable LSPR
band, as well as high extinction coefficient, AuNRs should
be a favorable energy acceptor for the design of the FRET
sensing platform [70]. For example, Zhu and co-workers con-
structed a FRET system for assay of human immunoglobulin
G using AuNR and QDs as receptors and donors, respectively
[71]. In their system, the energy transfer efficiency is only
9 %, although the optical bands of the two particles are well
overlapped. Such low efficiency limited the analytical perfor-
mances and applications. The probable reason for the low
FRET efficiency was the long distance between the donors
and the receptors, considering that the used AuNRs were
capped by a double layer of CTAB molecules with 3—5 nm
thickness. To solve this problem, Xia et al. employed short
thiols, namely cysteamine, to replace the CTAB molecules.
The resulting amine-terminated AuNRs could interact with
mercaptopropionic acid-modified QDs and form compactly
hybrid (AuNR-QDs) assembly (Fig. 4a). As a result, the QD
emission was quenched more than 90 %, which almost
completely eliminated the background fluorescence of the
QDs. Trinitrotoluene (TNT), one of the highly explosives
and environmentally detrimental substances, could react with
amino group around the AuNRs and form Meisenheimer com-
plexes, leading to the replacement of the attached QDs and a
dramatic fluorescence recovery of the QDs (Fig. 4b). As a
result, TNT was determined ranging from 0 to 66 nM by
turn-on signal readout, and the detection limit was as low as
0.1 nM (Fig. 4c) [72].

Recently, Wong and co-workers designed a Au NP-locked
nucleic acid (LNA) biosensor for spatiotemporal mapping
mRNA gene expression in both living cells and tissues [73].
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Fig. 4 Turn-on and near-infrared
sensing of TNT by AuNR-QDs
assembly. (a) The sensing
schematic illustration. (b) TEM
images of the hybrid AuNR-QDs
assembly before (left) and after
(right) addition of TNT
molecules. (¢) Evolution of
emission spectra of AuNR-QDs
assemblies with increasing TNT,
the corresponding linear plots are
shown in the inset; Figure
reprinted with permission from
Ref. [72]

The work scheme is shown in Fig. 5a: First, the
fluorophore-labeled LNA binds spontaneously to the Au
NPs and forms NP-LNA complexes; because of the affinity
of LNA and gold NPs, the fluorophore is correspondingly
quenched by FRET effect. Second, in the presence of the
target mRNA, the labeled LNA is thermodynamically
displaced from the Au NPs and binds to the specific mRNA
target sequence because of their higher binding affinity. The
binding reaction makes the LNA probe leave the Au surface
and recovers the emission of the quenched fluorophores. The
concentration of the target mRNA can, therefore, be deter-
mined dynamically based on the fluorescence intensity, even
in each individual cell. The nonspecific interactions are rather
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low (Fig. 5d). Interestingly, the authors found that an AuNR-
based sensing system possesses higher signal-to-noise ratio
than that of spherical Au NP-based one (Fig. 5c). The pro-
posed AuNR-LNA probes possess several distinct advan-
tages. First, mRNA expression can be detected in complex
cell structures at single cell level, which is critical to study
the emergency and heterogeneity in complex biological pro-
cesses. Then, the probe is excellently stable and low toxic,
which can work for dynamic gene expression analysis in liv-
ing cells analysis over 24 h. Third, the technique can be im-
plemented by only an incubation step; any transfection and
injection are needless. So, it well decreases the perturbation of
the assayed cells. Furthermore, this technique can be easily
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Fig.5 AuNR-LNA for single cell gene expression analysis in living cells
and tissues. (a) Schematic of the AuUNR-LNA biosensor. (b) Endocytic
uptake of the AuNR-LNA probe by cells for intracellular detection. (¢)
Mean fluorescence intensities of (3-actin, D14, and random probes in
HUVEC. (d) Mean fluorescence intensities of random and D114 probes
under different treatments. (e) DIl4 mRNA gene expression (green) in
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HUVEC, mouse skin, retina, and cornea tissues. For mice retina and
cornea tissues, the nuclei of epithelial cells were stained using TO-
PRO-3, cytoplasm of epithelium cells were recognized by DIl4probe.
Images are representative of three independent experiments; Figure
reprinted with permission from Ref. [73]
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adapted to detect different genes and is applicable in various
types of cells and tissues, including primary cells and intact
animal tissues (Fig. 5¢).

