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The last decade has seen dramatic progress in the principle, design, and
fabrication of photonic nanomaterials with various optical properties

and functionalities. Light-emitting and light-responsive nanomaterials,

such as semiconductor quantum dots, plasmonic metal nanoparticles,
organic carbon, and polymeric nanomaterials, offer promising approaches
to low-cost and effective diagnostic, therapeutic, and theranostic applica-
tions. Reasonable endeavors have begun to translate some of the promising
photonic nanomaterials to the clinic. Here, current research on the state-of-
the-art and emerging photonic nanomaterials for diverse biomedical applica-
tions is reviewed, and the remaining challenges and future perspectives are

discussed.

1. Introduction

Fluorescent molecules have been traditionally used for bio-
imaging to visualize biomolecules from the cellular to the
integrative levels.!l The most conventional imaging agents
are fluorophores with a few aromatic rings with several
7 bonds.>? Small-molecular fluorophores have the advan-
tage of easy chemical modification to tune their optical prop-
erties and biological behaviors by altering the molecular
structures.*®! Diverse fluorescent dyes over a wide range
of excitation/emission wavelengths have been synthesized
and developed for laboratory usage.[®’] Despite the extensive
investigation of molecular fluorophores, there are significant
limitations for further clinical applications due to the low
photobleaching threshold, poor stability, and long-term safety
issues.l®l To date, only two fluorophores, indocyanine green
(ICG)PT and methylene blue,!'” have been approved for intra-
operative imaging by the US Food and Drug Administration

(FDA).M In this context, one compel-
ling motivation for the development of
photonic nanomaterials is to circumvent
the current limitation of fluorophores.

The electronic and optical properties
of materials on a nanometer scale are
significantly influenced by the quantum-
confinement effect of the electronic wave
functions.l'? In nanoscale semiconductor
systems, the energy bands are modified
to discrete molecular electronic levels.
In noble metals, free electrons in the con-
duction band can oscillate collectively and
form resonance in metallic nanoparticles.
The plasmonic oscillation can interact
with photons strongly at the metallic sur-
face, 13l enabling the optical properties of nanomaterials to be
easily tuned by changing the particle size and shape. A variety
of nanomaterials have been widely investigated over the past
few decades, for applications toward diagnostics, therapeutics,
and theranostics (Figure 1). Colloidal semiconductor quantum
dots (QDs) have been regarded as potential alternatives to
molecular fluorophores owing to their long-term photostability
and narrow emission bands.] Colloidal gold nanomaterials
are the typical example of metal nanomaterials for biophotonic
applications in the forms of gold nanospheres, gold nanorods,
and hollow gold nanospheres (HAuNSs).[’] Carbon nanoma-
terials including fullerene, graphene, and carbon nanotubes
have also been considered for applications such as biosensors,
bioimaging agents, and photothermal therapy.!® Despite the
numerous studies on these nanomaterials, they have suffered
from safety issues. To address the safety concerns, biocompat-
ible, biodegradable, and excretable photonic nanomaterials are
actively pursued.

[13
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Here, we chronologically review the development of various
photonic nanomaterials, including colloidal semiconductor
quantum dots, gold nanomaterials, carbon nanomaterials,
polymeric melanoidin,'”]  transition-metal dichalcogenides
(TMDs),®l and upconversion nanoparticles (UCNPs).[]
We then describe current research efforts to test and validate
their diagnostic and therapeutic utilities. The applications being
pursued include fluorescence imaging, plasmon-resonance-
based sensing and imaging, photoacoustic imaging, photo-
thermal therapy, photodynamic therapy, and optogenetic therapy.
Furthermore, we describe novel, emerging photonic nanomate-
rials for theranostic applications combining the diagnostic and
therapeutic platform technologies. Finally, we discuss several
important strategies to improve the clinical feasibility of photonic
nanomaterials for the applications to futuristic photomedicine.

2. Photonic Nanomaterials

2.1. Semiconductor Quantum Dots

From the early stage, QDs have been considered as one of the
most popular nanomaterials for biophotonic applications. QDs
are defined as particles composed of periodic groups of II-VI
or III-V semiconductor elements with physical dimensions
smaller than the Bohr radius.?% QDs typically have core-shell
or core-only structures with a diameter of 1-10 nm. The core
materials are usually inorganic semiconductors, such as CdSe,
CdTe, CdS, ZnS, ZnSe, PDS, and PbSe as well as InP and InGaP
without toxic heavy-metal ions.?!l The shell materials are often
inorganic semiconductors with a wider bandgap such as ZnS
and CdS.?2 The passivation of the core surface with shell mate-
rials can protect the core from oxidation and harsh biological
environments. In particular, a ZnS shell has been used to pre-
vent the leaching of heavy-metal ions to the surrounding solu-
tion.?3] Additionally, the shell capping causes the tunneling of
charge carriers into the shell layers. In accordance, absorption
and emission are redshifted compared with the core QDs.*
Several attractive properties of QDs distinguish them from
typical fluorophores for biomedical applications. First, QDs
have a relatively high quantum yield over a wide range of
absorption and emission wavelengths from the visible to the
near-infrared (NIR) range.?”! Second, QDs have a long fluores-
cence lifetime, =10-100 ns, which can be distinguished from
short fluorescence signals like cellular autofluorescence in
time-gated detection.?%l The typical organic fluorophores have a
fluorescence time shorter than 10 ns. Third, the emission bands
of QDs are mostly narrow and symmetrical, whereas most fluo-
rophores have red-tailed emission spectra.?’! Fourth, the optical
properties of QDs, including the absorption and emission wave-
lengths, can be controlled by changing their composition, size,
size distribution, shape, and surface chemistry.®l In addition,
the size and shape of QDs can be precisely tuned by changing
the synthesis temperature and time, and the ligand molecules.
Several kinds of QDs prepared with CdSe, CdS, ZnSe, CdTe,
PDbS, InP, and InGaP are now commercially available for labora-
tory or preclinical usage.?®! A robust and reproducible method
to synthesize high-quality CdSe/ZnS QDs was developed by
Bawendi and co-workers.?”l The synthesis of CdSe cores was
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Figure 1. Photonic nanomaterials for diagnostic, therapeutic, and theranostic applications. Theranostics: Reproduced with permission.l'”l Copyright
2016, American Chemical Society. Diagnostics: Reproduced with permission.'*l Copyright 2014, American Chemical Society. Therapeutics: Repro-

duced with permission.}4%l Copyright 2013, Nature Publishing Group.

based on the pyrolysis of organometallic precursors, dimethyl-
cadmium and trioctyl phosphine selenide, in a mixture of trioctyl
phosphine (TOP) and trioctyl phosphine oxide (TOPO) at high
temperature. After reaction, highly crystalline CdSe cores were
synthesized with a narrow size distribution of 8-11%.% The
reproducible reaction to control the size of QDs can contribute
to the fine-tuning of optical properties. The CdSe QDs with a
wide range of absorption and emission wavelengths, which is
dependent on the core size, are shown in Figure 2.281 A ZnS
layer can be coated on the surface of QDs by the same growth
reaction as that of CdSe cores in TOP/TOPO. The ZnS shells
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not only protect the core from the surrounding environment,
but also improve the yield of photoluminescence (PL).?8!
Because QDs have superior optical properties, including
resistance to photobleaching and high/narrow light emission,
they are suitable for various bioimaging applications. The QDs
synthesized by pyrolysis are hydrophobic and require adequate
surface modification for phase transfer to aqueous solution. The
surface of QDs can easily be functionalized with hydrophilic
ligands by cap exchange. These ligands can facilitate both the
solubilization of QDs in aqueous media and the chemical modi-
fication with biomolecules.?!l An alternative strategy to achieve
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Figure 2. a) Absorption and emission spectra and b) a photograph of
six different QDs with different sizes of CdSe cores. In the photograph,
all samples were excited at 365 nm with a ultraviolet light source. Repro-
duced with permission.[?8] Copyright 2005, Nature Publishing Group.

high water solubility, stability, and biocompatibility of QDs is
silica coating. QDs can be embedded in a siloxane shell and
functionalized with groups such as thiol and amine.?” They
exhibit high stability in the aqueous environment and thus have
been used as multimodal bioimaging contrast agents, including
fluorescence detection of fixed cell and tissue sections,** ex vivo
live cell imaging,?* and in vivo imaging in animals.** In recent
years, QDs have been used as two-photon imaging agents with
their very large cross-sections for two-photon action. Moreover,
FACS analysisP®® and biosensors using biomolecule-conjugated
QDsP” have been investigated extensively due to the narrow fluo-
rescence emission and easy functionalization of QDs.

