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Gold nanoparticles (AuNPs) have been extensively used in optical biosensing and bioimaging due to the unique optical proper-
ties. Biological applications including biosensing and cellular imaging based on optical properties of AuNPs will be reviewed 
in the paper. The content will focus on detection principles, advantages and challenges of these approaches as well as recent 
advances in this field.  
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1  Introduction 

Biosensors represent a promising tool to achieve the rapid, 
sensitive, and selective analysis of molecules of interest for 
clinic diagnosis, environmental monitoring, and many other 
applications [1]. With the advances in nanotechnology, na-
nomaterials have been utilized in biosensing approaches due 
to its unique physicochemical properties, such as high sur-
face-to-volume ratio, enhanced optical properties, and ex-
cellent electrical properties [2,3]. All these features are fa-
vorable for the recognition and transduction processes of 
biosensors, which enable the improvements in selectivity, 
response time, signal-to-noise (S/N) ratio, and limits of de-
tection (LOD). 

Gold nanoparticles (AuNPs) possess distinct physical 
and chemical properties, which make them appropriate fab-
rication materials of novel biosensors. The synthesis meth-
ods of AuNPs enable the preparation of AuNPs in control-

lable sizes and shapes and realize tunable physicochemical 
and surface properties. AuNPs have unique optical proper-
ties due to the surface plasmon resonance and the surface of 
AuNPs can be easily functionalized with different mole-
cules for molecular recognition. Moreover, AuNPs are sta-
ble, biocompatible, and slightly toxic to cells and can easily 
enter cells. All these favorable features make AuNPs an 
attractive option for bioprobes and bioimaging applications. 
Several reviews regarding biological applications of AuNPs 
have been published in the past five years [4–7]. These re-
view articles focused on the comprehensive introduction of 
biological applications of AuNPs or specific topic such as 
the uptake of AuNPs into cells. In this paper, we will dis-
cuss the biological applications based on optical properties 
of AuNPs (Figure 1). Biosensing strategies in vitro utilizing 
light absorption, fluorescence and surface enhanced Raman 
spectroscopy (SERS) of AuNPs will be included. The con-
tent will focus on detection principles, advantages and chal-
lenges of these approaches and recent advances will be 
highlighted. Cellular imaging approaches utilizing fluores-
cence, light scattering, and two-photon photoluminescence  
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Figure 1  Schematic illustration of functionalized AuNPs for different 
optical biosensing and bioimaging applications (color online).  

of AuNPs will be discussed. 

2  Optical properties of AuNPs 

AuNPs own unique optical properties due to the surface 
plasmon resonance, which makes them useful for biosens-
ing in vitro and in vivo. The surface plasmon resonance 
highly depends on the sizes and shapes of AuNPs, and is 
sensitive to the local medium of AuNPs surface [8–12]. The 
changes in the surroundings (surface charge, aggregation 
state, etc.) will lead to the changes in surface plasmon fre-
quency and can be utilized in biosensing approaches. The 
absorption and scattering of incident light of AuNPs are 
greatly enhanced due to the surface plasmon resonance. 
Absorption and scattering of AuNPs are 4–6 orders of mag-
nitude stronger than absorption of organic dyes and the 
emission of strongly fluorescent molecules, respectively 
[10]. Hence, biosensors can be developed based on plasmon 
absorption changes with a decent sensitivity. Owing to the 
strong absorption, AuNP is an effective quencher for vari-
ous fluorophores and fluorescence-based biosensor can be 
devised. It is worth noting that gold nanoparticle is an effec-
tive SERS substrate for developing SERS-based biosensors 
due to the surface plasmon resonance.  

Optical properties and biosensing application of gold 
nanospheres and gold nanorod structures are mostly widely 
studied, and other structures such as core-shell, cube, cage 
and star have also been used in biosensing and bioimaging 
[13–18]. The surface plasmon band of gold nanosphere par-
ticles is at 520 nm in the visible range and varies with the 
particle size. Gold nanorods have been widely applied in 
biosensing and bioimaging because this anisotropic shape 

usually displays two different plasmon bands: one band   
in the visible range corresponds to the short axis; the other 
in visible or near-infrared range corresponds to the long 
axis. The two plasmon bands are tunable by controlling  
the dimension of the nanorods, thus making gold nanorods 
attractive for optical application. Moreover, these aniso-
tropic gold nanorods may have different reactivities for   
different crystal faces and can be used for controllable as-
sembly. 