In addition to QDs and organic dyes, the fluorescent donors
could also be served by rare earth element-doped NPs [74]. So
far, the FRET systems made of AuNRs and various
fluorophores have been exquisitely designed and applied for
sensing of various analyte targets, including inorganic ions
[75, 76], DNA [77], virus antigens [78], etc. based on either
turn-off or turn-on signal output.

Two-dimensional nanoplate metal NPs

In 2001, Mirkin and co-workers found that Ag nanospheres
could convert into nanoprisms by fluorescent light illumina-
tion [79]. Subsequently the synthesis of metal nanoplates has
been well explored. Now, both Ag [80] and Au [81]
nanoplates can be reproducibly fabricated by more facile and
time-saving approaches. In addition to high purity, the thick-
ness and length of the products could also be controlled by
sophisticated chemistry. These achievements are significant to
the study of their properties and applications. Because of reli-
able synthesis method and favorable optical property, Ag tri-
angular nanoplates, named nanoprisms, were chosen as exam-
ples to demonstrate the sensing/biosensing of two-
dimensional noble metal NPs.

Colorimetric system

The LSPR band of Ag nanoplates is very sensitive to their
shape. So, based on the shape modulation of analyte targets,
various sensing/biosensing systems could be constructed. In
2009, Huang and co-workers developed a simple system for
sensing of cysteine by the analyte-etched Ag nanoprisms [82].
In the presence of cysteine, Ag nanoprisms turned into discs
because of S—Ag interactions. Accordingly, the LSPR bands
of the Ag nanoplates shift to blue region. Other amino acids,
because of lack of thiols, could not induce the shape changes
of the Ag nanoprisms. Such system provided a potential for
visualized assay of cysteine. Then, Chen et al. employed 1-
dodecanethiol-modified Ag nanoprisms for sensing of Hg**
ions [83]. Because of strong affinity between Hg”" ions and
thiols, 1-dodecanethiol molecules were stripped from the Ag
nanoprism surface by the added Hg**. Then, the de-protected
nanoprisms were etched to nanodiscs by iodide ions, resulting
in a change of the solution color and absorption spectra. The
method could determine Hg”" ranging from 10 to 500 nM
with 3.3 nM detection limit. Such etch strategy could also be
achieved in substrate. Recently, Chen and co-workers devel-
oped a sensor consisting of Ag nanoprisms anchored on a
glass substrate and an overlayer of polyelectrolyte thin film
on top of the NPs [84]. The analyte-sensitive DNA aptamers

were put in the film in advance by the layer-by-layer tech-
nique, which acted as a “biological gate” to control the diffu-
sion of a chemical etchant. The binding between the analytes
and the aptamers opened up the pores in the film and facilitat-
ed the permeation of the etchant (I /I37). Thus, the Ag
nanoprisms were well etched and a LSPR shift was observed.
Because the structure and recognition capability of DNA
aptamers can be well designed, such concept provided the
basis for potentially low-cost, portable, chip-based colorimet-
ric sensors.

The shape and size change of Ag nanoprisms could also be
achieved by enzymatic reaction. Xia and co-workers devel-
oped a system consisting of Ag nanoprisms and glucose oxi-
dase (GOx) for sensing of glucose in human blood (Fig. 6a)
[32]. In the presence of the analytes, the enzymatic H,O, etch
the triangular Ag nanoprisms into smaller nanodiscs (Fig. 6b)
accompanied by a more than 100 nm blue shift of the LSPR
peak. The detection limit was as low as 0.2 uM. Owing to
high sensitivity, most of the various interferences from
biomatrix could be well avoided by substantial dilution in
blood sugar assay (above of Fig. 6¢). The only remaining
interfering substance was uric acid, which could strongly bind
onto the sides (110 facets) of the Ag nanoprisms and prevent
the etch reaction [34]. Fortunately, such interference could be
eliminated by the coordination reaction between uric acid and
Fe** (below of Fig. 6¢).

In addition to blood sugar assay, such enzymatic reaction-
modulated shape and size change of Ag nanoprisms is a fa-
vorable signal output system. For example, by combination of
this system and hybridization chain reaction, Gao and co-
workers performed DNA assay, and the detection limit de-
creased to 6 fM [85]. If associated with immunoreactions
(namely, ELISA technique), it could also be employed for
antigen assay, as demonstrated by the Tang group [86].