Despite the unique optical properties and feasibility of QDs, the
cytotoxicity caused by the constituent materials is a major concern
for clinical applications. InP and InGaP QDs have been considered
as promising candidates without using heavy-metal ions, but have
suffered from relatively low PL yields.’® Thick overcoating with
shell materials and efficient surface capping have been attempted
to prevent the leakage of heavy-metal ions and the generation of
reactive oxygen species (ROS).3**% However, core materials detri-
mental to health and environment have ultimately precluded the
FDA approval of QDs for further clinical applications. Recently,
various alternatives to QDs have been investigated for biomedical
applications as described in the following sections.

2.2. Gold Nanomaterials
The medicinal use of gold has a long history. Gold salts and

red colloidal gold have been traditionally used for the treatment
of rheumatoid arthritis and nerve diseases since 2500 BC.[*142
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Gold as a nanomaterial was used in decorative art, stained
glass, and alchemy in the Middle Ages. An early investigation
of colloidal gold as a nanomaterial was reported by Michael
Faraday.*3] He reduced gold salts with phosphorous in carbon
disulfide and reported that the resulting gold colloidal solution
showed a ruby red color, which could be distinguished from the
golden yellow color of bulk gold. Since then, gold nanomate-
rials have been extensively investigated to identify the unique
electrical and optical properties. The phenomena appear to
be caused by (localized) surface plasmon resonance (SPR).[
Gold nanoparticles and heavily doped semiconductors have
free electrons. Under light irradiation, the electric field causes
the collective coherent oscillation of conduction-band electrons
on the surface of the nanoparticles. The resonance can cause
light scattering, a surface plasmon absorption converting the
incident light to heat, and a strong local electromagnetic field
enhancing the optical signals of fluorescence and Raman
scattering.l” In particular, SPR peaks in the NIR region are
important in biomedical applications due to the deep tissue-
penetration depth.!% The optical properties of gold nanomate-
rials are governed by the position and shape of SPR peaks, and
the peaks can be controlled by changing the size, shape, and
aspect ratio of the nanostructures.

Gold nanomaterials possess particular advantages that sup-
port their suitability as a nanoscale platform for biomedical
applications. First, the synthesis methods of gold nanostruc-
tures are robust with a high yield.*’! Second, the reactions can
be generally performed in aqueous solution, which does not
require further phase transfer to water for biomedical applica-
tions. The simple and fast preparation of gold nanostructures
has enabled relevant studies in the early stage. Moreover, the
surface of gold has an affinity to compounds containing S, P,
or N. Accordingly, gold nanomaterials can be readily modified
with ligands having functional groups such as thiols, phos-
phines, and amines.*) Gold nanomaterials modified with
bioinert polymers, such as poly(ethylene glycol) (PEG) and hya-
luronic acid (HA), can be stabilized in the biological environ-
ment.*’] In the case of conjugation with biologically functional
moieties such as antibodies, oligonucleotides, and peptides,
the nanomaterials can efficiently interact with biological sys-
tems, rendering applications toward biosensors!*®l and targeted
delivery.*] The bioinert nature of gold is also beneficial for bio-
medical applications. Although there are toxicological concerns
about the effect of gold nanomaterials on the induction of oxi-
dative stress and genotoxicity, they are still considered highly
biocompatible and less cytotoxic than other nanomaterials.>"
The synthesis, optical properties, and biomedical applications
of several representative gold nanostructures are reviewed in
the following sections.

2.2.1. Gold Nanoparticles

There are three kinds of gold nanostructures that are round in
shape: gold nanoclusters, gold nanoparticles, and gold nano-
spheres.[> Gold nanoclusters are molecular species composed of
a few to several hundred Au atoms with a size smaller than 2 nm.
Gold nanospheres are spherical nanocrystals with a single-
crystal structure without a sharp corner or edge on the surface.
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Figure 3. Tunable optical properties of gold nanorods achieved by changing the aspect ratio. Gold nanorods with different aspect ratios exhibit different
dimensions as shown by a) TEM, b) different colors, and c) different SPR bands (scale bar: 100 nm; AR: aspect ratio). Reproduced with permission.6%

Copyright 2010, Elsevier.

Herein, we describe gold nanoparticles with polycrystalline nano-
structures in a quasispherical shape as the most common gold
nanomaterials for biomedical applications. Gold nanoparticles
can be synthesized by reduction of HAuCl, in the solution phase.
There are two representative methods: the Turkevich method
and the Brust—Schiffrin method. Turkevich used citrate as both
a reducing agent and a capping agent to synthesize 20 nm
particles.P!l Frens reported the control of the particle size by
changing the citrate to gold ratio.’¥ In the Brust-Schiffrin
method, HAuCl, is reduced with sodium borohydride (NaBH,)
using alkanethiol as a capping agent.”® The particle size can
be controlled by changing the ratio of HAuCl, to thiol. Gold
nanoparticles with a size of 10-100 nm have SPR peaks at
520-570 nm in the visible region, which is the origin of ruby red
color of the gold solution.** Gold nanoparticles exhibiting SPR in
the visible region can be used as colorimetric biosensors to detect
DNAs, metal ions, proteins, and small molecules.> In addition,
they can be used for dark-field light-scattering imaging by deliv-
ering the nanoparticles to the target region.l>

2.2.2. Gold Nanorods

Despite the wide applications of gold nanoparticles, the pres-
ence of SPR bands only in the visible region has been the
major drawback for further development. Remarkably, the SPR
bands can be extended to the NIR region by changing the shape
and aspect ratio of the gold nanomaterials. Gold nanorods were
developed as one of the resulting achievements. Gold nanorods
have an anisotropic shape and free electrons can oscillate along
both the long and short axes. Thus, gold nanorods have two
SPR bands: a weaker one in the visible region and a stronger
one in the NIR region.”] The band position in the NIR region
is very sensitive to the aspect ratio. Murphy and co-workers and
El-Sayed and Nikoobakht reported a typical synthesis method by
the seed-mediated growth using hexadecyltrimethylammonium
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bromide (CTAB) as a capping agent.’®] CTAB can preferen-
tially bind to specific crystal facets on spherical gold seed parti-
cles and induce the formation of nanorods. The aspect ratio can
be controlled by changing the concentration of silver ions, and
the resulting gold nanorods show color changes from blue to
red (Figure 3).°) The SPR bands of gold nanorods in the NIR
region show a deep penetration into biological tissues, ena-
bling in vivo biomedical applications, such as surface-enhanced
Raman scattering (SERS) imagingl®”! and photothermal therapy
(PTT).(61]

