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a  b  s  t  r  a  c  t

Optical  imaging  represents  one  of the  most  essential  tools  in biological  studies.  Although  with  great
advances,  bio-optical  imaging  still  suffers  from  problems  such  as  resolution,  sensitivity,  speed,  and  pen-
etration depth.  Due  to the  unique  optical  properties  of  gold  nanoparticles  (AuNPs),  i.e., surface  plasmon
resonance,  AuNPs  can be  readily  used  to enhance  optical  imaging  based  on their  absorption,  scatter-
ing,  fluorescence,  Raman  scattering,  etc. Here,  we  include  the  most  recent  achievements  and  challenges
associated  with  using  AuNPs  to improve  resolution  and  sensitivity  in biological  imaging  in  vitro  and
in  vivo.  The  application  of  AuNPs  in the  following  three  aspects  were  discussed:  1)  Direct  visualization
of  AuNPs  inside  the  biosystems  using  i) dark  field  (DF)  microscopy,  ii) differential  interference  con-
trast  (DIC)  microscopy,  and  iii)  other  techniques,  such  as  interferometric  scattering  (iSCAT)  microscopy
and  photothermal  imaging.  Additionally,  since  orientation  and  rotational  motions  are  closely  related  to
various  biological  processes,  we also summarized  the  recent  advances  of  optical  imaging  methods  in the
rotational  and  orientation  tracking  of AuNPs.  2)  Monitoring  of  biomolecular  events  and  physiological  pro-
cesses  using  i)  surface-enhanced  Raman  spectroscopy  (SERS)  and  ii) plasmon  enhanced  fluorescence  (PEF)

for ultra-sensitive  detection  of  biomolecules,  including  proteins,  metabolites,  DNA,  RNA,  etc.  3)  In  vivo
deep  tissue  imaging  using  i) two-photon  and/or  multi-photon  imaging,  ii) optical  coherence  tomogra-
phy  (OCT),  and  iii)  photoacoustic  (PA)  imaging  for disease  diagnoses,  such  as  detecting  tumors  and  other
diseases  in  eye,  brain,  and  bone.  In conclusion,  based  on our  literature  study,  AuNPs-assisted  bioimaging
acts  as a  promising  tool  in exploring  fundamental  biological  questions  and  early  diagnosis  of  diseases.
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Gold has been a mainstay of science and technology for thou-
ands of years. Gold is a rather non-reactive metal, but when the
ize is reduced to the nanometer scale, its properties completely
hange due to the drastic changes in its electron behavior at this
ength scale [1]. Colloidal gold nanoparticles (AuNPs) are one of the

ost stable nanoparticles and present fascinating properties. The
se of AuNPs possibly dates back to the 4th or 5th century B.C. in
gypt and China for decoration and medical treatment purposes
2]. One famous example in history is the Roman Lycurgus Cup,
hich appears green when exposed to reflected light and red to

ransmitted light due to the unique properties of AuNPs embedded
ithin the glass. In a well-known lecture by Faraday in1857, a ruby

olution of colloidal gold was prepared by reduction of ionic gold in
n aqueous solution, and the interaction between AuNPs and light
as explored [3]. In the last decade, various methods have been
eveloped for synthesizing AuNPs with different shape and sizes
nd their optical properties have been extensively explored [4–9].
ith the development of gold nanotechnology, AuNPs play impor-

ant roles in a wide range of fields, from catalysis and energy to
iology and medicine [6,10–14].

The unique properties of AuNPs originate from surface plasmon
esonance (SPR). When light is applied to AuNPs at the specific
avelengths, electrons begin to oscillate in resonance with the

requency of light due to the interaction between the electromag-
etic field of light and the conduction electrons of AuNPs [15]. The
PR gives AuNPs unique optical properties including their large
bsorption and scattering cross-sections. The SPR wavelengths of
uNPs are dependent on their size, shape, and local dielectric sur-
oundings. In addition, AuNPs can be easily surface-modified with
roteins, peptides, oligonucleotides, and many other compounds,
hile still maintaining their optical properties. The easy surface
odification of AuNPs enables their targeting of specific subcellular

ocations and allows for the enhanced efficacy in imaging [16,17].
urthermore, one of the greatest attributes of AuNPs that has set
hem above their metallic particle counterparts is their chemical
nertness, and it is because of their low toxicity that AuNPs are
ften used in biological systems. The above properties, including
lasmonic properties, targeting, and bio-compatibility have turned

uNPs into incredibly useful nanomaterials with a wide range of
hemical and biological applications, specifically in bio-imaging
18–21].
Using a microscope, Robert Hooke (in 1665) and Anton van
Leeuwenhoek (in 1674) observed the images of “cell”, opening the
door of cell biology. The development of optical microscopes during
the last 350 years enables us to see more microscale details in the
biological system. One recent noteworthy progression is the devel-
opment of optical super-resolution microscopy, which allows the
observation of macromolecules in live cells down to nanoscale level
and was  awarded the 2014 Nobel Prize in Chemistry. Although with
great advances, bio-optical imaging always has coupled strengths
and weaknesses regarding resolution, sensitivity, speed, and pen-
etration depth.

Recently, there has been a great deal of research concerning the
advancement of optical imaging using AuNPs due to their unique
plasmonic properties [22]. The first question that arises is how
to clearly “visualize” the AuNP probes inside cells [23,24]. The
scattering signal from AuNPs is usually much stronger than the
scattering background from cells and tissues, making dark field (DF)
microscopy a viable choice for reporting the existence of AuNPs
within biological systems. Differential interference contrast (DIC)
microscopy uses two interference light beams to generate contrast
for optical path differences, allowing for the simultaneous imaging
of nanoparticles and cellular components, such as nuclei, vesicles,
and microtubules. Interferometric scattering microscopy (iSCAT)
relies on the interference between a reference light and light
scattered by the specimen in the medium to produce a high inter-
ferometric contrast image that can be obtained after the removal of
static imaging background, allows sensitive and precise imaging of
AuNPs with improved spatiotemporal resolution. In addition, the
light absorbance by AuNPs could be converted to heat, which can
be used for photothermal imaging.

Molecular orientation and rotational motion are commonly
involved in many important biological processes, such as the
stepping motion of motor proteins, self-rotation of F1-ATP syn-
thase, Dynamin scission during clathrin-mediated endocytosis, and
DNA twisting during polymerization and depolymerization. Opti-
cally anisotropic AuNRs became ideal orientation and rotational
probes thanks to their geometrically confined SPR, which results
in anisotropic absorption and scattering. With the recent devel-
opment of advanced optical microscopic methods, AuNPs have
been extensively used to investigate the rotational dynamics asso-

ciated with essential biological events. In this review, several
AuNP-assisted optical imaging methods in rotational tracking are
discussed.
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In addition to visualizing the AuNPs inside the cells, a second
uestion that comes to mind is how AuNPs could improve the
etection of biological events. A useful by-product of AuNP light
cattering is the enhanced Raman signals for molecules [25]. Raman
pectroscopy is a powerful tool for analyzing the species within a
iosystem as it provides the chemical fingerprint of the molecule
26]. AuNPs can greatly enhance the Raman signal of a molecule.
he surface-enhanced Raman scattering (SERS) obtains more than
0 orders of signal enhancement, allowing for ultra-sensitive single
olecule level detection (down to 10–15 M).  Additionally, com-

ared to other imaging methods, SERS can provide more chemical
ond/structure information. As the SERS peaks appear sharper
ompared to other detection methods such as fluorescence, higher
ccuracy in detection can be accomplished. In vivo SERS imaging
or tumor diagnosis and therapy is a recent trendy development,
hich is bringing SERS into many clinical imaging applications.
esides SERS, plasmon-enhanced fluorescence (PEF) can also be
cquired on the surface of AuNPs, as the strong coupling between
he fluorophore and the SPR could dramatically change the fluo-
escence emission [27–29]. PEF greatly aids fluorescence imaging
y achieving higher sensitivity and spatial resolution. Furthermore,
he recently emerging field of fluorescence-emitting gold nanoclus-
ers (AuNPs below 2–3 nm)  enables the direct fluorescence imaging
f nanoparticles without conjugation of fluorophores.

Finally, for most optical microscopic techniques, the imaging
epth is limited to several 100 �m of tissue depth due to the strong
cattering from the tissue. Acting as contrast-enhancing agents,
uNPs have been widely studied for assisting in in vivo optical

maging such as two-photon or multi-photon luminescence, opti-
al coherence tomography (OCT), photoacoustic imaging, etc.  The
issue penetration depths of these methods can reach mm to cm.