3  Synthesis and surface functionalization of 
gold nanoparticles 

Various kinds of methods for synthesis of AuNPs have been 
developed [14, 19–24]. In general, the simplest way of syn-
thesizing AuNPs is to reduce chloroauric acid in aqueous 
phase. A classic preparation method of colloidal stable 
AuNPs is to use citrate as reducing and capping agent. After 
nucleation, citric acid can be adsorbed on AuNPs to provide 
colloidal stability due to the negative charges. Gold nano-
sphere particles are obtained because spheres are the shape 
with the lowest energy. The size of spherical citrate-capped 
AuNPs can be tuned from 15 to 150 nm based on different 
reaction conditions. To prepare AuNPs with different 
shapes and structures, mild reducing agents and surfactants 
or templates are often required. Seeded growth is a common 
way to control the shapes of gold nanoparticles, such as 
gold nanorods, triangles, cubes, and stars [14]. 

The surface of the synthesized AuNPs is surrounded by 
different stabilizing molecules to provide stability and pre-
vent aggregation according to different synthesis routes. 
However, for the purposes of biosensing and bioimaging, 
surface functionalization should be performed to improve 
biocompatibility, reduce toxicity, and coat AuNPs with mo-
lecular probes. Various surfactants or biomolecules can be 
used to replace the original ligand and then introduce dif-
ferent functional moieties for biosensing and bioimaging 
[25, 26]. A common method for AuNPs functionalization is 
to introduce thiol group via ligand exchange reaction be-
cause thiol group can react with gold surfaces to form stable 
Au:S bond [27]. Thiolated ligand is useful for the introduc-
tion of target moieties and different functional molecules for 
AuNPs. For example, Mikin’s group [28, 29] developed the 
spherical nucleic acid (SNA) construct with oligonucleotide 
functionalized AuNPs. High-density oligonucleotides can 
be assembled on the surface of AuNPs via Au:S bond by 
means of initial DNA adsorption and salt aging processes 
(Figure 2). The SNA construct is stable under different ionic 
strength conditions. High local sodium ion concentration 
around the oligonucleotide enables deactivation of many 
nucleases and prevents the cleavage of DNA probes [30]. 
All these features make SNA useful for biosensing and bi-
oimaging applications [31–35]. 
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Figure 2  Preparation of high-density oligonucleotides functionalized core-shell SNA construct with alkylthiol-functionalized oligonucleotides via Au:S 
bond. Reproduced with permission from Ref. [29]. Copyright 2012, American Chemical Society (color online). 

4  AuNPs-based biosensing in vitro 

The ever increasing demand of in vitro detection for clinic 
diagnostics and environmental monitoring requires cheap, 
rapid, sensitive, and portable assay approaches. AuNPs- 
based optical in vitro biosensing approaches have gained 
wide attention due to the excellent optical properties in-
cluding: enhanced surface plasmon absorption, strong fluo-
rescence photoluminescence and fluorescence quenching 
ability, and SERS. These properties make AuNPs excellent 
candidates for the development of biosensors for various 
targets. In the past several years, AuNPs-based optical bio-
sensing in vitro provided many innovative approaches for 
the detection of a series of target analytes such as metal 
ions, proteins, nucleic acids, and small molecules in a rapid 
and efficient manner. 

4.1  AuNPs-based colorimetric assay 

The AuNPs-based colorimetric assay has drawn wide atten-
tion since the signal readout is based on color change and 
can be recorded with a cheap spectrometer or even naked 
eye. The surface plasmon resonance frequency of AuNPs is 
sensitive to the surrounding of the particle surface. A color 
change from red to purple can be induced by the aggrega-
tion of the dispersed AuNPs because of the interparticle 
surface plasmon coupling. Hence, AuNPs-based colorimet-
ric assays often employ functional AuNPs and the change of 
the aggregation state is induced by target molecules. In a 
typical assay, AuNPs were formed via cross-linking assem-
bly when targeted molecules existed, thus triggering aggre-
gation of AuNPs and leading to wavelength red shift in the 
visible region and a red-to-purple change of the solutions. 
Based on AuNPs aggregation or redispersion induced by the 
target, colorimetric methods have been developed for the 
detection of various analytes such as nucleic acids, proteins, 
metal ions, organic molecules, and pathogens [36–43]. 