2.2.3. Other Gold Nanomaterials

A variety of gold nanostructures have been developed,
including gold nanoplates with different 2D shapes, including
triangles (Figure 4a), hexagons (Figure 4b), truncated
triangles, and circles.?] Gold nanoplates are enclosed by two
relatively large basal planes with low aspect ratios. They can
be synthesized by wet-chemical methods using the two-stage
mechanism of nucleation and growth. In the nucleation step,
various surfactants like poly(vinylpyrrolidone),®3 CTAB,64
and aspartatel®! act as crystal-face-blocking ligands and seeds
are generated with planar defects. Then, lateral growth of
the seeds can be induced to form plates with different edge
lengths. The SPR peaks of gold nanoplates are in the visible
and the NIR range, and the optical properties of the nano-
plates can be tuned by changing the edge length, thickness,
and corner sharpness.[62

Other types are hollow gold nanostructures (HAuNSs)
(Figure 4c) and gold nanocages (Figure 4d). HAuNSs have
been considered as potential theranostic agents due to the
capacity for carrying other molecules and the strong absorp-
tion of NIR light for photothermal applications.[®® The most
popular synthesis method for HAuNSs is the galvanic replace-
ment reaction. HAuNSs are generally prepared by the galvanic
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Figure 4. TEM images of a) triangular gold nanoplates, b) hexagonal gold
nanoplates, c) hollow gold nanospheres, and d) gold nanocages. a) Repro-
duced with permission.')l Copyright 2010 American Chemical Society.
b) Reproduced with permission.l® Copyright 2010, Hindawi. c) Repro-
duced with permission.l®®l Copyright 2011, Royal Society of Chemistry.
d) Reproduced with permission.”% Copyright 2010, John Wiley&Sons.

replacement reaction between cobalt nanoparticles and chloro-
auric acid.[7%8] The position of the surface plasmon band can
be tuned between 550 and 820 nm by changing the particle
size and wall thickness with reducing and capping agents.[®’]
Gold nanocages with hollow interior and porous walls can be
prepared using silver nanocubes as sacrificial templates and
Au(I1I) or Au(l) as precursors to form gold shells.”" The shapes
and dimensions of the resulting nanostructures can be con-
trolled by varying the ratio of gold precursor to silver nanocube.
A diverse nanocage has a different SPR peak at wavelengths
between 400 and 1200 nm."!]

2.3. Carbon Nanomaterials

Since the incidental discovery of fullerene by Smalley and co-
workers in 1985,72l carbon nanomaterials have been widely
investigated for various applications. Further studies real-
ized the discovery of other nanosized carbon allotropes,
such as carbon nanotubes (CNTs), graphene, carbon dots
(C-dots), and nanodiamonds.”>7°l Each carbon nanomate-
rial exhibits a unique structure owing to the versatile carbon
sp?- and sp*hybridized orbitals. The sp?-hybridized orbitals
enable fullerene, CNTs, and graphene to form hollow spheres,
pipes, and 2D honeycomb structures, respectively. In con-
trast, C-dots are carbon nanoparticles less than 10 nm that
consist of a mixture of sp? and sp® carbons. Nanodiamonds
comprise sp* carbon atoms on a nanometer scale. Due to the
quantum-confinement effect caused by the nanoscale size,
carbon nanomaterials exhibit some distinct electrical, magnetic,
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optical, mechanical, and chemical properties. These proper-
ties allow the applications toward energy storage, catalysis, and
biomedicine.”’7% In the following, we describe the structures
and properties of each carbon material especially in terms of
photonic applications.

2.3.1. Fullerene

Fullerene is a carbon molecule in the forms of hollow spheres,
ellipsoids, and tubes. Among the fullerenes, Cy is the famous
structure, honored with a Nobel Prize in 1996. Cg is a hollow
sphere composed of 12 pentagonal and 20 hexagonal carbon
rings with a van der Waals’ diameter of 1.1 nm. Cq is syn-
thesized by the evaporation of graphite using laser and heat
or by the organic method using aromatic precursors.’28%
The synthesized Cy can be renovated by posttreatments, which
include functionalization and encapsulation. The functionaliza-
tion involves the covalent bridging with ligands, which confer
water solubility or biocompatibility to Cg.282l The encapsu-
lation is performed by noncovalent surrounding of Cg, with
amphiphilic host molecules.®’] Posttreatments have provided Cqy
with biocompatibility and enabled selective targeting to cer-
tain biomarkers, both of which are necessary for theranostic
applications. Posttreatments are known to improve the fluores-
cence quantum yield. After stirring with tetraethylene glycol
and lithium hydroxide as a catalyst, Cgy becomes soluble in
water with increased photoluminescence, which is tunable by
changing the amount of Cg.B4

2.3.2. Carbon Nanotubes

As a pipe-type fullerene, CNTs show cylindrical nanostructures
that are a roll of single or multiple graphitic sheets. Because
these carbon allotropes have unusual mechanical, electrical,
optical, and thermal properties, they have been investigated
for biomedical, electronic, and electrochemical applications.!®!
CNTs are also appropriate for theranostic applications owing to
their unique photonic properties. CNTs can be synthesized by
arc discharge, laser ablation, plasma torch, and chemical vapor
deposition.l”38-88 CNTs with a single rolled graphitic layer are
called single-walled CNTs (SWCNTs) and CNTs with several
rolled graphitic layers are called multiwalled CNTs (MWCNT5).
The diameter of the cylinder and the direction of the rolling
up of the graphitic layers determine the bandgap of the CNT,
which varies from 0 to 2 eV and influences the electronic behav-
iors of metallic or semiconducting CNTs. For semiconducting
nanotubes, it has been simulated and proven that the bandgap
energy is inversely proportional to the tube diameter.%-°1
Semiconducting SWCNTs are photoresponsive due to their
bandgaps. They can absorb light in the visible (400-750 nm)
and NIR-I (750-1000 nm) regions, and then emit NIR-II light
(1000-1700 nm) with nonradiative relaxation in the form of
heat.®” The NIR-I and NIR-II windows are important for
biomedical imaging because the radiation in these windows
has high transparency, low absorption, reduced scattering,
and minimal autofluorescence from biological tissues in the
body.”3l SWCNTs have been used as photosensitizers (PSs)
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Figure 5. a) Schematic illustration of SWCNTs functionalized with poly(maleic anhydride-alt-1-octadecene)-methyl-PEG (C;3-PMH-mPEG) and
1,2-distearoyl-phosphatidylethanol amine-methyl-PEG (DSPE-mPEG) in a suspension (inset: a photo of a functionalized-SWCNT suspension in
water). Reproduced with permission.®¥l Copyright 2010, Springer. b) A scheme of nanographene sheets with PEG functionalization and Cy7 labeling.
Reproduced with permission.l"® Copyright 2010 American Chemical Society. c) A schematic illustration for the surface coupling chemistry (left)
and proposed FRET mechanism (right) for FRET-C-dot-drug delivery system. Reproduced with permission.l3% Copyright 2013, John Wiley&Sons.

for photothermal and photodynamic therapy (PDT).**%!