This review article serves to introduce the recent advancements
f using AuNPs in bioimaging and sensing to discuss technique
evelopments and to address fundamental questions regarding the
nhancement of bioimaging with AuNPs.

irect visualization of gold nanoparticles in biological
ystems

Recent innovations in optical imaging, including DF, bright field,
IC microscopies, photothermal and photoluminescence detection
ethods, etc.,  enable the visualization of single AuNPs interacting
ith the biological systems. The development of these meth-

ds has enhanced our ability to detect, localize, and track the
ynamics of individual AuNPs and/or their aggregates and has
roadened the understanding of bio-nano interactions in terms
f the protein corona formation, membrane binding and diffu-
ion, internalization, and trafficking of nanoparticles within cells
30–32]. Furthermore, AuNPs can be used as both diagnostic and
herapeutic agents. In this section, we will mainly focus on the
ecent advances in DF, DIC, iSCAT, and photothermal microscopies
s well as their applications in the study of bio-nano interactions.

ark field (DF) microscopy

DF microscopy, a scattering-based technique, produces a bright
mage of the specimen on a dark background. The strong scattering
ignal of AuNPs is attributed to their high scattering coefficients (∼5
rders of magnitude higher than conventional fluorescent dyes)
33].

maging gold nanoparticles inside cells

Extensive work has been conducted regarding the use of DF

icroscopy to track the intracellular locations and behavior of
uNPs inside cells, such as the examination of AuNP uptake [34],

he evolution of AuNP clusters in live cells (based on their color
24 (2019) 120–140

change [35,36], corresponding to different cluster sizes and cellular
locations, as shown in Fig. 1A), and the endocytosis and subsequent
transport along the microtubules [36–38]. Rosman et al. reported
a study regarding the intracellular behaviors of nanoparticles by
quantifying the number of AuNPs within cells and the degree of
aggregation using both optical DF microscopy and high-resolution
TEM. They were able to employ the combined techniques to ana-
lyze the uptake of AuNPs with different shapes and surface coatings
into epithelial cells [34].

AuNPs trafficking along microtubules. Nan et al. developed a
novel strategy for the tracking of AuNPs in 2D with 1̃.5 nm spatial
precision and 25 �s time resolution by utilizing a quadrant pho-
todiode to record the positions of the AuNPs [37]. This technique
is able to clearly resolve the 8 nm individual steps of cargoes that
are carried by kinesin, as well as the 12, 16, and 20 nm steps by
dynein with high localization precision and high time resolution
(Fig. 1B) [37]. Schneider et al. visualized the AuNP-loaded motor
proteins traveling along the microtubule using a parabolically-
shaped quartz prism-based widefield total internal reflection (TIR)
illumination design that allows the detection of single-molecule
fluorescence and single-particle scattering with the same setup
and high S/N ratios. Their results demonstrated sub-nanometer
localization accuracy for the scattering of 40 nm AuNPs, and they
imaged the characteristic 8-nm walking step distance of individual
kinesin-1 motor proteins along the microtubules [38].

Imaging biological processes.. Additionally, DF microscopy incorpo-
rating AuNPs can be used for understanding biological processes.
El-Sayed and co-workers have reported Au nanospheres function-
ing as DF probes for cell division [39]. AuNPs localized in the nuclear
region were tracked in real time during the mitosis of a HSC-3
cancer cell (Fig. 1C). In addition, real-time tracking of virus-cell
interactions was  assisted by AuNPs in order to understand the
respiratory syncytial virus infection of HEp-2 cells (Fig. 1D). Strep-
tavidin (SA)-biotin binding chemistry, a study where AuNPs and
virus particles are respectively modified with SA and biotin, allows
for the stable binding of AuNPs to viruses without affecting their
virulence [40]. A possible concern regarding this type of study is the
endocytosis of free AuNPs (unbound to virus) that will complicate
the detection.

Measuring biomolecular dynamics and mechanics
While the location of an individual, isolated nanoparticle can

be determined by DF microscopy with nanometer spatial precision
due to the strong scattering signal, the resolution for determining
the distances between two identical particles is low (limited by
the diffraction limit to ∼250 nm). Thanks to the SPR shift with the
change of inter-particle distances, the detection of close distances
between AuNPs is possible. Using this method, the nanometer-level
distance between two proteins inside cells was able to be mea-
sured, as reported by Rong et al. [41]. As shown in Fig. 2A, in the
top case, AuNP-labeled fibronectin-integrin protein complexes are
largely separated (separation distance �’  is larger than AuNP diam-
eter D), and the SPR of the AuNPs are same as individual particles
(530 nm). However, in the bottom case, the proteins are close to
each other (separation distance �”  is smaller than AuNP diameter
D), and the plasmon coupling between individual AuNPs causes a
red shift of the SPR to 580 nm.  This method can improve the resolu-
tion of optical imaging by more than one order of magnitude, where
the detection threshold of 15 nm can be obtained with the chosen
530 nm/580 nm filter [41]. However, a possible concern regarding
this type of study in general is the aggregation of AuNPs inside cells,

which will cause a similar red-shift, and it is difficult to differenti-
ate if this shift is from the small distance of the separated proteins
or the AuNP aggregation. Aside from measuring protein distances
inside the cells, Yeung and co-workers recently measured the cell
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Fig. 1. (A) Dark field (DF) microscopy showing the evolution of AuNP color in HeLa cells at the different durations (0.5–24 h) of incubation. Printed with permission from
Springer Nature [36]. (B) The walking steps of cargoes detected that are carried by dynein with 1̃.5 nm spatial precision and 25 �s time resolution. Printed with permission
f ) cell 
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ermission from SPIE [39]. (D) Real-time tracking (0–100 s) of AuNPs labeled respira
ermission from Springer Nature [40].

echanical force using AuNPs and DF microscopy according to the
olor change [42]. Mechanical force plays important roles in cell
ignaling for various physiological functions [43], and AuNP-based
ptical fluorescence imaging was previously developed to measure
mall forces in cells [44,45]. As shown in Fig. 2B, by using a single
lasmonic nanospring that attaches to the cell surface integrins and
F microscopy, the force applied on the spring can result in an SPR
lteration, which can be used for real-time measure of forces in
ive biological systems. In addition, based on the distance-related
olor change, AuNRs and DF microscopy also enables quantita-
ive imaging of mRNA splice variants in live cells. The probes that
ee et al. developed consist of 40 nm AuNPs functionalized with
wo oligonucleotides that can match to specific mRNA sequences
BRCA1 mRNA). As shown in Fig. 2C, the formation of a dimer could
ause the SPR color to be red-shifted and intensity to be greatly
nhanced. The location and number of dimers can thus be deter-
ined and quantified using the signal intensity and spectral peak

hift by DF microscopy [46].
AuNRs have also been used to detect the dynamic behavior of

roteins. Lambertz et al. monitored the oscillations of the MinDE
rotein wave propagation on Escherichia coli (E. coli) membranes
47]. As shown in Fig. 2D, the attachment of proteins MinD and

inE to the membrane can be detected by the shifting of the AuNR
PR (��), which exhibits four phases. Enzymatic reactions in live
ells can also be indicated by the SPR shift. A single AuNP was used
y Zhang et al. as a real-time probe for the detection of the NADH-

ependent intracellular metabolic enzymatic pathways [48]. The
ADH-mediated reduction of Cu2+ onto AuNPs that form Au@Cu
ore-shell nanoparticles causes a red-shift of the SPR spectra of
division process (prophase to cytokinesis) visualized by the AuNPs. Printed with
yncytial virus (indicated by blue and red arrows) infecting HEp-2 cells. Printed with

AuNPs (Fig. 2E). The higher red-shift of the peak indicates the higher
NADH concentration.

In vivo dark field imaging
Although widely used in single cell imaging, the DF technique

has several obstacles that inhibit its application on animal imaging.
Light scattering from surrounding tissue is a widely noted draw-
back of DF microscopy, and it limits the use of this imaging method
within deep tissue. The current in vivo DF imaging still exclusively
works on the tissue slides sections, such as for observing the AuNPs
distribution in tumors, the tumor’s vasculature and organs [49,50].
To characterize the biodistribution profiles of AuNPs, SoRelle et al.
developed adaptive algorithms for the analysis of hyperspectral DF
images that achieve improved sensitivity and specificity with the
capability of identifying single nanoparticles in ex vivo mouse tis-
sue sections [50]. The dependence on size for the optimal uptake
of nanoparticles into brain tissue was  highlighted by Betzel et al.
who used DF images to display the enhanced internalization of
glucose-coated 5 nm AuNPs into exosomes in comparison to 20 nm
nanoparticles in brain slide sections. AuNPs were then used as
tracking probes to map  the movement of intranasally administered
exosomes through mice focal brain ischemic-like damage, confirm-
ing their valuable use as contrast agents in DF microscopy applied
to exosome labeling and exosome-based treatment [51].
Plasmon helps improve spatial resolution
DF imaging is yet another method that suffers from the optical

diffraction limit, and as such, improving the resolution has been a
huge subject of research in recent years [19,52,53]. Fig. 3A shows
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Fig. 2. (A) Schematic of using surface plasmon resonance (SPR) wavelength shift to determine the distance of proteins (labeled by AuNPs) in live cells. If the separation
distance  (�’) is larger than AuNP diameter D, the SPR band is at about 530 nm.  If separation distance (�”) is smaller than D, the SPR band could ref-shift to 580 nm. Printed
with  permission from American Chemical Society [41]. (B) Schematic of using SPR shift to determine the cellular mechanical forces. Printed with permission from American
Chemical Society [42]. (C) AuNRs enables quantitative imaging of mRNA splice variants in live cells. The real-color images (top) and spectra of monomer and dimer from mRNA
splice  variants (bottom). Printed with permission from Springer Nature [46]. (D) AuNR and dark field microscopy for monitoring protein dynamic behavior on membranes
(  with 
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 traditional working principle of DF microscopy. For selective
llumination and decreasing background, Noji and his coworkers
eveloped a simple DF microscope that employed perforated mir-
or and objective-based TIR. Due to the TIR illumination applied
n a thin layer, a low background was achieved (Fig. 3B–D). The
ystem was applied to visualize the rotation of F1-ATPase attached
o 40 nm AuNPs at 1–2 nm spatial resolution and 9.1 �s temporal
esolution with 120◦ steps and short catalytic dwells on �s-to-
s timescales [54]. Another study established a super-resolution

maging of AuNPs with enhanced DF imaging based on wavelength
odulation [55]. Individual bandpass filters were used to reduce

he interference and to differentiate the adjacent AuNP, AuNR
nd silver nanoparticle at specific SPR wavelengths. The 2D Gaus-
ian fitting algorithm was used to localize the nanoparticles with
anoscale precision.