AuNPs have strong surface-plasmon resonance absorp-
tion with a high extinction coefficient, which is about four 
orders of magnitude greater than that of typical organic dyes 

[10]. Hence, the AuNPs-based colorimetric methods have 
improved sensitivity compared with conventional colori-
metric ELISA in which the color change is induced by or-
ganic dyes generated by biocatalysis. The AuNPs-based 
colorimetric methods are quite simple and useful for many 
analytes. However, for analytes at the low concentration, 
such as biomarkers in clinical samples, these methods have 
insufficient sensitivity and signal amplification approaches 
are required. To improve the sensitivity, enzyme-based and 
nucleic acid-based signal amplification reactions were inte-
grated with AuNPs-based colorimetric method [44–47]. For 
example, a plasmonic ELISA strategy was developed for 
ultrasensitive biomarker detection and prostate-specific an-
tigen and HIV-1 capsid antigen p24 could be detected at the 
ultralow concentration of 1×1018 g/mL with naked eyes 
[44]. Nucleic acid signal amplification reaction is also an 
effective way to couple conventional methods with AuNPs- 
based colorimetric method. Kato and et al. [47] reported an 
AuNPs-based DNA assay using enzyme-free click chemical 
ligation chain reaction (enzyme-free LCR) for signal ampli-
fication. In this strategy, target DNA firstly acted as a tem-
plate to hybridize with the sequences coated on AuNPs and 
another short DNA sequence, and then click chemical liga-
tion chain reaction occurred between the two captured DNA 
sequences to form a long sequence which was complemen-
tary to the target DNA (Figure 3). In addition, a half target 
sequence was added to from a full target by click chemical 
ligation chain reaction. By thermal cycling, the ultrahigh 
sensitivity for DNA detection (aM levels) was achieved.  

In recent years, paper-based microfluidic analytical de-
vices (μPADs) have showed great potential for the devel-
opment of portable, simple, and inexpensive point-of-care 
(POC) device. Combining the advantages of AuNPs-based 
colorimetric methods, various AuNPs-based μPADs have 
been developed [41–43]. It is envisioned that the AuNPs- 
based μPADs would be a useful platform for on-site clinic 
diagnostics and environment mentoring at low cost. 

4.2  AuNPs-based fluorescent assay 

Fluorescence is a sensitive technique for analyte detec- 
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Figure 3  Principles of DNA detection based on click chemical ligation chain reaction. The assay is comprised of four steps: (1) mixture of the N3-modifed 
AuNPs, probe-DBCO, and target DNA, and a pair of half-target-N3 and half-target-DBCO were thermally cycled to amplify exponentially both the bio-
tin-coated AuNPs and the target DNA; (2) addition of streptavidin-coated magnetic beads to capture biotin-coated AuNPs; (3) magnetic separation of the 
biotin coated AuNPs; (4) using the supernatant for colorimetric detection of DNA target. Reproduced with permission from Ref. [47], Copyright 2014, 
American Chemical Society (color online). 

tion. AuNPs can act as fluorophores and small-sized gold 
nanoclusters are often employed to this end. The quantum 
confinement effect of small-sized gold nanoclusters 
(AuNCs) endows them with enhanced photoluminescence 
compared to the larger AuNPs [48]. The fluorescence emis-
sion wavelength of the AuNCs can be facilely tuned from 
visible to near-infrared region by controlling the size and 
chemical composition, thus making them ideal fluorescent 
nanomaterials for biosensing [49–51]. Various recognition 
elements such as DNA, protein, peptide, biotin, polymer 
molecules can be functionalized onto surfaces of AuNCs. 
The assay often involves the fluorescence quenching by 
target molecules or self-quenching at the aggregation state 
of AuNCs induced by target molecules [52–54]. 

AuNPs can also act as fluorescent quencher in the fluo-
rescent assay. The fluorescence of series fluorophores can 
be quenched via FRET when they are brought into the close 
proximity of surface AuNPs due to the extraordinarily high 
molar extinction coefficients and broad energy bandwidth 
of AuNPs. A classic detection scheme is based on confor-
mation changes (Figure 4(a)). Fluorophore can be efficient-
ly quenched by AuNPs when it is in the close proximity of 
the surface of AuNPs. Upon binding with the target mole-
cule, the conformation changes induce fluorophore away 
from the AuNP, thus allowing fluorescence restoration. This 
strategy has been widely used to detect DNA, proteins and 
metal ions [55–57]. Another commonly used strategy is 
based on the competitive displacement mechanism [58, 59]. 
Ligands which could bind to the target analyte were conju-
gated on AuNPs. Then the binding sites of the ligands were 
blocked by fluorophores-labeled analyte molecules. The 
fluorescence was quenched by AuNPs. The target molecules 
in solution could compete with the fluorophore-labeled an-
alytes and restore the fluorescence. The unique optical 
properties of quantum dots (QD) make them appealing flu-
orescent labels for biosensing and bioimaging applications 