Welsher et al. synthesized SWCNTs functionalized with
PEGylated phospholipids, which were biologically nontoxic
and long circulating with intrinsic NIR photoluminescence
(Figure 5a).°%1 SWCNTs have also been used as fluorophores
to visualize the targeted structural and molecular features
of living systems.[%8] CNTs have been used for conjugation
with bioactive molecules through m—m stacking for chemo-
therapy and gene therapy.””1%U Despite these advantages of
CNTs, the critical safety issue is still controversial with con-
flicting opinions.[102

2.3.3. Graphene Oxide

Graphene is a 2D material composed of honeycomb hexagonal
carbon atoms with sp? hybridization. Since the first mechanical
exfoliation with a Scotch tape to find graphene,”* numerous
preparation methods have been developed including mechan-
ical and chemical exfoliation,”#1931% unzipping of CNTs,10106]
bottom-up epitaxial growth,1%1%] and chemical synthesis.1?!
Graphene is known to have a zero bandgap.''% Dirac fermions
are defined as massless and ultrarelativistic charge carriers
that move within the graphene layers and result in high carrier
mobility,"'"112] high thermal conductivity,!'l ambipolar electric
field effect,”! and quantum Hall effect at room temperature.['
The large surface area, high mechanical flexibility, and chemical
versatility are also the important advantages of graphene.

While graphene is less suitable for theranostic applica-
tions, graphene oxide (GO) has been extensively exploited for
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theranostic applications due to its strong fluorescence emission
by the heterogeneous atoms of GO. The fluorescence emis-
sion range of GO is very wide from the ultraviolet to NIR. The
origin of GO fluorescence is electronic transitions in the non-
oxidized sp? carbon atom region and the boundary of oxidized
carbon atom region.l'™®! Additionally, GO has been used for target
cell imaging with the NIR-I fluorescence,''! photoacoustic (PA)
imaging with acoustic waves from the conversion of absorbed
photons in GO,''”] and PTT with the NIR radiation-induced
heat.''®121] Yang et al. synthesized nanographene-sheet-PEG
(NGS-PEG) by conjugating PEG to GO (Figure 5b). The NGS—
PEG solution showed a rapid raise of temperature during
808 nm laser irradiation, enabling ultraefficient PTT.

2.3.4. Carbon Dots

C-dots, called carbon nanodots or carbon quantum dots,
are an emerging class of carbon nanomaterials. C-dots are
usually quasispherical carbon nanoparticles less than 10 nm
with adequate surface passivation.l”>122l C-dots are composed of
sp? and sp? carbon atoms with other heterogeneous atoms such
as hydrogen, oxygen, and nitrogen in the form of sp? carbon
embedded in amorphous sp?® carbon atoms.['?2l High-resolution
transmission electron microscopy (TEM) has shown the crys-
talline lattices of sp? carbon atoms. Since the first discovery of
C-dots during the purification of SWCNTs,['l many scientists
have investigated the synthetic methods and characteristics
of C-dots. C-dots can be synthesized with various precursors
of graphite,'?#125] CNT,[123128 glycerol,'?”] glucose,!'?®! citric

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

acid,"® and aromatic compounds!'3% by laser ablation,[3! oxi-
dative acid treatment, 24132 hydrothermal treatment,!'?8! elec-
trochemical oxidation,?’! and organic synthesis.'?13% C-dots
can be surface modified to control their chemical, optical, and
electrical properties.[133134

The optical properties of C-dots are extraordinary among
carbon materials with a light emission range from deep UV to
NIR depending on the excitation.'*>~137] The fluorescence of
C-dots can be enhanced by the quantum-confinement effect,
surface energy traps, and energy states with edge defects.[138]
The various energy states in C-dots enable several fluorescence
emissions, such as normal one-photon down-conversion fluo-
rescence, two-photon and multiphoton fluorescence, 3914l and
upconversion fluorescence.l'3%142l C-dots with a large surface
area show outstanding optical properties with biocompatibility
for theranostic applications. One such application is the com-
bination of one-photon fluorescence imaging and PDT.[143144]
Others include two-photon fluorescence imaging and drug
delivery.3%1%] Tang et al. demonstrated the facilitated real-time
monitoring of drug release using Forster resonance energy
transfer (FRET) signals of C-dots (Figure 5c).

2.3.5. Nanodiamonds

Nanodiamonds are colloidal diamond particles with a size
of 2-10 nm."® Compared with other carbon nanomaterials,
nanodiamonds, which contain a rack of sp? carbon atoms, are
photoresponsive in different ways. The origin of fluorescence
in nanodiamonds is the defect center frequently found in
diamonds. The nitrogen vacancy center, as one type of defect
centers, consists of a substitutional nitrogen atom with an adja-
cent carbon vacancy.'*¢'#7l Nanodiamonds are known to be rela-
tively less toxic than other carbon materials and highly resistant
to photobleaching!'*”! with a high fluorescence quantum effi-
ciency of 0.7-1.0.1481491 With these promising characteristics,
nanodiamonds can be used for the fluorescent imaging of sub-
cellular structures and certain biomarkers,'>*151 drug and gene
delivery,>2153 and tissue engineering.!'>*

2.4. Polymeric Melanoidin

Melanoidin is generally known as a nonenzymatic browning
product obtained by the Maillard reaction.l'”'>>-1>7] Melanoidin
is a heterogeneous polymer that is relatively hydrophilic and
negatively charged. However, melanoidins obtained by the
complex condensation process between proteins and polysac-
charides in protein-rich foods are largely insoluble and possess
a dense network structure with a high molecular weight. The
Maillard reaction is a heat-based food transformation or the
condensation process between amino acids and the aldehydes
of reducing saccharides.l'”1>>-157] In the early stage, glucose or
fructose reacts with a free amino group to produce the conden-
sation product, an N-substituted glycosylamine. This product
immediately makes the Amadori rearrangement product
(ARP). ARP is degraded by 1,2-enolization to produce furfural
or hydroxymethylfurfural at pH values below 7. Above pH 7,
ARP is mainly degraded by 2,3-enolization. All these chemical
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products are highly reactive and participate in further reactions.
The final products, the so-called melanoidins, are synthesized
by cyclization, dehydration, retroaldolization, rearrangement,
isomerization, and further condensation (Figure 6). Melanoidin
can be found in processed foods such as coffee, dried fruit,
and soy sauce.>*1%0 The type of melanoidins is dependent on
the sugar and amino acid including glucose-glycine, glucose—
histidine, glucose-alanine, and coffee melanoidins. Melanoidin
has no precisely defined chemical structure and size due to
various starting materials and synthesis methods. The basic
structure of glucose melanoidin was suggested as shown in
Figure 1. Melanoidin has remarkable functional properties of
antioxidant activity, biodegradability, biocompatibility, light
absorption, and metal-binding affinity.['7-1581>]

Many studies on melanoidins are related to the antioxidant
properties, antimicrobial properties, or chelating metals.[16!
Recently, melanoidins have been applied to biomedical photonic
research.l"”15] First, an N-doped C-dot was synthesized using
melanoidins.'>! Because the starting materials to synthesize
melanoidins are glucose and various amino acids, the physic-
ochemical properties of C-dots can be controlled by changing
the type of used amino acids. C-dots have high photolumines-
cence, water solubility, and biocompatibility with easy function-
alization. In addition, C-dots have the potential for multicolor
luminescence and long-term cellular imaging. Melanoidin has
also been applied to PA imaging and PTT using light-responsive
and biodegradable properties.??! Unlike other synthetic methods,
melanoidin was synthesized with glucose and glycine (GG)
at body temperature and physiological pH. To enhance the
light-responsive heat-generation effect, GG-melanoidin was
chelated with Fe*". GG-melanoidin generated enough heat for
PTT depending on the light wavelength, power, and illumina-
tion time. Using the property, GG-melanoidin was applied to
PA tomography for lymph-node imaging, and PTT for tumor
ablation and lipolysis.["”]