While such techniques only reduced the interference of over-
apping scattering in two dimensions, a very recent study has
een the development of DF imaging that accurately shows
he 3D distribution of AuNPs within cells through the reduc-
ion of all background interference. This technology, known as
rientation-dependent localization microscopy (ODLM), relies on
he principle of cross-polarization microscopy to isolate the scatter-
ng of polarization-sensitive AuNRs, while intracellular structures
ncapable of depolarizing light are largely eliminated (Fig. 3E). Not

nly does this type of imaging allow for greater accuracy in pin-
ointing the localization of AuNPs within cells, but it also shows
heir specific orientation on an individual particle level without
he interference of scattering from 3D subcellular structures [56].
permission from American Chemical Society [47]. (E) AuNPs with Cu2+ detection of
 AuNPs causes red shift of SPR. Printed with permission from John Wiley and Sons

Differential interference contrast (DIC) microscopy

DIC microscopy utilizes two-beam interferometry in which
objects cause a phase shift of the light beams, producing a
pseudo-3D, shadowcast image (Fig. 4A). DIC microscopy allow
for the direct observation of many subcellular organelles, such
as microtubules, in unstained living cells with sufficiently high
contrast. DIC microscopy has been extensively used in cell biol-
ogy to study microtubule assembly/disassembly dynamics, motor
protein-microtubules binding, organelle trafficking in axon, cell
division, and even intact organisms such as embryos [58–61].
AuNPs used as contrast agents in DIC microscopy allows for the
imaging of nanoparticles and cellular features simultaneously [62].
Thanks to the high absorption and scattering cross-sections arising
from the SPR as well as the excellent photostability of the AuNPs,
relatively low illumination light intensity (standard halogen lamp
is commonly used) is sufficient for DIC imaging of AuNPs in the
cellular environment. This enables the continuous observation of
dynamic bio-nano interactions for long periods of time with mini-
mal  disruption.

Three-dimensional selective imaging of gold nanoparticles
The challenge of differentiating AuNPs probes from small sub-

cellular features, especially small intracellular spherical vesicles, in

DIC images can be relatively easily circumvented by wavelength-
dependent DIC microscopy to selectively image AuNP probes in live
cells [63]. This method can turn “on/off” the AuNP signals by sim-
ply applying two bandpass filters in the light path. AuNP probes
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Fig. 3. (A) The working principle of dark field (DF) microscopy. Printed with permission from Iowa State University [57]. (B) Schematic illustrations of objective-type total
internal reflection dark-field microscopy (TIRDFM) with a perforated mirror (PM) and (C) vertical illumination dark-field microscopy (VIDFM) with a dot mirror (DM). (ND)
neutral density filter, (BE) laser beam expander, (DP) diaphragm, (M)  mirror, (L) lens. (D) Intensity profiles of 40-nm gold nanoparticles by TIRDFM (left) and VIDFM (right).
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enerate high contrast in the SPR wavelength channel, while the
on-SPR wavelength channel that “turns off” the AuNP probes, is
sed as a control (Fig. 4B).

The use of full NA objective and condenser affords the shallower
epth of field and thus better achievable axial (z) resolution than
he conventional bright field and DF microscopes for optical sec-
ioning of the samples. It was proven to provide good resolution
oth laterally and vertically for 3D imaging, which can be conve-
iently realized with a vertical scan of the focal plane through the
pecimen to acquire a series of z-stacked images and 3D image
econstructions using software [58]. When combined with AuNP
maging, full NA objective and condenser can be used to character-
ze the 3D localization and distribution of AuNPs as well as the
ggregations of the AuNPs within cells [31,64,65]. For example,
hen the efficiency of different nuclear localization peptides that

id in the nuclear uptake of AuNPs was tested, video-enhanced
olor DIC microscopy allowed for localization of nanoparticles
ithin HeLa and HepG2 cells [31]. Chithrani et al. used the com-

ination of DIC and confocal microscopes to measure the uptake of
ransferrin-coated AuNPs into cells, where DIC was  used to deter-

ine the z-positions of the nanoparticles [64]. Similarly, we utilized
he optical sectioning ability of DIC microscopy to determine the
ubcellular location of nuclear targeting AuNPs, which were shown
o be trapped and congregated at the outer nuclear membrane
Fig. 4C–F) [65].

mproving localization, precision, and resolution
It is important to obtain positions of the targeted single nanopar-

icle probes with high localization accuracy and precision in order
o resolve the dynamic motions and interactions. Yet, the intrinsic

iffraction limit of light prevents DIC microscopy from resolving
anoparticles that are separated by less than roughly half of the
avelength. The asymmetric point spread functions (PSF) further

omplicated the localization in DIC microscopy as they cannot
 and 623 ± 41 nm (n = 15), and 259 ± 48 and 212 ± 34 nm (n = 15) in the x- and y
ith permission from Elsevier [54]. (E) Setup for orientation-dependent localization

ger Nature [56].

fit into a simple mathematical equation like the common local-
ization strategies used in other imaging techniques [66]. Despite
such limitations, recent advancements in both instrumentation
and methodology allow researchers to achieve improved resolu-
tion and localization of AuNPs in DIC microscopy [66–68]. Chen
et al. reported the use of a structured illumination DIC (SI-DIC)
microscope in the attempt of increasing the lateral resolution of
DIC microscopy [67]. A lateral resolution of approximately 190 nm,
a value that is double the wavelength found in conventional DIC
microscopy, was achieved in the imaging of 53 nm polystyrene
beads. This method can be adopted for sub-diffraction-limited
imaging of AuNPs. Gu et al. reported a model-based correlation
mapping method for precise 3D localization of spherical AuNPs and
successfully applied the technique to localize 40 nm AuNPs inside
fixed HeLa cells as well as to track the AuNPs in live A549 cells
[68]. However, the model-based correlation mapping method does
not work well for the localization of AuNRs as the DIC image pat-
tern changes with respect to the orientation of the AuNRs. Different
methods have been developed to solve this dilemma [66,69,70]. A
dual-channel imaging system was developed by Gu et al. to localize
AuNRs in the bright-field channel using transverse SPR with high
accuracy as well as to track the rotational motions of the AuNRs in
the DIC channel at the longitudinal SPR wavelength [69]. Zhao et al.
presented a new localization strategy by combining computer sim-
ulated DIC images with the experimentally measured lateral shear
distance in order to improve the localization accuracy of AuNRs
[66].

Additionally, DIC microscopy has been used to study the inter-
actions between nanoparticles and biomolecules using plasmon
resonance energy transfer (PRET) to reveal cellular process within
live HeLa cells [71]. This technique relies on the energy trans-

fer from AuNPs to cytochrome c, a cellular protein involved in
several signal transduction pathways, the most notable being the
apoptosis signaling pathway. It is quantified by dips in the inten-
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Fig. 4. (A) Differential interference contrast (DIC) microscopy working principle. Printed with permission from American Chemical Society [62]. (B) AuNP probes “turn on”
in  the surface plasmon resonance (SPR) wavelength channel (540 nm), while they “turn off” in the non-SPR wavelength channel in HeLa cells. Printed with permission from
A  AuNP
i ty [65
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merican Chemical Society [63]. (C) Scheme of optical section for nucleus targeted
mages  from layer 1–3 in C. Printed with permission from American Chemical Socie

ity of nanoparticle emissions that are measured by the change
n the AuNPs’ DIC contrast upon the interaction with endogenic
ytochrome c protein during ethanol-induced apoptosis.

ther techniques for visualizing AuNPs

nterferometric scattering (iSCAT) microscopy
iSCAT is another label-free imaging method for visualizing

uNPs with high spatial resolution and sensitivity. In iSCAT
icroscopy, the samples are illuminated, and the reflected and

cattered lights are collected and interfere at the detector [72]. It
s composed of three main parts: (1) reflected light, (2) scattered
ight, and (3) the interference of the reflected and scattered light
73]. iSCAT collects the scattered light, which is the main signal in

 DF image. Different from the DF microscope, the iSCAT has dom-
nated reflected light that is avoided, however, in DF microscopy.
he instrumentation set up and the operating principle are shown
n Fig. 5A and B. An iSCAT image of a 30 nm AuNP moving along the

icrotubule is shown in Fig. 5C [74].
Using AuNPs as probes, iSCAT is applicable in resolving protein

onformational changes down to 2 nm with millisecond tempo-
al resolution [74]. By attaching an AuNP as small as 20–30 nm on
argeted motor proteins (such as myosin-5, kinesin-1, and dynein

s examples), iSCAT was able to directly observe the structural
ransitions and protein dynamics [75]. High-resolution tracking of
inesin-1hydrolysis cycle showed that it uses a two[-step power-
troke mechanism [74]. In addition, Hancock group reported direct
s’ 3 dimensional cellular distribution, in ovarian cancer cell HEY A8. (D–F) the DIC
].

observation of the binding of individual tubulin dimers to growing
microtubules [76]. iSCAT is also used for studying the behavior of
lipids. Hsieh et al. achieved 1.9 nm spatial precision at 1 ms tem-
poral resolution for tracking single particles on supported lipid
membranes [77]. To resolve the dynamic molecular interaction
between lipid rafts at the nanoscale, iSCAT is employed to record
the motion of individual lipids and uses AuNPs as labels [78].