Fluorescent system

Recently, Wang and co-workers developed a (conjugated
polymer-Ag nanoprism) system for label-free biomarker assay
based on the analytes-modulated plasmon-enhanced fluores-
cence (PEF) (Fig. 7) [87]. The assay system was fabricated as
follows: quartz slides that adsorbed Ag nanoprisms acted as
metal magnifying nanostructures. The obtained metal sub-
strate was then covered by interlayer film composed of
polyethyleneimine/poly-(acrylic acid) (PAA) pair. After anti-
body bioconjugation with carboxylic acid group of PAA, the
antibody—antigen recognition can adopt a distance variation
between surface bound conjugated polymer (poly [9,9’ -bis(6,
6'-(N,N,N-trimethylaminium)fluorene-2,
7-ylenevinylene-co-alt-2,5-dicyano-1,4-phenylene], PFVCN)
and bottom Ag nanostructure to tune the PEF effect, and fur-
ther to realize a change in fluorescent signal of PFVCN. As
shown in Fig. 7a and b, in the absence of the targets, the added
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Fig. 6 Sensing of glucose by Ag a Cc 160 77 original concentrations in serum
nanoprisms-GOx system. (a) The W after 100 time dilution
sensing schematic illustration. (b) Glucose 120 T i E: i
TEM images of the sensing e 111 lg
system in the absence (left) and € g0 i i
presence (right) of glucose. (c) % ’ ;E
The sensing system toward 40 ; f;
various potential interfering : ] N\ |
substances; Figure reprinted | Teew 3 E i;
with permission from Ref. [32] 400 5010!613% 700 800 g
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E § ]
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PFVCN molecules directly interacted with the antibody layer.
Meanwhile, a strong PEF effect was observed. In contrast, in
the presence of the targets [antiprostate-specific antigen
(PSA)], the distance between the fluorescent molecules and
the Ag nanoprisms was enhanced by the antibody—antigen
reaction, which caused the decrease of the PEF effect. As a
result, a weaker fluorescence was obtained. Based on the
distance-dependent PEF modulation, the detection limit for
PSA was 9.7 pg mL™'. Furthermore, the system possessed
various highly selective proteins and did not interfere with

Fig. 7 Ag nanoprism-based PEF a
system for sensing of PSA. (a)
Schematic illustration of the
sensing system. (b) Emission
spectra of PFVCN before and
after incubation with albumin and
PSA. Inset: fluorescence
photographs of PFVCN before
and after incubation with albumin
and PSA. (c) Intensity of PEVCN
on Ag/(PEI/PAA),/anti-PSA and
(PEI/PAA),/anti-PSA platform
after incubation with different
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the assay (Fig. 7¢) In addition to free antigens, the proposed
system could also detect membrane antigens and recognize
the designed cancer cells (Fig. 7d), indicating its clinical sens-
ing application potentials.

As described above, Ag nanoplates possess high extinction
coefficient and widely tunable LSPR band, which can well
modulate the fluorescent behaviors of fluorophores in the vi-
cinity of the metal NPs. Interestingly, in addition to fluores-
cence modulation, Ag nanoprisms could also enhance analyt-
ical performance. Batteas and co-workers fabricated a
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self-assembled film consisting of Ag nanoprisms and CdSe
QDs for fluorescent sensing of Cu®" ions [88]. The film was
deposited on Si substrate made of Ag nanoprisms, polymers
and CdSe QDs. The polymer layer, between the Ag and CdSe,
was used to space the metal NPs and QDs with an optimal
separation distance. So, the QD fluorescence was enhanced by
the strong electric field of the Ag nanoprims, instead of
quenching effect by FRET effect. Cu®" ions could quench
the CdSe QDs fluorescence based on the cation exchange of
Cu”" and Cd*" on the QD surface. The quenching effect could
be enhanced as the CdSe QDs had been photo-brightened by
light irradiation. In the presence of Ag nanoprisms, the sensi-
tivity for Cu*" detection was further enhanced; furthermore,
the dynamic range was dramatically increased regardless of
whether the QDs were photo-brightened or not.