2.5. Transition-Metal Dichalcogenides

Following the extensive research into graphene, other 2D mate-
rials have attracted great attention in recent years. In particular,
layered TMDs have lattices of metal atoms (M), such as Mo and
W, sandwiched between two chalcogen atoms (X), such as S and
Se, with an MX, stoichiometry such as MoS,, TiS,, TaS,, WS,
and MoSe,. The typical structure is shown in Figure 7a.l'% In
nature, while the M—X bonds are covalent within the layer,
these layered TMDs usually have a stacked 3D bulk crystal
structure with van der Waals’ forces between each layer. Accord-
ingly, bulk TMDs can be exfoliated to single or a few layers by
physical or chemical methods to produce layers with a thick-
ness of 6-7 A as shown in Figure 7b.[13-1%] TMDs have been
exploited for biomedical applications to biosensors, bioimaging,
drug delivery, and cancer therapy.['®’]

Originally, mechanical exfoliation wusing an adhesive
Scotch tape was a popular method to fabricate monolayer
2D nanosheets. This method was regarded as the most efficient
way to produce highly crystalline clean thin nanosheets of lay-
ered materials. However, this technique suffered from limited
scale-up and difficult size control.l'%® To utilize nanosheets in
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Figure 6. The Maillard reaction scheme. Adapted with permission.l%% Copyright 2001, Elsevier.

biomedicine, chemical exfoliation has been widely explored
to produce uniform monolayer TMD nanosheets through
bulk production for further applications. Lithium-ion
(Li*)-based intercalation of bulk TMD materials has been
regarded as an effective method for the high-yield production of
TMD nanosheets.['*% Recently, simple exfoliation methods have
been reported, using organic solutions including N-methyl-
pyrrolidone or dimethyl sulfoxide.'”% To reduce its size by the
strong quantum-confinement and edge effects, several exfolia-
tion processes have been reported, such as the ultrasonication
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of bulk crystal,'”!l thermal ablation of nanosheets in organic
solvents,'”? and the electrochemically induced Fenton reac-
tion of nanosheets.'’3] However, for the large-scale production
of monolayers, aqueous exfoliation has advantages over exfo-
liation in organic solvents. Sodium cholate as a surfactant was
reported to prevent aggregation by the large surface energy,
enabling the exfoliation of WS,, MoTe,, MoSe,, NbSe,, and
TaSe, to monolayers in aqueous solution.!'74!

Several recent studies have found that many TMDs have a
transition from an indirect bandgap to a direct bandgap from
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Figure 7. a) 3D schematic representation of a typical MX; structure with the metal atoms (M) in gray and the chalcogen atoms (X) in yellow. Repro-
duced with permission.['82 Copyright 2011, Nature Publishing Group. b) Atomic force microscopy images of TMDs on SiO, substrates. The insets
represent the height profiles of the nanosheets. Reproduced with permission.*4l Copyright 2013, Nature Publishing Group. c) Plots of bandgap
E, versus applied electric field E for MoS,, MoSe,, MoTe,, and WS,. Reproduced with permission.l”’l Copyright 2011, American Physical Society.

the bulk to monolayer states. The change of layer number
causes a quantum-confinement effect of charge carriers only
in the X- and Y-directions, which results in extraordinary
photoluminescence.l'>17% In the case of MoS,, the indirect
bandgap of 1.3 eV in the bulk becomes 1.8 eV in the monolayer
state. The 3.16 eV bandgap of bulk WS, becomes 2.1 eV in
the monolayer state. The bandgap energies (Eg) of some mate-
rials are shown in Figure 7c.'77] Several studies have shown
that other MoX, or WX, compounds have similar indirect-to-
direct transitions at the monolayer from the bulk, resulting in
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an extraordinary enhancement of photoluminescence.!'7317
This unique feature has opened new applications of TMDs
to optoelectronics. However, there have been limited studies
using TMDs in the biomedical fields. Recently, among the
numerous kinds of TMD nanosheets, monolayer quantum-
sized MoS, nanosheets have shown high photolumines-
cence by the indirect-to-direct-bandgap transition based on
hybridization between the d orbitals of the Mo atoms and
the p, orbitals of the S atoms. In addition, size-dependent
photoluminescence was reported from red to blue light.[8%
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Similar to MoS,, WS, also shows strong fluorescence at the
nanoscale with a quantum yield of =4%.[181]

Recently, TMDs have been investigated for diagnostic and
therapeutic applications. They have been used for fluorescence
imaging, PA tomography, and computed tomography (CT).82
They have also been used for drug delivery, PTT, and PDT. To
optimize the therapeutic treatment and monitor the response,
image-guided therapy has been proposed as an emerging
strategy for personalized theranostics.'®3l Owing to their high
absorbance in the NIR region, these materials can be utilized
as photothermal agents for cancer therapy. With a large sur-
face-area-to-volume ratio and a strong hydrophobic interaction
with chemical drugs, TMD materials have been investigated as
a drug-delivery platform for combined chemo- and photothermal
cancer therapy.'8-18 Several TMDs, such as WS, and Bi,Ses,
which have high-Z elements, have been exploited as X-ray CT
imaging agents. Recent studies have also demonstrated that
magnetic nanoparticles or radioactive metal ions (e.g., Fe**, Co?',
Ni%*, and Gd*") can be used with TMDs for magnetic resonance
or nuclear imaging."® In addition, in the NIR range, TMDs
show a high light-to-heat conversion efficiency. Chou et al
reported that MoS, nanosheets showed a higher NIR absorption
capacity than graphene or gold nanorods. '8

The biocompatibility, toxicity, and physiological stability
are important factors for further applications of TMDs to the
biomedical fields. Similar to other nanoparticles, toxicity of
TMDs is highly influenced by their physicochemical properties,
including sheet size, morphology, zeta potential, and hydrophi-
licity.[182189190] Although their safety is unconfirmed, a feasi-
bility study is in progress to assess their potential for clinical
applications. It has been demonstrated that several TMD mate-
rials have lower toxicity to living cells than GO.1®! In particular,
TMD nanosheets containing sulfur (e.g., MoS, and WS,) have
intrinsic sulfur vacancies and defects. These sites were reported
to show high molecular affinity for thiol ligand modification.*?
With the inclusion of thiol edge absorption, chitosan, PEG, or
other protein-functionalized TMD nanosheets have shown no
obvious in vitro or in vivo toxicity.l'®" Although the application
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of TMD nanomaterials to biomedical fields is still in an early
stage, it is believed that TMDs will provide a great opportunity
to overcome the technological barriers of 2D materials for diag-
nostic, therapeutic, and theranostic applications.[193194

2.6. Upconversion Nanoparticles

For most luminescence nanomaterials, the emission spec-
trum is always located at a longer wavelength position than
the excitation spectrum. In other words, the excitation energy
of photons is higher than the emission energy. This rule is
defined as Stokes’ law and the energy loss during fluores-
cence emission is known as the Stokes shift. Most fluoro-
phores, including organic dyes and QDs, typically follow
Stokes” law. In some particular cases, the emission energy
is higher than the excitation energy. This is anti-Stokes-type
luminescence, which occurs through three nonlinear optical
processes of second-harmonic generation (SHG), simul-
taneous two-photon absorption (STPA), and upconversion
(Figure 8).'] SHG is a process in which photons with the
same frequency are effectively combined to produce new
photons with twice the energy (Figure 8a). STPA is a process
in which two long-wavelength photons are simultaneously
absorbed and excited by two-photon absorption (Figure 8b).
In comparison to the SHG and STPA processes in which the
intermediate excited states are virtual, upconversion involves
the real long-lived intermediate excited states and efficiently
converts low-energy photons to high-energy photons.[1%
This concept was first proposed by Nicolaas Bloembergen,
the Dutch—-American physicist, in 1959.1'%”) Along with their
unique optical properties, UCNPs eliminate autofluorescence
and light scattering in biological specimens under NIR exci-
tation, enabling deep tissue bioimaging.1°®1% The optical
properties are caused by photon upconversion, which is
the nonlinear process of sequential absorbance and energy
transfer with two or more NIR photons.?®?! Photonic nano-
materials that can undergo upconversion phenomena include

a b c d e f
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Figure 8. Principal anti-Stokes processes for a) second harmonic generation and b) simultaneous two-photon absorption. c) Upconversion for excited
states absorption, d) energy-transfer upconversion, e) cooperative sensitization upconversion, and f) photon avalanche. Reproduced with permis-
sion.'] Copyright 2015, Springer. Reproduced with permission.['®®l Copyright 2013, Royal Society of Chemistry. Reproduced with permission.2"]