Photothermal imaging
For many of the existing imaging methods that based on AuNPs’

Rayleigh scattering, their signal needs to be differentiated from the
background. In practice, the minimum size of AuNPs is well above
30–40 nm.  Consequently, the detection of smaller AuNPs is chal-
lenging. However, for smaller AuNPs, their strong absorbance could
be converted to heat that warms  up the environment surrounding
the AuNPs. The temperature change of the medium will result in a
reflection index change that shifts the phase of a transmitted light
beam. By using this “photothermal” imaging, we  can see the AuNPs
scale down to 1̃ nm in size [79]. As shown in Fig. 6A, a green heat-
ing laser is focused on the sample and is absorbed by AuNPs as it
generates a heat wave. The other red laser is split by a Wollaston
prism into two orthogonally polarized beams, one of which coin-
cides with the heating spot of the green laser. The two beams are

recombined and the relative phase difference can be identified by
the detector. The photothermal imaging is capable of differenti-
ating very small Au nanospheres, which are nearly invisible in DIC
microscopy (Fig. 6B–D) [80]. Recently, Zharov et al. demonstrated a
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ig. 5. (A) Optical setup for interferometric scattering (iSCAT) microscopy. OBJ: mic
rinciple of iSCAT. Ei is incident electric field; Es is scattered electric field; Er is refle

mage  of a 30 nm AuNP walking along a microtubule. (Inset) The image after backgr

uper-resolution photothermal microscopy utilizing the non-linear
ependence of signal on laser energy, with spatial resolution down
o 50 nm [79].

maging rotational motion of gold nanoparticles

IC microscopy for single particle orientation and rotational
racking (SPORT)

Birefringence, a phenomenon of orientation-dependent differ-
nces in the refractive index experienced by a transmitted wave
hrough a specimen, is an intrinsic optical property in many biolog-
cal materials. It was once considered a major disadvantage of DIC

icroscopy when compared to phase contrast microscopy. How-
ver, the birefringent gold nanorods (AuNRs) were well-explored
s rotational imaging probes by Fang and co-workers to develop
he DIC microscopy-based single particle orientation and rotational
racking (SPORT) technique in live cell imaging (a scheme is shown
n Fig. 7A) [81]. It has transformed DIC microscopy into a primary
ingle particle tracking tool to study the dynamic interactions of
anoparticles and cells, such as probing cellular membrane pro-
ess, cellular uptake, and intracellular transport. The rotational
nformation from AuNRs in highly dynamic cellular environments

as extracted to correlate with bio-nano interactions and eluci-
ate the underlying working mechanisms. Through visualizing the
otational patterns of AuNR probes, it was found that the sur-
ace properties of AuNRs could greatly influence their interactions
ith cell membranes, thus change the fate of these nanoparticles

s drug delivery vectors [30]. AuNRs were also used to track the
ctive transport events and pauses of endocytic vesicles move-
ents along the length of an axon [82]. The ability to report the

otational motions during pauses in axonal transport is unattain-
ble by other means. A fast imaging rate (500 fps) was  used to

isualize the unprecedented details on how kinesin and dynein
otors transport endocytic cargos. Nanoparticles with different

hapes, compositions, etc., have been explored as SPORT probes.
icrometer long gold nanowires [83], multishell hybrid nanorods
e objective; PBS: polarizing beam splitter; QWP: quarter-wave plate. (B) Operating
lectric field. A and B are printed with permission from Elsevier [75]. (C) Raw iSCAT

 subtraction. Printed with permission from National Academy of Sciences [74].

[84,85], gold nanourchins [86], and gold bipyramids [87] etc have
been successfully characterized using DIC microscopy.

Although DIC microscopy can provide valuable information
about the translational and rotational motions of the targeted
AuNPs upon their interaction with biological surroundings, lack of
molecular specificity is one of the major drawbacks. In order to dif-
ferentiate the specifically-bind AuNRs with the non-specific ones,
DIC based dual modality SPORT technique was employed to image
and localize the docking and undocking of single AuNR-containing
cargos (DIC imaging) on fluorescently-labeled microtubule tracks
(fluorescence imaging) [88]. A recent study introduced by Chen
et al. demonstrated an automated five-dimensional single parti-
cle tracking (x, y, z coordinates, azimuthal and elevation angles) of
AuNRs in live cells with high accuracy (Fig. 7B and C) [70]. This
method utilized the principle of parallax microscopy for spatial
tracking and integrated DIC microscopy for rotational tracking. Mir-
ror parallax-DIC images of AuNRs were used with a redesigned
correlation mapping method for localization. Characteristic rota-
tional motions of the transferrin conjugated AuNRs going through
clathrin-mediated endocytosis and subsequent intracellular trans-
port were visualized and recorded automatically. In addition,
polarization modulation of the orientation-dependent AuNRs sig-
nal was used to superlocalize AuNRs even in aggregates with high
lateral and axial resolution in single cells. To improve the resolu-
tion of rotational tracking, Chakkarapani et al. reported a method
that combines integrated light sheet super-resolution microscopy
(iLSRM) and DIC microscopy for resolving individual AuNRs in
aggregated regions (Fig. 7D) [89]. Coupling DIC with other imaging
techniques will definately be a trend in future development. Inte-
grated DIC microscopy will be able to provide more comprehensive
molecular and structural information of the biological systems and
will help to decifer more complex interactions of nanoparticles and
biological surroundings in dynamic cellular processes.
Dark field microscopy for rotational tracking
The first reports of rotational tracking with plasmonic nanopar-

ticles visualized the 2D rotation of the AuNRs attached to a glass
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Fig. 6. (A) Optical setup of photothermal optical microscope. (B) Differential interference contrast (DIC) imaging and (C–D) photothermal images of a sample containing
300  nm latex spheres, 80 nm Au nanospheres, and 10 nm Au nanospheres. DIC image shows the 80 nm Au nanospheres and 300 nm latex spheres, while the 10 nm Au
n nsity
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eating intensity enables clear visualization of 10 nm Au nanospheres with 80 nm A

or  the Advancement of Science [80].

urface [90] or single F1-ATPase molecules [91] using polarized
ight scattering in DF microscopy. The scattered light from each
uNR was split by a birefringent crystal into two  orthogonal
olarization channels, generating two spots that were imaged
imultaneously [90]. The orientation-dependent scattering inten-
ity is proportional to (cos (�))2, where � is defined as the angle
etween the long axis of the AuNR and the polarization direction.
ual-channel DF microscopy was also used to investigate the AuNR
ynamics in cellular internalization processes [92].

Xiao et al. deployed a defocused DF imaging technique to deter-
ine the 3D orientation of AuNRs through deconvolution of the

eld distribution pattern in defocused DF images [93]. 3D ori-
ntation of AuNRs was resolved without degeneracy by using
attern recognition. Enoki et al. developed objective-type verti-
al illumination DF microscopy using a reflected dot mirror. Both
ual polarization and defocused imaging methods were applied
nd compared in the study on the rotation of the rotary molecu-
ar motor, F1-ATPase, with microsecond temporal and one-degree
ngle resolution [94]. Recently, Cui et al. demonstrated the use
f multi-polarization DF imaging for orientation determination of
ndosomes during the axonal transport to gain insight on the work-
ng mechanisms of motor proteins [95,96].

In order to overcome the angular degeneracy, total internal
eflection scattering (TIRS) microscopy was used to determine
he full 360-degree orientation of AuNRs [97]. Focused orienta-
ion and position imaging (FOPI), a TIRS method reported by Ha
t al. utilized the coupling between the AuNRs and gold film using

 linearly-polarized laser to generate characteristic donut-shaped
SF patterns for full 360-degree orientation determination [97].
ther nanoparticle-based rotational tracking techniques
AuNRs are ideal orientation probes for photothermal imag-

ng as the intensity can be modulated through the change in
 showing the 80 nm Au nanospheres. (D) The photothermal image with higher laser
 reaching saturated detection. Printed with permission from American Association

polarization. Chang et al. utilized the polarization-sensitive pho-
tothermal imaging technique to image of the orientation of AuNRs,
and, consequently, verified the orientation measurement of the
same AuNRs with correlated with SEM [98]. Thus, quantitative
orientation angles of AuNRs were obtained from the photother-
mal  polarization traces. Zhang et al. demonstrated the imaging
of orientation and dichroism of non-spherical nanoparticles using
polarization modulation thermal lens microscopy as an alternative
method to fluorescent techniques [99].

Adopted from fluorescence correlation spectroscopy (FCS),
correlation spectroscopy methods have been developed to char-
acterize the rotational and translational dynamics of AuNRs
[100,101]. Similar to FCS, it relies on the principle of correla-
tion analysis of the time-dependent intensity fluctuation to obtain
quantitative information. One-photon luminescence correlation
spectroscopy was  reported in a study of measuring the hydro-
dynamic sizes and investigating the rotational and translational
dynamics of AuNRs [100]. The intrinsic luminescence signals emit-
ted by surface plasmon were detected, and fast interconversions
between hot electron-hole pairs and surface plasmons were inves-
tigated. Zhang et al. reported a sensitive resonance light scattering
correlation spectroscopy method for characterizing rapid rota-
tional and translational diffusion of AuNRs in solution [101].
Translational and rotational diffusion coefficients, as well as aspect
ratios of AuNRs, were obtained from wavelength-dependent res-
onance light scattering fluctuations within a focused observation
volume. Detection of DNA hybridization and the homogeneous
immunoassay were demonstrated.