[60]. Kim et al. [61] developed a method using QDs to re-
place fluorophore labeled analytes and demonstrated that 
avidin could be quantitatively detected by the fluorescence 
recovery of the QDs by using a streptavidin-biotin interac-
tion model system (Figure 4(b)). 

AuNPs-based fluorescent assays utilizing the energy 
transfer between QDs and AuNPs have gained great interest 
due to the favorable optical properties of QDs [62–64]. In 
2015, Uddayasankar et al. [64] investigated the impact of 
the spatial arrangement of the AuNPs and QDs on the ana-
lytical performance and demonstrated that multiple QDs 
around a single AuNP configuration had the better analyti-
cal performance. This work provides useful information for 
the development of sensitive assays utilizing AuNPs and 
QDs. 

 

Figure 4  (a) Illustration of fluorescence assay based on conformation 
change-induced fluorescent “turn on” or “turn off”; (b) demonstration of 
competitive displacement using QDs. Due to the competitive interaction 
between streptavidin coated-QDs and target avid with biotin-AuNPs, fluo-
rescent of QDs was restored. Reproduced with permission from Ref. [61], 
Copyright 2005, American Chemical Society (color online). 
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4.3  AuNPs-based SERS assay 

The Raman spectrum allows detection and identification of 
analytes since it is sensitive to specific chemical structures. 
However, the sensitivity of the normal Raman detection is 
insufficient because the typical Raman signals are quite 
weak. The magnitude of Raman signal is dramatically en-
hanced if the Raman-active molecules are close to noble 
metal surfaces. This effect is termed as surface-enhanced 
Raman spectroscopy (SERS). AuNPs are good substrates 
for SERS-based bioassay; the enhanced Raman signal and 
molecular fingerprint information enable multiplex detec-
tion of various analytes with the ultrahigh sensitivity 
[65–71]. Heterogeneous and homogenous SERS assays are 
two common detection formats. Heterogeneous SERS assay 
relies on immobilization of capture probe on a solid surface 
for capturing target molecules, which can bind with AuNPs 
functionalized with Raman-labeled probe to form sand-
wiched structure (Figure 5(A)) [68]. Proteins, DNA, and 
many other molecules can be detected in this format to 
achieve the high sensitivity. However, the heterogeneous 
SERS-based assay is time-consuming and requires several 
washing steps, which hindered its analytical robustness and 
reproducibility. Homogenous SERS-based assay is a prom-
ising way to achieve robust biosensors. Based on the dis-
covery that SERS signals can be controlled by modulating 
the electromagnetic field enhancement in the interparticle 
plasmon coupling, several homogenous SERS-based assays  

for analytes such as DNA, small ions and proteins have 
been developed [69–71]. Homogenous SERS assay for pro-
tein is a challenge because the large size of antibodies might 
prevent the closely interacting with AuNPs. A target-  
controlled assembly-based SERS (TCA-SERS) immunoas-
say has been developed to achieve orientational immobili-
zation of antibodies for minimization of interparticle dis-
tance [69]. This assay employed spherical AuNPs and gold 
nanorods decorated with half antibody fragments for SERS 
nanoparticle assembly (Figure 5(B)). The platform has been 
demonstrated to allow fast, washing-free, and multiplexed 
quantification of three cytokines (INFγ, IL-2, and TNF) 
with the high sensitivity even in complicated biological me-
dia. The controlled assembly of SERS nanoparticles is a 
promising way to achieve tunable, reproducible, and strong 
plasmonic coupling for biomolecule detection. Exquisite 
control of nanostructures is important for achieving la-
bel-free single-molecule analysis. In 2014, Thacker et al. 
[72] used an innovative DNA origami self-assembly tech-
nique to achieve accurate positioning of individual gold 
nanoparticles. Strong and reproducible plasmonic coupling 
between two 40-nm gold nanoparticles were observed with 
gaps less than 5 nm (Figure 5(C)). Several orders of magni-
tude increased by SERS were observed through the detec-
tion of dye molecules and short single-stranded DNA oli-
gonucleotides. Similar work utilizing DNA origami tech-
nique for gold nanoparticle assembly and SERS based de-
tection have been reported [72–74]. The novel self-assembly  