Copyright 2015, Nature Publishing Group.
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multienergy levels in accordance with the d orbitals of transi-
tion metal ions or the f orbitals of lanthanide ions (Ln3**). The
optical properties have indicated that upconversion-nanomaterial
systems are a promising light-delivery nanoplatform for bio-
imaging, PDT, and PTT applications.

The physical energy transfer mechanism for the upconver-
sion luminescence includes excited-state absorption (ESA),
energy-transfer upconversion (ETU), cooperative sensitization
upconversion (CSU), and photon avalanche (PhA).?%U Energy
upconversion is usually dominated by either the ESA or ETU
process, in which long-lived intermediate excited states store
the energy. In the case of the ESA process in Figure 8c, the
energy transition happens after the absorbance of a low-energy
photon from the ground state to a metastable intermediate
excited state. Then, the second pump photon is absorbed and
promotes the excited electrons from intermediate excited states
to higher excited states. Consequently, upconversion lumines-
cence occurs by the drop-back of the electrons to the ground
state. The ESA process requires an adequate population of the
metastable intermediate states to capture the second photon
with a high efficiency. Thus, the energy upconversion of ESA
takes place in the case of lanthanide-based UCNPs (Er**, Ho*,
Tm3*, and Nd**) with sources of high pumping power. Photon
upconversion strongly occurs from the contribution of the
ETU process, which is based on a sensitizer—activator system
such as Yb*-X3* (where X = Er, Tm, or Ho) couples doped
in an inorganic host matrix. In the typical process of ETU
(Figure 8d), an electron of the sensitizer ion is excited from
the ground state to the intermediate state by the absorbance
of photons. Then, the energy of the electrons is transferred to
the activator ions during the relaxation of the sensitizer ions
and promotes the ions to excited states. Thus, the dopant
concentration strongly affects the upconversion efficiency of
the ETU process. In comparison with the ETU process, the
upconversion efficiency of the ESA process does not depend
on the dopant concentration because of the single-ion charac-
teristics. The CSU is a process that involves the interaction of
three center ions, and some involved ions can be recognized as
sensitizers in the ETU process (Figure 8e). The upconversion
efficiency of the CSU process is commonly lower than that of
the ESA or ETU process. In addition, the PhA process has a
special pump mechanism that requires a pump intensity above
a specific threshold (Figure 8f).']

Especially, lanthanide-ion-doped upconversion nanomate-
rials with photophysical stability have been extensively investi-
gated for biophotonic applications. Upconversion luminescence
nanoparticles can be classified in terms of their energy-transfer
mechanisms, chemical compositions, and synthesis conditions.
Typical UCNPs are composed of an inorganic crystalline host
matrix and trivalent doped lanthanide ions (sensitizer ions and
activator ions). The 4f" electronic configurations of the lantha-
nide ions are divided by electronic repulsion and spin-orbit
coupling, which induces a rich energy-level pattern and photon
upconversion.?’l The 4f electrons of the lanthanide ions
are partially filled and shielded by the completely filled outer
5s% and 5p° subshells, which results in weak electron—phonon
coupling and leads to sharp and narrow {—f transition emission
lines.'%5202] A crystalline host matrix may offer significant advan-
tages for photon upconversion due to the low-phonon-energy
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environment. The optical properties and luminescence quality
of UCNPs can be controlled by changing the synthesis methods,
the compositions of the host matrix and dopant ions, and addi-
tional ion doping.

There have been intensive efforts to obtain highly efficient
upconversion luminescence by using diverse methods of
thermal decomposition, hydro(solvo)thermal synthesis, copre-
cipitation, and microwave-assisted synthesis.?9204 In the
typical thermal decomposition method, rare-earth precursors
of lanthanide trifluoroacetate [Ln(CF;COO);] and fluoride
precursors of ammonium fluoride (NH,F) are prepared in an
organic solvent at a high boiling temperature over 300 °C in
the presence of a surfactant, either oleic acid or oleylamine.
The nanocrystal phase, size, and morphologies of UCNPs
can be precisely controlled by varying the synthesis reaction
parameters, such as the amount of surfactant and solvent,
the composition and amount of precursors, and the reaction
temperature and time. This synthesis method is advantageous
for the production of nanoparticles with a uniform size and
crystallinity. Hydro(solvo)thermal synthesis is a chemical reac-
tion in which precursors in either aqueous or organic solvents
are sealed and heated in an autoclave at high pressure and a
temperature generally below 200 °C. In comparison with the
thermal-decomposition method, it can be conducted at lower
temperature, and hydrophilic final products can be produced
by the addition of hydrophilic surfactants such as poly(acrylic
acid) and PEG.2%]

A variety of UCNPs have been synthesized by changing the
composition of the host matrix and dopant lanthanide ions
(sensitizers and activators) to achieve various physical and
optical properties. The crystalline host matrix affects the dis-
tance between the dopant ions, spatial arrangement, the type of
anions surrounding the dopant ions, and the coordination num-
bers, which all strongly influence upconversion luminescence.
Host matrices based on cations such as Na*, Ca’", and Y**
with similar ionic radii to lanthanide dopant ions can prevent
crystal defects and lattice stress. Thus, Nat and Ca?* fluorides,
which have a low phonon energy and long lifetime (=350 cm™)
in the excited states, are the most desirable materials for the
host matrix.?002%] According to Blasse and Grabmaier,?"”]
the upconversion luminescence efficiency of NaYF,:Yb/Er is
20 times higher than that of La,053:Yb/Er and six times higher
than that of La,(M0O,);:Yb/Er. The crystal structure of the
host materials also influences the optical properties of UCNPs.
Kramer et al.?%! reported that the upconversion luminescence
efficiency of hexagonal phase NaYF,:Yb/Er is 10 times higher
than that of the cubic phase because the dopant ions are located
on different lattice sites.?*’)

The doped ions of sensitizer—activator systems, as well as the
host matrix, are the main determinants for the photon upcon-
version of nanoparticles. The Yb** ion is the most widely used
sensitizer in favor of various activator ions, such as Er’*, Tm?",
Ho*", and Pr**, because the matching of the transition energy
between the excited states of the sensitizers and the activators
allows efficient resonant energy transfer between the ions.
A variety of emission wavelengths from ultraviolet to NIR can
be obtained by different combinations of sensitizer—activator
ions. Deng et al. showed that the multicolor emission of NaYF,-
based UCNPs according to excitation pulses can be temporally
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Figure 9. a) Design of NaYF,-based core—shell nanocrystals capable of emitting tunable colors when irradiated with NIR lasers. b) Upconversion emis-
sion spectra of the nanocrystals obtained by using different pulse durations, demonstrating the temporal tuning of red and green emission intensities.
) Luminescence images showing multicolor tuning (1-8) of the sample through combined use of 980 and 808 nm lasers. d) The corresponding color
gamut of the emission colors (marked by the outer triangle) from the sample shown in (c), compared to the color spaces (marked by the inner triangle)
accessible by conventional high-definition televisions. Reproduced with permission.2'l Copyright 2015, Nature Publishing Group.

tuned by the combination of dopant ions,?!% demonstrating
various emission luminescences from red to violet (Figure 9).
To increase the luminescence efficiency and modifiability of
photon upconversion, further dopant ions have been added,
in addition to lanthanide dopant ions, such as alkali metals or
transition metals of Cs?*, Mo*", and Os*". For example, Tian
et al.'!l showed that the upconversion ratio between red and
green light of NaYF,:Yb/Er nanoparticles can be controlled
by doping the transition metal of Mn?" at concentrations of
0, 3, 5, and 30 mol% dopant ions. The presence of Mn?" ions
interfered with the transition possibilities between the red and
green emissions of Er’* ions, and facilitated the occurrence of
red emission, resulting in the controlled red to green ratio from
0.83 to 163.78.