Janus particles are another group of rotational probes. They are
typically fabricated from metal coating that constitutes one half

and fluorescent molecules that make up the other half. Kopelman
et al. introduced a type of optical anisotropic Janus particles named
modulated optical nanoprobes (MOONs) as rotational probes [102].
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Fig. 7. (A) DIC images of two immobilized AuNRs (25 × 73 nm) adsorbed on glass slide collected under the illumination of 540 nm and 720 nm (transverse and longitudinal
plasmonic resonance wavelengths) on a rotating stage. Printed with permission from American Chemical Society [81]. (B) Schematic drawing of a AuNR placed in the 3D
coordinate system. The x- and y-axes are set according to the polarization directions of the illumination light. The dipole shown here corresponds to the long axis of the
AuNR,  whose centroid locates at (x, y, z). The azimuthal angle and the elevation angle of the longitudinal axis of the AuNR are presented as � and �, respectively. (C) Bright
(left),  dark (middle), and half-bright/half-dark (right) images of a gold nanorod (40 nm × 80 nm)  at different orientations and vertical positions. The half-plane images are
a shed 
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ligned  by the nanorod’s center of mass at the focal plane (z = 0 �m).  The yellow da
 �m.  B and C are printed with permission from Springer Nature [70]. (D) The com
racking 3D orientation of anisotropic AuNRs. Printed with permission from Americ

he orientation of the MOONs can be remotely controlled using a
agnetic field and the modulation of fluorescence intensity was

sed to correlate to local interactions. Janus particles of different
hapes and morphologies have been explored as rotational probes
n biological imaging and sensing [103,104]. Gao et al. reported
he rotational tracking study of micrometer-sized single-Janus rods
ith different fluorescent colors on two sides in live cell [105].

Recently, Lee et al. designed a polarization selective iSCAT
psiSCAT), enabling the capture of rotational as well as positional
nformation on particles [106]. psiSCAT enables the rotational
racking ability with high spatial resolution.

olecular fingerprinting by surface-enhanced Raman
cattering (SERS)

Compared with other imaging techniques, SERS can provide
ighly sensitive and abundant structural information (Fig. 8A). SERS

an detect biomolecules of interest that surround the nanoparti-
les by a factor of over 10 orders of magnitude compared to normal
aman signals [25]. Furthermore, SERS signals increase in sensitiv-

ty when the distance between the Raman reporters and the AuNPs
lines indicate the z position of the center of the gold nanorod in focus. Scale bar is
on of differential interference contrast (DIC) and light sheet microscopy (LSM) for
emical Society [89].

decreases – the shorter the distance, the stronger the SERS signal
[107], making it ideal for studying bio-nano interactions. The pow-
erful targeting of nanoparticles through ligand conjugation creates
high specificity on their locations. In addition, the range of accessi-
ble wavelengths for SERS detection extends from the whole visible
spectrum to NIR [108], the latter accounting for the maximum pen-
etration depth within biological samples.

Single molecule SERS

Ultrasensitive detection at extremely low concentrations
(femto- or attomole) is limited by diffusion; therefore, the time
needed to find and detect a molecule could be unrealistically long.
To solve this problem, de Angelis and co-workers developed a
method that combines super-hydrophobic artificial surfaces and
nanoplasmonic structures to detect a few molecules (10−18 mol
L-1). By loading a drop of solution that contains the molecules

onto a super-hydrophobic surface (periodical silicon micropillar
arrays with plasmonic nanostructures on the top of the pillars),
the droplet gradually evaporates to increase the concentration of
the molecules inside and shorten the detection time with SERS
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Fig. 8. (A) Principle of surface-enhanced Raman scattering (SERS). (B) Sing-molecule detection by super-hydrophobic surface (periodical silicon micropillar arrays with
plasmonic nanostructures on the top of the pillars). (C) The optical images of the analyte drop on the micropillar arrays evaporating at four different times. The B and C
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re  Printed with permission from Springer Nature [109]. (D) Single-molecule detec
SLIPSERS). (E) Ultra-sensitive detection of BSA protein using the platform of D. D
pectra  changes during AuNP endocytosis. Printed with permission from American

r surface-enhanced fluorescence (Fig. 8B and C) [109]. A similar
ut more practical strategy has been reported by Yang et al. for
he quantitative detection of rhodamine 6 G (R6 G) down to 10−15

ol·L−1 using a platform named slippery liquid infused porous
urface-enhanced Raman scattering (SLIPSERS), in which a drop of
he analytes and SERS substrates (e.g., AuNPs) were added onto a
lippery surface, and the resulting evaporation of the liquid droplet
llows for nearly 100% analyte collection efficiency (Fig. 8D and E)
110].

DNA origami has been recently utilized for directed formation
f Au nanostructure for single-molecule SERS due to its ability to
xert precise control over the geometrical configuration such as
abricating the Au nanodimers with a hot spot. Sen et al. prepared
u nanostar dimers on dimerized rectangular origami structures,
ith 7 and 13 nm interparticle gaps and achieved 2 × 1010 and

 × 109 enhancement, respectively [111]. Ding’s group constructed
0 nm plasmonic bowtie nanostructures via a DNA origami-based
ottom-up assembly strategy that have an approximate 5 nm gap
nd obtain SERS enhancement about 109 [112]. The DNA origami
echnique is very promising for revolutionizing the SERS detection,
roviding accurate fabrication methods for SERS probes with a high
egree of customization.

ERS in studying the bio-nano interaction
Researchers have tracked the nanoparticle motion inside living
ells and have provided the molecular maps of organelle transport
nd liposomal accumulation of the AuNPs, indicating the different
ypes of transport pathways [113,114]. The SERS spectra changes
latform named slippery liquid infused porous surface-enhanced Raman scattering
 are printed with permission from National Academy of Sciences [110]. (F) SERS

ical Society [113].

in space and time during AuNP endocytosis provide the change in
the cellular environment (Fig. 8F). Consequently, the SERS spec-
tra provide molecular maps dynamics during organelle transport
and lysosomal accumulation of AuNP [113]. In addition, SERS was
used to monitor the real-time photothermal ablation of cancer cells,
for “seeing-and-treating”. When exposed to light, AuNPs can con-
vert light energy to heat, which can be used to kill cancer cells
(otherwise known as the photothermal effect). Ali et al. used SERS
to study the molecular mechanism of AuNR-assisted photother-
mal  ablation and observed an increase in specific Raman bands
during the process [115]. A similar method for SERS-guided pho-
tothermal therapy has been used by Sun et al. [116]. In addition,
SERS has also been employed to image and explore the biosyn-
thetic mechanism of AuNPs. As shown in the study by Lahr et al. the
intracellular and extracellular AuNP biosynthesis process by green
algae was  revealed by SERS by identifying the surface-associated
biomolecules. The SERS peaks indicate the participation of identi-
fied molecules in elucidating the mechanism of the biosynthetic
process [117].

In vivo SERS imaging for tumor diagnosis and therapy

In 2008, one of the pioneer studies demonstrated the ability
to collect the SERS spectra from tumor-bearing mice that were
injected with AuNP probes [118]. Recently, several studies reported

the use of SERS on tumor detection and imaging. SERS has been well
applied to ex vivo analysis of tissue slides. It could assist in can-
cer surgery to ensure complete removal of tumors, with fast speed
and high sensitivity. Wang et al. developed probes that targeted
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ig. 9. (A) Surface-enhanced Raman scattering (SERS) aids cancer surgery. Printed w
he  brain tumor margins. Printed with permission from Springer Nature [121]. (C) S
ell  death mechanism after plasmonic photothermal therapy. Printed with permiss

nd visualized a multiplexed panel of cancer biomarkers. The AuNP
robes were then put onto freshly excised tissues to determine the
resence of cancer cells. This technique could achieve in fast detec-

ion (less than 15 min) for potential intraoperative use in guiding
reast-conserving surgeries (Fig. 9A) [119]. A dual probe approach
hat consists of two types of SERS probes (one EGFR-specific and one
on-specific) was applied to fresh tissue for measuring the EGFR
ermission from Springer Nature [119]. (B) Schematic of SERS probes for confirming
nd mass spectrometry-based proteomics and metabolomics for understanding the
m American Chemical Society [115].

concentration with the subtraction of the background signal [120].
Kircher et al. showed a triple-modality magnetic resonance imaging
(MRI)–photoacoustic imaging–Raman imaging (MPR) nanoparticle

(Fig. 9B), where SERS was used to accurately delineate the margins
of brain tumors in living mice due to its ultrahigh sensitivity and
spatial resolution. Raman imaging allowed clear signal from par-
ticles down to 50 pM,  which is very low for in vivo imaging [121].
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Fig. 10. (A) Plasmon-enhanced fluorescence (PEF) working principle. Printed with permission from American Chemical Society [129]. (B) PEF of individual AuNR for single
molecule detection. Printed with permission from American Chemical Society [136]. (C–F) AuNR arrays for studying the light harvesting complex 2 protein. C shows the
schematic of an AuNR with an LH2 complex at the hot spot. D is a schematic figure of the AuNRs array. E and F are Fluorescence images of LH2 complexes on the surface of
PVA  (E, without AuNRs) and on the surface of AuNR arrays (F). Printed with permission from Springer Nature [137]. (G) AuNPs with DNA points accumulation for imaging in
nanoscale topography (DNA-PAINT) for determining the telomeres distance. Printed with permission from American Chemical Society [144]. (H–I) the difference in resolution
of  (H) a wide-field and (I) a STORM image for protein corona. Scale bar: 200 nm.  Printed with permission from John Wiley and Sons [146].