 

Figure 5  (A) Illustration of Raman reporter-labeled AuNPs preparation and antibody functionalization process (MBA, mercaptobenzoic acid; BSA, bovine 
serum albumin). (B) Principle of TCA-SERS immunoassay: (a) AuNPs decorated with randomly orientated antibodies via electrostatic assembly for control 
experiment; (b) AuNPs decorated with orientational antibody half-fragments via Au-thiol assembly; (c) gold nanorods decorated with orientational antibody 
half-fragments via Au-thiol assembly; (d) single-step SERS immunoassay based on plasmonic coupling enhancement via sandwiched antibody-antigen as-
sembly. (C) (a) Illustration of two gold nanoparticles assembled on the DNA origami platform; (b) gel electrophoresis and TEM characterization of gold 
nanoparticle dimer; (c) SERS imaging instrument setup (KG, heat absorbing filter; ND, neutral density filter; LP, linear polarizer; BB, beam block; BS, beam 
splitter). Reproduced with permission from Refs. [68,69,72], Copyright 2013, John Wiley & Sons; and Copyright 2013, American Chemical Society, respec-
tively (color online). 
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DNA origami technique based on single gold nanoparticles 
allows formations of various two-dimensional structures 
and position matter with nanometer accuracy, and provides 
a reliable and efficient platform for SERS-based applica-
tion. 

5  AuNPs-based cellular imaging 

AuNPs possess many desirable properties, which makes 
them useful for living cell delivery and imaging. The gold 
core is stable and can be easily functionalized with biomol-
ecules. Various molecules such as nucleic acid, protein, 
lipid, and peptide can be easily attached to surfaces of 
AuNPs for targeting cellular biomarkers. The small sizes 
and tunable surface properties such as surface charges ena-
ble fast and effectively penetrating cell membranes into 
cells. The delivery positions of functionalized AuNPs in 
cells, such as membrane surface, cytoplasm, organelles or 
cell nucleus can be devised according to different sizes and 
shapes of AuNPs and functional biomolecules on the sur-
faces. The uptake and intracellular fate of AuNPs highly 
depend on the size, shape, and surface properties of AuNPs 
[6, 75]. The AuNPs are generally considered to have low 
cell toxicity. However, investigations of cell toxicity are 
required for further biological phenomenon study [76–79]. 

5.1  Fluorescence-based cellular imaging 

Fluorescence imaging is now a popular tool for investigat-
ing functional molecules and interactions in living cells. 
One straightforward strategy of utilizing AuNPs for fluo-
rescence imaging is to act as fluorescent labels. To this end, 
the small-sized gold nanocluster is often employed because 
the quantum confinement effect of small-sized AuNCs 
gives them enhanced photoluminescence comparing to 
larger AuNPs [48]. The fluorescence emission wavelength 
of the AuNCs can be facilely tuned from visible to 
near-infrared region by controlling the size and chemical 
composition, thus making them ideal fluorescent labels. 
Along with the development of synthesis strategies, AuNCs 
have been successfully utilized as fluorescence labels for 
imaging living cells [80–83]. 

Another imaging strategy is to utilize AuNPs as fluores-
cence quencher. Since AuNPs have a wide absorption band 
and strong fluorescence quenching ability, an “off-on” sys-
tem activated by targets is a useful strategy for imaging and 
detecting molecules in living cells. In this strategy, fluores-
cent tags were attached to the surface of AuNPs and was 
initially quenched; the interaction with target molecules 
could induce the release of fluorescence tags away from 
AuNPs surface and restore the fluorescent signal. Mikin’s 
group [32] utilized the gold core-based SNA construct and 
developed a “nanoflare” probe for mRNA detection. As 
shown in Figure 6(a), the nanoflare probe was designed  

 