Many different approaches have been performed for
the synthesis of UCNPs to meet diverse challenges for bio-
medical applications, such as multimodal bioimaging, drug
and gene delivery, PDT, PTT, and also other applications
toward solar cells, photocatalysis, RGB displays, security, and
barcoding.?®!l In contrast to the dominant photonic research
focusing on the optical properties of UCNPs, approaches in
the biomedical fields have been actively pursued to improve
tissue transparency and biostability of NIR light. UCNPs have
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been surface modified with bioderived and synthetic polymers
to increase the biocompatibility. For further in vivo applica-
tions, the quantum efficiency of upconversion nanomaterials
should be improved significantly with more detailed studies
on the retention time, the metabolic pathway, and the clear-
ance from the body.

2.7. Summary and Comparison of Photonic Nanomaterials

A wide variety of photonic nanomaterials have been investi-
gated over the past decade. Their biomedical applications rely
on two representative optical properties: fluorescence and light-
to-heat conversion. First, QDs are considered as a promising
fluorescent material due to their high quantum yield, long
fluorescence lifetime, and narrow and tunable emission bands.
Despite these outstanding optical properties, some detrimental
components of QDs have posed a substantial obstacle for their
clinical application. In this context, biocompatible gold nano-
structures have attracted great attention as a highly efficient
light-to-heat conversion material. 22 Gold nanostructures
have a distinct advantage in synthesis simplicity of forming
various shapes and of conjugating with biological ligands.?!3]
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However, the high cost and nonbiodegradability of gold nano-
structures limit their practical applications.?'4

The toxicological issues associated with conventional nano-
materials have prompted further investigation on biocompat-
ible organic nanomaterials. As one of the alternatives to QDs,
C-dots have attracted much attention due to their biodegra-
dability.?P! In the early stage of research, the optical proper-
ties of C-dots were inferior to those of QDs. However, many
recent studies have suggested that C-dots can have not only
high quantum yield comparable to QDs, but also unique optical
properties such as multiphoton and upconversion fluorescence.
Polymeric melanoidins composed of sugar and amino acid are
another strong candidate for clinical trials in terms of safety
issues.['”] They are known to generate intense heat under laser
irradiation. Further investigations on their chemical structure
will pave the way to optimized applications in photoacoustic
tomography and photothermal therapy.

Recently, 2D nanomaterials including GO and TMDs have
attracted great interest, with unique optical properties. They
can serve as either a fluorophore for bioimaging and/or a heat
generator for photothermal applications. Their properties can
be controlled by varying the layer structure and the chemical
composition.'82216] UCNPs that emit the light at a shorter
wavelength than the excitation wavelength have a strong poten-
tial for deep tissue bioimaging, particularly by eliminating the
autofluorescence and light scattering in biological samples.?!”]
For further applications of the aforementioned emerging nano-
materials, their biocompatibility and safety should be improved
greatly with optimized performance in the clinic.

3. Biomedical Applications

3.1. Diagnostics
3.1.1. Fluorescence Imaging

Fluorescence is a type of luminescence in which light is
emitted from a substance that has absorbed light or other
electromagnetic radiation. Fluorescence imaging is one of the
most versatile and widely used optical visualization methods.
Recently, diverse fluorescent proteins, dyes, and probes have
enabled fluorescence imaging of various biological phenomena,
such as gene expression, protein functions and interactions,
and cellular processes.?#21l In conjunction with the devel-
opment of multifunctional imaging agents, the development
of imaging techniques for in vivo target-specific visualization
has become one of the major goals for diagnostic applications.
The visualization methodologies for fluorescence imaging have
been changed from the macroscale to the micro- or nanoscale.
Currently, fluorescence microscopy can offer super- or high-
resolution and video-rate scans for the exploration of structures
and dynamics in the biomedical systems.[?20221] In 2014, the
Nobel Prize in chemistry was awarded to Eric Betzig, William
Moerner, and Stefan Hell for the development of superresolved
fluorescence microscopy.l??%

The majority of fluorescence microscopes are “epifluo-
rescence” microscopes, where the fluorescence is produced
by reflected rather than transmitted light. The excitation and
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detection of fluorescence are performed through the objective,
which occurs on the same path of light.l??3] A typical fluores-
cence microscope comprises a light source (typically, a laser),
an excitation filter, a dichroic filter (a beamsplitter), and an
emission filter. The filters are chosen to match the specific
wavelengths of excitation or emission for fluorescence imaging,
identifying one fluorophore (color) in the image. The images in
each color are then combined to produce multicolor images of
fluorophores. These multicolor fluorescence-imaging methods
are widely used for the development of advanced microscope
designs in biomedical research. The confocal microscope uses
optical sectioning to improve the resolution of fluorescence
images.[??!l They have been widely used as effective micro-
scopic imaging tools for the detailed investigation of biological
systems.

Many kinds of fluorescent nanomaterials have been investi-
gated as imaging agents for biological processes. Among them,
the multicolor emission and nontoxic nature of C-dots sug-
gest their potential for biomedical applications. The confocal
imaging of C-dots has been performed for the investigation
of cellular uptake, the development of zebrafish embryos, 2%’
and the assessment of gene expression.??!l A recent paper
described the preparation of surface-modified C-dots to reduce
the toxicity and increase the quantum yield for in vivo bioim-
aging.??l UCNPs with a longer excitation wavelength than the
emission wavelength can be effectively used for fluorescence
imaging, as the signal of UCNPs is insensitive to autofluores-
cence from biological samples.?? In addition, low-energy
and NIR excitation reduces scattering from the tissue and
photodamage, allowing deep tissue imaging[?223% and zero-
background imaging of cancer cells.[?31:232]

However, the major disadvantages of multicolor fluorescence
microscopy (such as confocal microscopy) are the low pen-
etration depth of light and the phototoxicity. Hence, thick and
living tissue cannot be visualized clearly. Multiphoton micros-
copy, which uses an NIR laser to excite fluorescent dyes and
minimize scattering in the tissue, has shown superiority as
an alternative to confocal microscopy. The background signal
(noise) was efficiently suppressed, which enabled the imaging
of living tissue up to a depth of =2 mm (Figure 10a—c).?**l The
two-photon microscope is a popular form of multiphoton micro-
scope. The difference between two-photon microscopy and
traditional fluorescence microscopy is the excitation method.
In traditional fluorescence microscopy, the excitation wave-
length is shorter than the emission wavelength. However, in
the case of two-photon microscopy, the wavelengths of the two
exciting photons are longer than that of the emitted light.l34
Recently, intravital imaging using multiphoton microscopy has
emerged as an extremely powerful bioimaging technique to vis-
ualize biomolecules and biological processes in live animals. As
the galvanomirror is installed in the intravital system, biological
dynamics,?*! such as gene expression, protein localization, 23l
and the detection of biomolecules in vivo, can be monitored
with video-rate scans. In addition, subcellular intravital imaging
in live animals was carried out to study the molecular biology
and physiology of cells.[%]