Fig. 11. (A) The publications and citations of the gold nanoclusters (AuNCs) in bioimaging (from Web  of Science search “gold nanoclusters” and “imaging”). (B) Fluorescence
i ay of
a articl
c rom A

A
h
r
t
[

maging  of tumor sites in mice (MGC-8) and the biodistribution and excretion pathw
nd  Sons [160]. (C) Polymer mediated AuNC self-assembly into pH-dependent nanop
ells.  PAH, poly(allylamine hydrochloride); Ab, antibody. Printed with permission f

lthough working well in glioblastoma mouse models, this method
as not been very successful in other extracranial tumor models, a

esult possibly due to the lower enhanced permeability and reten-
ion EPR effect, as mentioned by the one of the group’s recent paper
122].
 the AuNCs (0–24 h post injection times). Printed with permission from John Wiley
es of ca. 120 nm diameter enhanced the fluorescence intensity in human monocytic
merican Chemical Society [163].

Recent improvements of gold nanoparticle-based SERS
Although the SERS probes have high sensitivity, the Raman
intensity is greatly attenuated as it travels through tissue due to
scattering. To increase the tissue penetration, a combination of
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he deep Raman spectroscopy with surface-enhanced, spatially
ffset Raman spectroscopy (SESORS) was developed and greatly
mproved the penetration depth from less than 5.5 mm to 25 mm
hickness [123]. As mentioned earlier, the Raman reporter in the
IR range could reduce the tissue scattering greatly. Gold nanos-

ructures such as AuNRs could assist in this purpose. Maltzahn et al.
sed nanorods coated with SERS active molecules that could be
niquely distinguished in vivo, over a spectral sharp bandwidth of

 nm in the NIR (is much smaller than that of semiconductor quan-
um dots (QDs) (3̃0 nm FWHM), organic fluorochromes, and Raleigh
cattering nanoparticles). This platform has been used for both SERS
maging and plasmonic photothermal therapy in mice [124]. Qian
t al. used functionalized AuNRs (conjugated with Raman mark-
rs), for sentinel lymph node (SLN) mapping and tumor targeting
f mice, as well as for the observation of the distribution and excre-
ion of intravenously injected AuNRs in deep tissues through purely
ptical imaging in vivo [125].

To improve the SERS probes for high-sensitive bioimaging,
i-layered Raman-intense gold nanostructures with hidden tags
BRIGHTs) were developed. The Raman reporters are trapped
etween the core and shell of the gold nanostructures. This design
xhibited great stability and demonstrated more than two  orders
f magnitude in the enhancement of the SERS signal compared
ith conventional AuNP SERS probes [127]. Another big obstacle

or using SERS as an imaging tool is its limitation on resolution
nd speed. Kang et al. developed a method to achieve high-speed
nd high-resolution live cell SERS imaging, using NIR excitation
785 nm)  and high-speed galvano mirror-equipped confocal Raman

icroscopy system. This system leads to accomplish the high
esolution (50 × 50 pixels) single live cell imaging within 30 s
10 ms/pixel) and with subcellular resolution of cytoplasm, mito-
hondria, and nucleus [126]. The SERS-sensitive AuNPs have a
ighly narrow intra-nanogap (1.2 nm)  and Raman markers embed-
ed, allowing for high-sensitive imaging.

In addition, SERS presents its own problems for spectroscopy,
uch as the complex and overlapping Raman bands that are some-
imes difficult to understand. In many cases, the SERS bands are a

ixture of all types of molecules in the environment of AuNPs. The
ethod used in El-Sayed’s lab utilized mass spectrometry along
ith SERS to improve the understanding of the cellular process in
lasmonic photothermal therapy (PPTT). By using metabolomics
nd proteomics, the changes in SERS bands can be assigned to spe-
ific chemical compounds within the cells with an improved degree
f confidence (Fig. 9C) [115].

old nanoparticles in fluorescence imaging

The plasmon-enhanced fluorescence (PEF) was  observed shortly
fter the discovery of SERS [128]. AuNPs have shown to greatly
ncrease the excitation of fluorescence probes where the over-
ap between the SPR of AuNPs and the absorption and emission
pectra of the fluorophore occurs [27]. The distance between the
uNP and the fluorophore affects the fluorescence intensity: fluo-
escence quenching within a very short separation distance (2̃ nm),
nd enhancing when within an optimal separation distance (5̃ nm),
et unchanged fluorescence when the separation distance is far
2̃0 nm)  (Fig. 10A) [129]. The plasmonic properties of AuNPs enable
s to study specimen with weak fluorescence emission, some-
imes even at the single molecule level [130,131], and provides us
ith the opportunity to utilize high-resolution imaging in order to

vercome the diffraction limit [129]. The production of PEF sub-

trates have been summarized in a recent review article [27]. In
his review we will focus on the recent biological applications.
n the other hand, the fluorescence emitted from specific gold
anoclusters (AuNCs) can also be used for imaging with excellent
24 (2019) 120–140 133

anti-photobleaching properties even under strong light illumina-
tion [132]. Compared to similarly fluorescent quantum dots, AuNCs
exhibit better bio-safety [133].

Single-molecule fluorescence detection

The detection of single biomolecules, especially in their native
physiological conditions, is highly challenging. Gold nanoantennas
with varied structures have been used to amplify the fluores-
cence signal to allow for single-molecule fluorescence detection.
Due to the “hot spots” in enhancing the excitation field and the
increased quantum efficiency, they function in a way similar to
the traditional radio-wave antennas [134]. Moerner’s lab used a
gold bowtie nanoantenna to achieve large single-molecule fluo-
rescence enhancements up to a factor of 1340 [135]. Khatua et al.
examined the enhancement of single-molecule fluorescence from
a weak emitter, crystal violet, by individual AuNRs (Fig. 10B). The
fluorescence could be enhanced more than 1000-fold when the
SPR of AuNRs was  at 629 nm and excited at 633 nm [136]. Further-
more, Wientjes et al. designed AuNRs arrays that could obtain over
500-fold fluorescence enhancement of a protein (light harvesting
complex 2, LH2) at the single-molecule level (Fig. 10C-F). Using this
platform, they observed the photon antibunching from a single LH2
complex, which acts as a nonclassical single-photon emitter [137].
Akselrod et al. reported a silver nanocube situated on a gold film
(separated by a 5–15 nm spacer layer, which contains fluorescent
material) that obtained a PEF exceeding 1000 times [138]. In addi-
tion, a double nanohole aperture in a metal film has been used
for single protein detection [139], acting as a volume confinement
and fluorescence enhancement [140], as well as an optical tweezer
with high-efficacy trapping ability [141]. Gold nanoantenna can
also greatly enhance the Förster resonance energy transfer (FRET),
where dipole-dipole exchange happens between a pair of donor
and acceptor dipoles when they are separated by 1–10 nm in dis-
tance. As an example, Juan de Torres et al. fabricated a nanogap
antenna that could enhance the FRET efficiency up to 50% for the
nearly perpendicular donor and acceptor dipoles [142].

Super-resolution fluorescence imaging

AuNPs can be used to improve the spatial resolution of fluo-
rescence imaging. Masuda et al. fabricated a 2D sheet of AuNPs to
achieve enhanced fluorescence and used it to study the interactions
between nanomaterials and biological components. Test cells with
fluorescence-labeled actin filaments revealed that this method was
able to achieve high axial and lateral resolution under a regular epi-
fluorescence microscope [143]. In addition, AuNPs together with
the DNA points accumulation for imaging in nanoscale topogra-
phy (DNA-PAINT) technique enables the measurement of small
structural distances inside cells. Due to the unprecedented spa-
tial resolution of 5̃ nm,  DNA-PAINT super-resolution microscopy
was used by Jeynes et al. to determine the nanometric proper-
ties of human telomeres. They made use of a compatible dual
probe composed of AuNPs and fluorescent capabilities, by a way
of combining direct stochastic optical reconstruction microscopy
(dSTORM) imaging and X-ray fluorescence microscopy. This probe
design was  able to measure the absolute dimensions of individ-
ual telomeres in human cells (Fig. 10G) [144]. The DNA-PAINT
technique also enables the super-resolution optical imaging of
AuNRs. Recently, Taylor et al. determined the all-optical recon-
struction of AuNRs geometry using super-resolution microscopy,

with the DNA-PAINT technique, enabling the imaging of a single
AuNR without the use of electron and atomic force microscopy.
The reconstructed dimensions deviate by no more than ∼10% in
comparison to the actual size of the AuNRs. This method is benefi-
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ial for the use in biological systems where access to electric beams
r tip based probes is restricted [145].