Figure 6  (a) SNA nanoflare functionalized with a recognition sequence 
of surviving mRNA hybridized with a short complementary fluorophore 
labeled reporter sequence. Fluorescence “turn on” is achieved upon the 
fluorophore-labeled reporter sequence leaves from the surface of AuNPs 
due to the displacement of target mRNA. Survivin mRNA imaging is ob-
tained using survivin-expressing SKBR3 cell treated with SNA nanoflare.. 
(b) Illustration of aptamer-functionalized SNA construct for target detec-
tion based on fluorescence “turn on”. The reporter is displaced by a con-
formation change of the aptamer induced by the target molecule. (c) Prin-
ciple of DNAzyme-immobilized AuNPs as a selective probe for detection 
of uranyl in living cells. Reproduced with permission from Refs. [32,33,85], 
Copyright 2007, 2009, 2013, American Chemical Society, respectively 
(color online). 

with the strands complementary to target mRNA (~18 bases 
long) and a fluorophore-labeled “flare” sequence (~10 bases 
long) was hybridized to the probe. Upon entering cell, the 
target mRNA was bound with its complementary 
“nanoflare” probe to displace the short flare sequence from 
the surface of AuNPs, thus causing an increase in the fluo-
rescence signal. This work was the first time that oligonu-
cleotide-modified AuNPs had been applied for targeting and 
detecting mRNA in living cells. Multiplexed nanoflares 
construct was then developed for simultaneously detecting 
two distinct mRNA targets in living cells [35]. A similar 
method had been applied to detect mRNA in living cells by 
employing the molecular beacon construct [84].  

The excellent intracellular stability of SNA construct 
makes it a powerful tool for cellular research because the 
high local sodium ion concentration around the oligonucle-
otide is able to deactivate many nucleases [30]. The oligo-
nucleotide-modified AuNPs can be applied for imaging 
different molecules besides DNA/RNA in living cells uti-
lizing functional DNA probes such as aptamers and 
DNAzymes. As illustrated in Figure 6(b, c), intracellular 
ATP and uranyl ion detection were achieved with DNA 
aptamer-functionalized AuNPs and DNAzyme-AuNPs 
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probe, respectively [33, 85]. Besides oligonucleotide modi-
fication, other biomolecules such as antibody, enzyme, pep-
tide and lipid functionalized AuNPs were also widely used 
for cellular imaging [34,86–89]. 

The oligonucleotide-modified AuNPs is a useful plat-
form to deliver nucleic acid reagents and other biomolecules 
into cells for fluorescence-based imaging of intracellular 
biomolecules. However, due to the lack of signal amplifica-
tion, the sensitivity is often limited at the nanomolar level. 
To improve the detection sensitivity, Wu et al. [90] utilized 
hybridization chain reaction (HCR) to amplify signals for 
imaging mRNA in living cells. The electrostatic nucleic 
acid nanoassembly enabled a structure of a gold core, an 
interlayer of cysteine-terminated cationic peptides, and an 
outer layer of fluorophore-labeled nucleic acid probes (H1 
and H2). The fluorophores were initially quenched by the 
AuNPs and a chain reaction could be triggered for alternat-
ing hybridization between H1 and H2 to produce the long 
duplex HCR product. Due to the rigid duplex conformation, 
the HCR product could be dissociated from the surface of 
AuNPs and bring the two fluorophores into the close prox-
imity, and then foster resonant energy transfer (FRET) be-
tween these two fluorophores enabled fluorescent imaging 
(Figure 7). This signal amplification strategy enabled ultra-
sensitive imaging of mRNA at the picomolar level and was 
promising for the low-abundance biomarker discovery. 

5.2  Light scattering-based cellular imaging 

AuNPs scatter light strongly and light scattering is 4–6 or-
ders of magnitude stronger than the emission of most 
strongly fluorescent molecules because of the SPR oscilla-
tion [10]. The strong light scattered from AuNPs can be 
detected for imaging by dark field microscopy or similar 
optical setup [91,92]. As shown in Figure 8, single gold 

nanoparticle with the diameter of 30–100 nm can be easily 
detected and the scattering properties (spectra and intensity) 
highly depend on the size and shapes of AuNPs [93]. 

Hence, monitoring scattering spectra changes of AuNPs 
is a useful platform to detect biomolecules and study inter-
action in living cells because AuNPs are biocompatible and 
easily functionalized with biomolecules and have the low 
cell toxicity [94–102]. Ament et al. [95] utilized single gold 
nanorod to detect single protein by monitoring the spectra 
change from free gold nanorod to protein-bound gold nano-
rod. Similarly, single mRNA variant detection in living cells 
has been achieved by monitoring scattering spectral shift 
from a monomer to dimer gold nanoparticle [96]. Two 
gold-nanoparticle-conjugated probes were designed to be 
complementary with the BRCA1 mRNA target and a spec-
tral shift was observed due to dimer formation in the pres-
ence of the BRCA1 mRNA target. This approach is able to 
quantify and differentiate multiple BRCA1 splice variants 
in living cells with single-copy sensitivity (Figure 9).  