Three-dimensional nanodendritic metal NPs

In this review, nanodendritic NPs refer to metal NPs with
superstructures at three-dimensional space, which also are
named as nanostars or nanoflowers by a few authors. Because
of strongly electromagnetic enhancement effects (antenna ef-
fect + hot spots), Au and Ag nanodendritic NPs have been
well employed as the substrates for SERS applications. Re-
cently, this type of NPs have also been used as reporters and

emission modulators for the design of ultra-sensitive colori-
metric and fluorescent sensing systems, respectively.

Colorimetric system

For Au NDs, the high-aspect-ratio spikes can well localize the
low-energy plasmon mode at their tips, which results in a
dominant LSPR band in near-infrared region. As a result,
Au NDs are one of the favorable candidates for signal readout
in bio-assay.

The Stevens groups constructed an Au ND-based ELISA
system for PSA assay, which possessed an interestingly coun-
terintuitive inverse sensitivity enabled by enzyme-guided
crystal growth [89]. The assay principle is shown in Fig. 8a:
the LSPR band is tuned by programming crystal growth to
favor either the formation of a silver coating around the trans-
ducer or the nucleation of silver nanocrystals in solution. To
control crystal growth, they used GOx, which generates hy-
drogen peroxide that reduces silver ions around the Au NDs.
When the enzyme is present at low concentrations, the short
supply of reducing agent dictates slow crystal growth condi-
tions. This favors the growth of a homogeneous silver coating
on the Au ND as seeding points (left of Fig. 8b), which yields
a blue-shift in the LSPR of the nanosensors. However, when
the concentration of GOx is high, the abundant reducing agent
favors nucleation instead of epitaxial growth, and free-
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Fig. 8 Au ND-based ELISA system for PSA assay with counterintuitive
inverse sensitivity. (a) Scheme of the proposed signal-generation
mechanism by means of enzyme-guided crystal growth. GOx generates
hydrogen peroxide, which reduces silver ions to grow a silver coating
around plasmonic nanosensors (gold nanostars); (i) at low concentrations
of GOx the nucleation rate is slow, which favors the growth of a
conformal silver coating that induces a large blueshift in the LSPR of
the nanosensors; (ii) when GOXx is present at high concentrations, the
fast crystal growth conditions stimulate the nucleation of silver
nanocrystals and less silver is deposited on the nanosensors, therefore

generating a smaller variation of the LSPR. When the concentration of
GOx is related to the concentration of a target molecule through
immunoassay, this signal-generation step induces inverse sensitivity
because condition (i) is fulfilled at low concentrations of analyte. (b)
TEM pictures after the signal-generation step when gold nanostars were
modified with 10 2° g mL ™' GOx (left) and 10* g mL™ GOx (right). (c)
Blueshift of the LSPR absorbance band as a function of the concentration
of PSA (orange) and BSA (blue) in PBS (left) and of PSA (red) and BSA
(green) spiked into whole serum (right); Figure reprinted with permission
from Ref. [89]
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standing silver NPs are obtained (right of Fig. 8b). Conse-
quently, less silver is deposited on the nanosensors and the
LSPR shifts less than in the presence of GOx at low concen-
trations. By combination of such enzyme-modulated dynam-
ics nucleation or growth and immunoassay, the proposed sys-
tem was employed for the assay PSA. As shown in Fig. 8c, the
nanosensors could well assay the antigen in both PBS buffer
solution and whole serum, and the sensitivity was as high as
4% 1072° M in both systems.

Fluorescent system

Chen and Xia present a PEF system for label-free sensing of
small organic dyes in bulk solution based on hybrid (AuND-
QDs) assemblies (Fig. 9a) [90]. The amine-terminated Au
NDs and carboxyl-terminated QDs directly assemble each
other by amine—carboxyl attraction. Without any spacer
layers, PEF can be increased by four times during the forma-
tion of the compact hybrid (AuND-QDs) assembly (Fig. 9c¢).
The remarkable PEF effect could arise for two reasons: (1) the
used AuNDs simultaneously possess four features in mor-
phology and topology, well-defined superstructure, sharp tips
and edges, moderately elongated subunits, and smaller size;
(2) the hybrid (AuND-QDs) assembly has a very compact
structure. So, the fluorescence is well enhanced by the effec-
tive increase of excitation and radiative decay rates by the
strong electric field (Fig. 9b) with the decrease of scattering
effect. The (AuND-QDs) assembly is then employed for sens-
ing of TNT in bulk solution. The sensing principle is that the
analytes can react with primary amines on the AuND surface
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Fig. 9 PEF system for sensing of
TNT in solution by hybrid
(AuND-QDs) assemblies. (a)
Schematic illustration of the
system. (b) The distribution of
surface electric field simulated
with single Au nanosphere and
AuND. (¢) Evolution of
fluorescence spectra of QDs with
increasing AuNDs
concentrations. (d) Evolutions of
emission spectra of the hybrid
(AuND-QDs) assemblies with
increasing TNT, the
concentrations of which from top b