With further emphasis on the impact of appropriate imag-
ng techniques on the development of tailored therapies that
nvolve nanoparticles, researchers employed dSTORM imaging
o investigate the protein corona with single protein sensitivity
Fig. 10H-I). With this microscopy technique, the proteins that were
dsorbed onto the surface of the particle were quantified and it
as determined that the corona has a certain dynamic heterogene-

ty [146]. Although mesoporous silica nanoparticles were used in
he methodology, it should be applicable to AuNPs, and plasmonic
nhancement could be further utilized.

luorescence in studying bio-nano interactions

Fluorescence imaging has been used to examine the endocytic
ptake process of AuNPs [147,148]. In addition, PEF has also aimed
o guide photodynamic therapy (PDT). Huang et al. developed

 photo-theranostic agent, chlorin e6, that was conjugated with
ilica-coated gold nanoclusters to guide in fluorescent imaging for
DT [149]. The platform has enhanced the cellular uptake of chlo-
in e6 and has good biocompatibility. The use of AuNRs enables NIR
uorescence, a more favorable range for in vivo purposes. As fluo-
escence can be manipulated by the distance between the AuNRs
nd the fluorophore, Jang et al. developed an AuNR photosensitizer
n which the fluorescence emission (originally quenched as the flu-
rophores formed complex with AuNRs) was dequenched when
he AuNRs were exposed in the tumor, as the fluorophores were
eleased from the surface of the AuNRs [150]. Tumor sites were
learly visible in the NIR images after one hour. As AuNRs can act
s photothermal generators, this design can also be used to visual-
ze and treat tumors in vivo. In addition, Qian et al. functionalized
uNRs with both NIR fluorescence and SERS probes for in vivo opti-
al imaging of the sentinel lymph node as well as tumor targeting
n mice [125]. Owing to the strong fluorescence enhancement from
he clustered AuNPs, Hayashi et al. developed clustered 7 nm AuNPs
ith fluorescent silica core-shell nanoparticles (the fluorophores

ovalently bind to silica) for the CT-fluorescence dual-mode imag-
ng of tumors, which can be used before or during surgery [151].

luorescent gold nanoclusters (AuNCs)

It has been widely recognized that gold nanoclusters (AuNCs)
isplay strong intrinsic fluorescence that highly photostable. Their
pplication in bioimaging is relatively new and at the preliminary
tage, but this area is growing very rapidly (Fig. 11A). AuNCs are
ssentially AuNPs that have a diameter shorter than 2–3 nm (usu-
lly composed of several to hundreds of gold atoms whose size is
omparable to the Fermi wavelength of the electrons [152], and
he continuous band breaks into discrete energy levels), and are
oo small to support the SPR effect, but they exhibit fluorescence
n the visible or NIR regions [153,154]. Several synthetic strategies
or preparing AuNCs that prevent them to agglomerate into large
anoparticles were reported. These strategies include the chemical
eduction from gold ions followed by the capping of ligands such as
hiols, peptides, or proteins as well as finally the direct etching from
uNPs [153,155]. Here we briefly introduce the recent advances in
uNCs imaging from 2014 until now.

Due to their intrinsic fluorescence, many studies have used
uNCs for the direct imaging of cells and animals. AuNCs allow for

he directly imaging of their internalization process into cells. In the
ork of Venkatesh et al. green AuNCs capped with 8-mercapto-
-propyladenine were able to accumulate in the cell nuclei with
igh specificity [156]. Similar nuclear staining phenomena were
lso observed by Wang et al., where red AuNCs (680 nm)  were sta-
ilized by a tripeptide (Lys–Cys–Lys) [157]. Moreover, Fernandez
24 (2019) 120–140

et al. studied the effect of AuNCs (stabilized by different ligands)
on human derived-monocyte dendritic cells regarding their dif-
ferent intracellular accumulation patterns and different immune
responses [158].

Chandirasekar et al. reported biosurfactant (sodium cholate)
templated green AuNCs, which were used in the in vivo imaging
of zebrafish embryos. Their results indicated that AuNCs exhibited
no significant toxicity in developing embryos up to 100 �L/mL and
were stable in living organisms [159]. Zhang et al. displayed in vivo
images of tumor sites in mice and studied the biodistribution and
excretion pathway of the AuNCs in tumor-bearing nude mice. Their
results revealed that AuNCs have superior penetration and reten-
tion in tumors (as shown in Fig. 11B) [160]. On the other hand, the in
situ-synthesized AuNPs can also be used for imaging tumors. Wang
et al. established a method where the chloroauric acid solutions
were injected into mice tumors, and the spontaneously biosynthe-
sized fluorescent gold nanoclusters could be used for detecting the
tumor locations [161].

To obtain AuNC probes with better properties, several strategies
have been developed. Zhao et al. fabricated a dual-emission fluo-
rescent nanohybrid, constructed from far-red AuNCs and NIR PbS
QDs (AuNCs-PbS-QDs). This nanoprobe exhibits two well-resolved
emission peaks (640 and 813 nm)  for built-in correction of the envi-
ronmental interferences due to the large separation between the
two peaks. The double peaks are more favorable for bioimaging.
They demonstrated several applications of this probe by detecting
ascorbic acid in a fruit internal quality assessment, in vitro cellular
imaging, and in vivo imaging in nude mice [162]. In addition, Yahia-
Ammar  et al. reported a method using cationic polymer-mediated
AuNCs that self-assemble into large particles with an overall size
of 120 nm diameter, and they have pH-dependent swelling prop-
erties. The fluorescence of this platform was  magnified more than
3-fold with low cytotoxicity (up to 500 �g Au/mL) (Fig. 11C) [163].

AuNPs assist in vivo optical imaging

For most of the optical microscopic techniques, the imaging
depth for tissue samples is limited to several hundred �m. This
is due to the strong scattering that greatly decreases the depth
a photon can travel within the tissues. Recent advances enable
deep tissue imaging, including non-linear optical imaging (such
as two-photon microscopy), photoacoustic imaging (PA), opti-
cal coherence tomography (OCT), optical projection tomography,
selective plane illumination microscopy, etc. [164]. The SPR of the
AuNPs enables the enhancement of two/multi-photon absorption,
and acts as a contrast agent that assists in photoacoustic and OCT
imaging. Here we mainly focus on the recent advances of AuNPs in
two/multi-photon imaging, PA and OCT techniques in deep tissue
imaging in vivo.

Two-photon and/or multiphoton imaging

In two-photon imaging (TPI), two  NIR (or longer wavelengths)
photons are usually used to excite a fluorophore within a visi-
ble range (Fig. 12A). The use of NIR excitation light in TPI greatly
minimizes the tissue background scattering, and improved imag-
ing depth can be achieved, notable up to several hundreds of
micrometers or even on the millimeter level compared to the
depth from conventional fluorescence imaging [165]. TPI has found
applications in high-resolution 3D imaging. As such, this imaging
mechanism also greatly benefits from the use of AuNPs that resist

photobleaching and exhibit the stable SPR needed for excitation
by each photon. The SPR of AuNRs enables them to have a two-
photon absorption coefficient 10–100 times larger than organic
fluorophores [32,166]. Some early exploration has observed that
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Fig. 12. (A) Two-photon imaging (TPI) working principle. (B) Difference enhancements from varied sizes of AuNPs. The right side contains gold nanostars for TPI in HepG2
cancer. Printed with permission from American Chemical Society [168]. (C) Aggregation-induced emission luminogen with a large three-photon absorption cross section
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n  vivo. The DCDPP-2TPA NPs were synthesized with F127 as the encapsulation ma
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icrodamaged bones with two-photon fluorescence imaging, after being immersed

he two-photon signal from a single AuNR through in vivo imaging
f mouse ear blood vessels was found to be 58 times that of the
wo-photon fluorescence signal from a single rhodamine molecule
166]. Additionally, the two-photon signal was found to be three
rders of magnitude brighter in AuNR labeled cancer cells than the
wo-photon autofluorescence emission intensity from unlabeled
ancer cells [32]. Besides AuNRs, the SPR of gold nanostars can also
e tuned into the NIR region in order to display a strong two-photon

uminescence both in vitro and in vivo, and the SPR intensifies
ith increasing branch number, branch length, and overall star size

167]. As the efficacy of TPI is greatly dependent on the shapes of
he AuNPs, Gao et al. examined five different shapes (nanospheres,
anocubes, nanotriangles, nanorods, and nanostars) with similar
izes. Their results showed that the TPI intensity increases in the
rder of nanospheres, nanocubes, nanotriangles, nanorods, and
anostars, where the TPI intensity of gold nanostar is 5̃0,000 times
igher than that of the gold nanosphere (Fig. 12B) [168].

To develop new types of two-photon (or multi-photon) contrast
gents other than the typically used AuNRs, Park et al. synthe-
ized 100 nm porous AuNPs to enhance the SPR in two-photon
uminescence by 20 times compared to AuNRs [169]. In addi-
ion, Yin et al. developed core–shell and dumbbell Gd-tailored
uNRs that exhibited good TPI efficacy [170]. Wang et al. fabri-
ated an aggregation-induced emission luminogen with a large
hree-photon absorption cross section at deep-red emission at
550 nm.  This technique can image mouse cerebral vasculature
ithout having to perform a craniotomy and skull-thinning that
re usually required for TPI; blood vessels of 2.4 �m can still be
ecognized at least 300 �m beneath the skull (Fig. 12C) [171]. A
imilar strategy using aggregation-induced emission nanoparticles
s photosensitizers demonstrated the ability of these nanoparticles
hich absorb 1550 nm excitation light and have three-photon fluorescence beneath
) Eu(III)-complexes surface-modified AuNPs as contract agents for 3D imaging of

 h in AuNPs. Printed with permission from Elsevier [173].

in assisting TPI at 1040 nm [172]. In addition, AuNPs and TPI can
also be applied to detect microdamaged bones. Gunnlaugsson and
co-workers developed a TPI agent based on Eu(III)-complexes that
linked to the surface of AuNPs through covalent spacers (Fig. 12D).
This agent can selectively bind to exposed calcium sites (i.e. the
microcracks) inside the damaged bone surface and enable the 3D
imaging of microdamaged bones [173].