Single molecule detection method utilizing scattering 
spectra changes of individual gold nanoparticle provides a 
useful platform to study fundamental problems at the mo-
lecular level, such as interaction among biomolecules and 
dynamics of biomolecules in living cells. However, this 
technique requires relatively large gold nanoparticles and 
long scanning time to achieve the high signal-to-noise ratio 
for imaging. Improvements in the optical system develop-
ment (ie. fast imaging system) will benefit dynamic tracking 
of single molecule by using individual gold nanoparticles. 

5.3  Two-photon photoluminescence-based cellular  
imaging 

Two-photon photoluminescence-based imaging (TPL) is 
attractive for noninvasive bioimaging in living cells and  

 
Figure 7  (a) Illustration of the electrostatically assembled DNA nanostructure; (b) intracellular HCR for mRNA detection; (c) fluorescence images for 
MCF-10A, MCF-7, and SKBR-3 cells incubated with the nanoassembly. Reproduced with permission from Ref. [90], Copyright 2015, American Chemical 
Society (color online). 
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Figure 8  Dark-field light-scattering images of gold nanoparticles and 
corresponding TEM images. (a) gold nanospheres (diameter =23 nm); (b) 
gold nanospheres (diameter =70 nm); (c) hexagons; (d) cubes; (e) rods of 
aspect ratio≈4.4; (f) nanorods with the aspect ratio≈16. Scale bars repre-
sent 2 μm for dark-field light-scattering images and 100 nm in TEM imag-
es. Reproduced with permission from Ref. [93], Copyright 2006, John 
Wiley & Sons (color online).  

tissues due to the unique advantages of this technology, 
such as the penetration ability into deep tissues, reduced 
background signal, and low toxicity [103,104]. AuNCs, 
gold nanorods and AuNPs with different shapes have large 
two-photon absorption (TPA) cross section than typical 
organic dyes, the larger or compatible TPA cross section 
compared with QDs [60,105–108]. AuNPs have the better 
photostability and biocompatibility and the lower cell tox-
icity than organic dyes and QDs. All these features make 
AuNPs a promising material for TPL-based cellular imag-
ing. 

The two-photon absorption cross section of AuNPs 
highly depends on the structure and shape of nanoparticles 
since the localized surface plasmon resonance (LSPR) is 
sensitive to shapes. Gao et al. [108] investigated the TPL 
properties of AuNPs of five different shapes (nanospheres, 
nanocubes, nanotriangles, nanorods, and nanobranches). 
The TPA cross sections of single nanosphere, nanocube, 
nanotriangle, nanorod and nanobranch were estimated to be 

83, 500, 1.5×103, 4.2×104, and 4.0×106 GM, respectively. 
Cellular imaging results also demonstrated the better TPL 
imagines from gold nanobranches-treated cancer cells in 
contrast to gold nanospheres-treated cancer cells (Figure 
10). 

The gold nanospheres are not quite suitable for TPL im-
aging due to the relatively small TPA cross section com-
paring to that of other shapes of AuNPs. Gold nanorod is a 
favorable nanostructure for TPL imaging because of the 
large TPA cross section and single gold nanorod particle is 
detectable under high signal-to-noise ratio for the small size 
of 8 nm×40 nm by using two-photon imaging [108,109]. 
The surface modification of gold nanorod is facile and can 
only increase the hydrodynamic diameter by several na-
nometers. Since the size is compatible with complex protein 
molecules in living cells, TPL utilizing gold nanorods has 
drawn great interest for studying functional biomolecules in 
living cells [109–115]. Aside from regular two-dimensional 
imaging, gold nanorods show the potential for single parti-
cle three- dimensional imaging tracking. Van den Broek et 
al. [115] achieved parallel three-dimensional tracking of 
gold nanorods in live cells by using multifunctional TPL 
microscopy. Single gold nanorod can be localized with a 
resolution of 4 nm in the horizontal plane and 8 nm in   
the vertical direction. This 3D tracking approach is a prom-
ising platform for studying biological functions in living 
cells. 