%:AuND ‘.=QD

and form Meisenheimer complexes [72], which break the
preformed assemblies and result in the fluorescence recovery
of the QDs. The linear range is 0—8.8 nM with 0.05 nM de-
tection limit (Fig. 9d). The present quasi-picomole level sen-
sitivity is one of the best results for fluorescent TNT sensing.
The developed method is successfully applied to TNT sensing
in real environmental samples, indicating the practical poten-
tial. The traditional PEF systems often employed bulky (sev-
eral hundred nanometers) NPs, which cannot work in solution
because (1) they are not stable in solution because of gravita-
tional effect, and (2) they strongly scatter the enhanced emis-
sion and lead to fluorescence quenching. So, previous PEF
assay systems only performed on substrates, and the analyte
targets were often limited to DNA and proteins assisted by
labeling technique. In the present system, based on the rational
choice of AuNDs as emission modulator, label-free sensing in
bulk solution was achieved.

Metal NPs with other morphology

In addition, metal NPs metal nanowire [91], nanocages [92],
and even asymmetric janus particles [93] have also been fab-
ricated by sophisticated synthetic techniques. In addition to
shape-regulated optical properties, a few NPs with special
morphology, such as hollow structure, possess multifunctional
potential applications. For example, the Qu group developed a
theranostic nanomedicine combined by pH sensitive
fluorophores and gold nanocage, which can be employed for
the simultaneous detection and treatment of cancer [94].
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Concluding remarks and prospects

Although considerable progresses in the study of non-
spherical metal NP-based sensing/biosensing have been made
in recent years, there still are several significant issues deserv-
ing in-depth exploration. Further systematic research both in
experiments and theories is needed for fundamental under-
standing and better applications of non-spherical NPs.

First, for rational design (metal NPs-fluorophores)-based
sensing systems, intensive study should be diected to the ef-
fects of metal NPs on the fluorescence modulation of the vi-
cinity fluorophores. There are at least three kinds of mecha-
nism on metal—fluorophore interactions [95]; furthermore, lots
of factors, such as size/shape of metal NPs, fluorescence quan-
tum yield of fluorophores, the distance of metal NPs and
fluorophores, etc. can profoundly affect their interactions.
So, in addition to comprehensive experiments, theoretical cal-
culations should also be essential for interpreting such funda-
mental photophysical processes.

Second, the development of novel sensing systems based
on new signal transduction is extremely significant. For ex-
ample, Tang and co-workers proposed an Au NR assembly
system for DNA assay using circular dichroism (CD) as signal
readout [96]. Because of strong coupling LSPR of Au NRs
and the chiral signal of DNA molecules, the plasmon CD
responses were much more sensitive than those of absorption
spectra. The detection limit is as low as 75 nM. So, the
exploration of new signal transduction modes beyond the
traditional ones (fluorescence, absorption, Raman scattering)
is promising for expanding the applications and/or enhanc-
ing the analytical performances of metal NP-based sensing/
biosensing platform.

Third, multiple-readout sensing/biosensing systems are de-
sirable. Up to now, most of the studied sensing/biosensing
systems were based on single signal output. Conceivably,
the analytical performances, especially for reliability, would
be substantially improved if multiple signals are employed
(for example, LSPR + fluorescence, LSPR + dynamic light
scattering, LSPR + SERS, etc.) in sensing/biosensing. In fact,
a few assay systems with multiple-signal-readout have been
reported [97], and some of them exhibited better perfor-
mances. Because non-spherical metal NPs possess widely tun-
able LSPR bands and specific facet-dependent physicochem-
ical (catalysis, adsorption, electromagnetic enhancement, etc.)
properties, they should have great potentials in the design of
multiple signal readout for sensing/biosensing systems.
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