Optical coherence tomography (OCT) imaging

Tomography uses sliced images of objects to generate 3D
structures. The optical tomographic techniques can provide a non-
invasive diagnosis without harmful irradiation such as that from
X-rays. OCT is based on light interference in which a beam is split
into two, one of them travelling through the sample and the other
used as a reference (Fig. 13A) [174]. The time-of-flight information
of a photon transmitted through or reflected from tissue contains
the spatial information regarding the microstructure of the tissue
[175]. The resulting interference produces a 2D image that con-
tains the information of internal tissue microstructure. OCT deeply
penetrates into the entity of interest, so it is especially useful for
imaging biological tissues like the eyes, skin, or breast.

AuNP-assisted OCT could be used to detect and image the chem-
ical environment, such as the pH and ozone concentration, in the
tissue samples. Zhou et al. introduced gold triangular nanoprism
core/polyaniline shell nanoparticles (GTNPs@PANI) as OCT contrast
agents that is pH-responsive and possesses different extinction

and scattering properties in acidic and basic environments with
a response time less than 1.0 s. This technique can be used for the
3D imaging of pH distribution in biological samples, such as the
acidic tumor regions [176]. In addition, their group also designed
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imilar gold triangular nanoprism platform for imaging ozone (O3)
n tissues, and quantitatively measured the penetration depth of O3
nto the anterior chamber of the fish eye [177].

New types of gold nanostructures have been developed to
nhance the contrast in OCT imaging. Wi  et al. fabricated two  layer-
tacked gold nanodisks that have a smaller nanodisk laid above

 bigger nanodisk. These unique gold nanodiskes can be used for
hotoacoustic and optical coherence imaging (Fig. 13B) [178]. Gao
t al. fabricated gold nanocups via a novel confined-space thermal
ewetting strategy, which can be used as a new type of OCT contrast
gent [179].

To study the behavior of AuNPs in vivo, Chhetri et al. demon-
trated the use of OCT to monitor the diffusion of AuNRs (the
anotopology) into complex biological fluids and tissues. They
sed this technique to study nanotopological changes during
xtracellular matrix (ECM) remodeling (which is important in
arcinogenesis), and the dehydration of pulmonary mucus [180].
ung et al. imaged AuNRs uptake in the sentinel lymph nodes
SLN) of mice, using the photothermal effect of AuNRs that
mproves the OCT images. The different AuNRs accumulation pat-
erns within several SLN structures, their concentration, and their
ime-dependent uptake were visualized with this photothermal
CT technique (Fig. 13C) [181]. In a work demonstrated by Prasad
roup, AuNPs that were produced in situ were used as contract
gents for dentistry [182].

hotoacoustic (PA) imaging

The principle of PA imaging is based on ultrasound waves, which

re generated by the thermally induced elastic expansion caused
y nanosecond-range photon pulses propagating through tissue.
he ultrasound waves can reach up to 7 cm in depth [183]. Com-
ared to other NIR dyes, which are usually cleared up quickly by
h permission from Springer Nature [174]. (B) Nanodisk for enhancing OCT. Printed
ement in sentinel lymph nodes (SLN) when using the Photothermal effect of AuNRs.

the body, AuNPs are more stable and have anti-photobleaching
properties [184]. Köker et al. used different split-florescent pro-
tein (FP) fragments to control the assembly of plasmonic NPs into
PA and SERS probes with well-defined hot spot geometry with
nanogap sizes that are shaped by the precise orientation of the FP
�-barrel structure, yielding strong PA signal amplifications with
multimodality abilities (Fig. 14B) [185]. Galanzha et al. introduced
a super-bright 22-nm spaser (surface plasmon amplification by
stimulated emission of radiation, plasmonic nanolaser) with the
formation of a dynamic vapor nanobubble around the spaser that
has the ability to generate a stimulated emission directly inside
living cells and animal tissues with emission intensity and spec-
tral width 4100 times brighter and 30-fold narrower, respectively,
than that generated from quantum dots (Fig. 14B) [186]. In addition,
Chen et al. developed a single-wavelength PA dynamic contrast-
enhanced imaging technique by employing a stimuli-responsive
contrast agent that can generate up to 30 times stronger PA signals
than the concentration-matched inorganic nanoparticle counter-
parts. The authors claimed that this method could increase signals
more than five-fold in image contrast to in vivo methods (Fig. 14C
and D) [187].

Conclusion and future outlook

This review provides a survey of the recent advances regarding
the use of AuNPs and optical imaging together for application in
biological and clinical studies. After the massive development in the
synthesis and surface modification of AuNPs for decades, we now

have gained great knowledge of this type of nanoparticle. Various
types of AuNPs have been experimentally and theoretically studied
for their optical properties and biological applications. Nonetheless,
there are still many challenges, issues and opportunities for further
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Fig. 14. (A) Schematic of assembly of AuNPs by green fluorescent protein (GFP) and M3 peptide fragments to form hot-spot SERS and photoacoustic nanoprobes. Printed with
permission from Springer Nature [185]. (B) Schematic of spacer for PA imaging. Printed with permission from Springer Nature [186]. (C and D) poly (n-isopropyl acrylamide)
( on mic
s res (Cu
i ature 
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PNIPAM)-AuNR for enhancing PA signal. (C) The schematic and transmission electr
olution temperature (LCST). (D) A model mouse with both Copper Sulfide nanosphe
ntensity compared with CuS. C and D are printed with permission from Springer N

xploration in this field. On the technological development side, the
ollowing improvements are desirable.

1) While 2D single particle tracking (SPT) techniques are well
established, 3D SPT remains challenging. However, in most
occasions, 3D information is much needed in order to recover
the bio-nano interaction accurately. In general, 3D SPT tech-
niques rely on simultaneously recording multiple images or
manipulating the point spread function. Significant amounts
of effort have been dedicated towards the development of 3D
SPT for bio-nano interaction [70,188–192]. Future development
is still needed to provide the multi-particle 3D tracking abil-
ity with expanded tracking range (from a few micrometers in
depth to the whole cell thickness) and suB–Diffraction-limited
resolution.

2) The spatial-temporal distribution of nanoparticles in cells can
be monitored with several microscopic methods with high
resolution. However, due to the plasmon coupling effect, it
is difficult to discern the small distances between adjacent
AuNPs [129], resulting in large uncertainties in the localiza-
tion of AuNPs. To measure the inter-particle distances, one
strategy involves using “plasmon rulers” with high sensitiv-
ity. The plasmon ruler is based on the spectra-shift of the SPR
when two plasmonic AuNPs approach each other with sensitive
color changes under the microscope. Although the SPR shifting

is regarded as a sensitive detection of the distance change of
AuNP-labeled molecules in live cells, concerns arise as the red-
shift of the SPR peak could also result from AuNPs aggregation,
which complicates the detection of biomolecules.
roscope (TEM) characterization of PNIPAM-AuNR below or above the lower critical
S NSs) and PNIPAM-CuS injected. The PNIPAM-CuS exhibits dramatically enhanced

[187].

(3) Traditional methods of AuNP fabrication are usually based
on seed growth methods or lithography. Recently, new
breakthroughs such as the usage of DNA self-assembly for syn-
thesizing plasmonic gold structures in literally any size and
shape [193–196] provide new possibilities for fabricating ultra-
sensitive hot-spots for single-molecule imaging by SERS and
PEF.

(4) Advanced scattering or fluorescence-based imaging techniques
with increased signal-to-noise ratios and resolution can be cou-
pled with other technological innovations to further improve
imaging capabilities of AuNPs in vivo. However, the practical
application of in vivo imaging is still difficult due to the low pen-
etration depth of the scattered light in tissue samples. To lower
the scattering background and improve the detection depth,
AuNPs that scatter NIR light (such as AuNRs, core-shell AuNPs,
etc.), especially in the NIR II window (1000–1700 nm), should
be developed and used [197].

On the application side, there are also major challenges: First, it
is difficult to acquire the fundamental understanding of bio-nano
interactions in complex biological environments. While most of
the past and current studies focus on observing the nanoparti-
cles’ behaviors in internalization, transport and bio-distribution,
the detailed mechanism of how the nanoparticles interact with dif-
ferent biomacromolecules, such as proteins, and how they trigger

the subsequent biological response is still unknown. The advance-
ment of the super-resolution microscopic techniques is promising
in shining a light on the basic understanding of this process in real
time. Second, the clinical application is still lacking, which requires
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ore information on the long-term toxicity of AuNPs in vivo. The
afety of AuNPs in clinical use is still questionable. However, several
ecent reports estimated the toxicity of AuNPs in mice that seems
o accumulate in the liver and spleen, but no obvious toxicity effect
s observable [198].
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