5.4  SERS-based cellular imaging 

SERS is a noninvasive detection technique and the Raman 
fingerprints of individual molecules allow multiplexing im-
aging because of the narrow width of Raman peaks. Gold 
nanoparticle is a good substrate for SERS detection because 
it can improve the Raman signal by several orders of mag-
nitude. Combing the unique advantages of AuNPs for cel-
lular imaging such as the small size, good biocompatibility, 
and easy functionalization way, AuNPs have been widely 
used in SERS-based cellular imaging [116, 117]. Kang et al. 
[118] reported a method using three different Raman 
dyes-coded spherical gold nanoparticles for imaging differ-
ent locations in living cells. AuNPs were stabilized by oli-
gonucleotides, functionalized with different peptides and 
Raman reporters, and employed as probes for targeting cy-
toplasm, mitochondria, and nucleus simultaneously. High- 
speed and high-resolution living cell Raman images were 
achieved and allowed to rapidly monitor the changes of cell 
morphologies. Multiplexed targets, high resolution, and 
high speed would be good development directions of SERS- 
based cellular imaging approaches and several progresses 
were achieved recently [119,120]. It is expected to employ 
AuNPs as intracellular probes for cellular SERS imaging  
in biological research such as cancer detection and thera-
peutics.  
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Figure 9  Principles for sequence-specific single mRNA detection. (A) (a) Real-color images and finite-difference time-domain (FDTD) simulation results 
of the gold nanoparticle monomer and dimer, respectively. Scale bars, 1 mm (real color images) and 20 nm (FDTD simulation results); (b) spectral peak shift 
induced by DNA hybridization of specific sequence. Monomers (blue line) and dimers (purple line) can be differentiated according to their unique plasmon 
scattering band. (B) Single mRNA detection in living cells based on spectra change from gold nanoparticle monomer to dimer induced by BRCA1 mRNA. 
Reproduced with permission from Ref. [96], Copyright 2014, Nature Publishing Group (color online).  

 

Figure 10  (a) Two-photon absorption cross sections of single gold nanospheres, gold nanocubes, gold nanotriangles, gold nanorods, and gold nanobranch-
es, respectively; (b) TPL image of HepG2 cells after incubation with PVP-modified gold nanospheres; (c) TPL image of HepG2 cells after incubation with 
PVP-modified gold nanobranches. Reproduced with permission from [108], Copyright 2014, American Chemical Society (color online). 

6  Summary and outlook 

AuNPs have been widely used in optical biosensing and 
bioimaging for many kinds of analytes and achieved great 
successes. The AuNPs can be prepared in facile ways with 
good reproducibility and surface modification of AuNPs is 
easy and stable. Sizes, shapes and surface properties of 
AuNPs can be finely tuned according to different synthesis 
and functionalization processes. Owing to the enhanced 
optical properties such as surface plasmon absorption, fluo-
rescence and SERS, analytical performances are improved 
in sensitivity, selectivity, and speed. However, there are still 
some issues and challenges to be resolved for practical 
sample analysis and POC diagnostics. The analytical per-
formances of AuNPs-based biosensors can be improved 
such as reducing non-specific adsorption to reduce back-
ground. Production of AuNPs with long-term stability in 
various environments should be explored. High-throughput 
and multiplex detection approaches for large amount of 
samples utilizing AuNPs are still challenges to be resolved.  

Hybrids of AuNPs with other nanomaterials may generate 
distinct optical properties for biosensing. AuNPs integrated 
with paper-based microfluidic device is a promising way to 
develop POC diagnostic devices for practical diagnostics.  

Due to the excellent biocompatibility, low cell toxicity 
and optical properties, AuNPs are quite useful for cellular 
imaging. Signal amplification approaches have been devel-
oped to improve the imaging sensitivity of low abundance 
biomarkers in cells. Based on strong light scattering and 
two-photon photoluminescence of individual AuNP, single 
particle tracking and single molecule detection can be 
achieved in living cells. It is envisioned that AuNPs would 
play important roles in cellular imaging for studying bio-
logical problems. There are some aspects to be explored. 
Despite the low toxicity, investigation of cell toxicity of 
AuNPs with different sizes and shapes is still important for 
further biological study. The development of advanced op-
tical imaging setup such as the fast imaging system will 
benefit dynamic tracking of individual gold nanoparticle 
and studies of related biological issues. 
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