A variety of C-dots have been prepared that are suitable for
multiphoton imaging.'*Yl The upconversion photolumines-
cence of C-dots appears to result from a multiphoton activation
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Figure 10. a) Simplified Jablonski diagram of the two-photon excitation (2PE) process. b) Localized excitation in the scattering medium (left) and
fluorescence collection in the scattering medium (right). c) A schematic illustration for the 2PE microscope with epifluorescence and transfluorescence
detection. a—c) Reproduced with permissions.[?>3 Copyright 2006, Cell Press. d) 3D two-photon confocal fluorescence images and corresponding
bright-field images of glomerular tissues incubated with C-dot-FA-DOX at pH 7.4, 6.5, and 5.5, respectively (scale bars: 60 im). Reproduced with
permissions.[3% Copyright 2013, John Wiley&Sons. €) In vivo imaging of gold nanorods in mouse ear blood vessels. The transmission image of two
blood vessels is indicated (left). Two-photon luminescence image of gold nanorods (red dots) flowing through the blood vessels (right). Reproduced
with permissions.[246l Copyright 2005, National Academy of Sciences. f) Two-photon 3D reconstructed image of precancerous (dysplastic) lesion labeled
with gold nanorods 10 min (left) and 24 h (right) postinoculation, showing a dense and tortuous network of blood vessels. Reproduced with permis-

sions.[2Tl Copyright 2011, The Optical Society.

process.238] Water-dispersible and biocompatible C-dots have
been used for biosensors, cellular tracking, 392392411 and deep-
tissue imaging.'**]' Amorphous C-dots with high two-photon
fluorescence were prepared by using citric acid for two-photon
cellular imaging,?*? and water-soluble C-dots with high sen-
sitivity and selectivity have been developed to monitor the
pH gradient in living tissue (Figure 10d).2*}] In the case of
gold nanostructures, multiphoton-absorption-induced lumi-
nescence imaging has been performed to monitor the distribu-
tion of gold nanostructures in the cell or body.?* Multiphoton
imaging has successfully visualized the uptake of targeted
gold nanostructures into human umbilical vein endothelial
cells,?*] cancer cells,?**l lymphoma cells,?*”] Dictyostelium dis-
coideum cells, and murine embryonic stem cells?*¥ in vitro,
as well as mouse ear blood vessels?*l and also the 3D micro-
vasculature to investigate tumor targeting and cancer genesis
in vivol247:249-252] (Figure 10e,f).

3.1.2. Plasmon Resonance Sensing and Imaging

When light is irradiated to materials, the light is absorbed,
reemitted, and scattered either elastically (Mie or Rayleigh
scattering) or inelastically (Raman scattering). As described
in Section 2.2, in the case of noble-metal nanomaterials, free
electrons collectively oscillate at the same frequency with the
incident light, which is a phenomenon called SPR.*I The SPR
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of noble-metal nanoparticles can greatly enhance the Rayleigh
and Raman scattering of the nanomaterials. The resulting
optical properties have been used for biosensing and bioim-
aging applications. By adorning metal nanoparticles with bio-
logical ligands such as aptamers, antibodies, and peptides,
various kinds of biosensors have been developed for the detec-
tion of small molecules, DNA, and proteins. One of the most
popular types is the colorimetric sensor. A solution of metal
nanostructures usually exhibits unique colors based on their
SPR properties, which can be changed by the assembly of the
nanostructures.?>3! The electric field of one particle gener-
ated by plasmon oscillation can interact with that of a neigh-
boring particle in close proximity. This interaction influences
the frequency of the surface plasmon oscillation. On the basis
of this phenomenon, Liu and Lu reported the development
of adenosine-sensitive gold nanoparticles for colorimetric
sensing.?>! The sensor was composed of two kinds of nano-
particles functionalized with two different DNA strands by
gold-thiol chemistry and a linker DNA sequence (Figure 11a).
Without adenosine, the nanoparticles were aggregated at room
temperature and showed a purple color. However, in the pres-
ence of adenosine, the DNA on the nanoparticles was bound
to adenosine, resulting in the dissociation of the aggregates
and the formation of red-colored individual gold nanoparticles
(Figure 11b). The colorimetric change was adenosine-specific
and dependent on the concentration of adenosine, enabling
quantitative analysis (Figure 11c).
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Figure 11. a) Schematic representation for adenosine-sensitive gold-nanoparticle aggregates for colorimetric sensing. Nanoparticles functionalized
with two different DNA molecules are linked by Linkerag. to form aggregates. In the presence of adenosine, the aggregates disassemble to give dis-
persed red nanoparticles. b) Ultraviolet-visible spectra of dispersed (red) and aggregated (blue) gold nanoparticles. c) The color-change kinetics with
varying adenosine concentrations. Reproduced with permission.2>¥l Copyright 2005, John Wiley&Sons.

Another type of sensor is based on SPR sensitivity, which
depends on the local dielectric environment surrounding the
nanomaterials. An increase in the dielectric constant of the sur-
rounding environment results in a corresponding increase of
the SPR wavelength, causing a redshift of the SPR band.l>*”
The sensitivity of the SPR property is dependent on the metal
type and shape of the nanomaterials.*>®) The most commonly
used metals for SPR are gold and silver. Although the SPR sen-
sitivity of silver is higher than that of gold, in principle, gold
nanostructures have the advantage of long-term stability.l%]
The dependence of SPR on the shape of nanostructures has
also been actively investigated. In general, the higher aspect
ratio leads to the higher sensitivity. Furthermore, a triangular
shape has also been reported to demonstrate high SPR sensi-
tivity to the dielectric environment. Yonzon et al. reported the
SPR sensing of concanavalin A using silver nanotriangles func-
tionalized with mannose. Sherry et al. reported single silver
triangular prisms to exhibit an SPR shift in response to the
alkanethiol chain length.[*>®2>% Moreover, Zijlstra et al. reported
a single gold nanorod coated with biotin receptors to detect the
binding of single proteins in real time using the photothermal
microscopy.2%0)

Surface-enhanced Raman scattering has also been consid-
ered for biosensing applications. In comparison with normal
materials, the Raman scattering cross-section of nanomaterials
can be enhanced by 3-8 orders of magnitude.?®!l There are
two types of SERS-based detection: label-free assay and Raman
reporter assay. In label-free assay, the SERS substrates are indi-
vidual nanostructures or their aggregates. The nanoscale junc-
tions in the aggregates can provide strong Raman enhancement
by the formation of hot spots.2%? Various platforms have been
used for SERS biosensors, including nanoaggregates, nanowire
bundles, aligned rafts, 2D close-packed nanoparticles, and metal
films.12%%l For example, gold-silica core-shell nanoparticles have
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been reported for glucose detection?®! and silicon nanowires
coated with silver nanoparticles have been reported for ultra-
sensitive DNA detection.?®] “Turn-off” strategies to detect
thrombin have also been developed based on the decrease of
the Raman signal after the enzymatic cleavage of the nanoag-
gregates.l’®l In the Raman reporter assay, Raman-active mole-
cules with particular nanostructures enhance the signal.
In one study, the SERS reporter of rhodamine 6G was used
with peptide-nucleic-acid-coated silver nanoparticles to selec-
tively detect single-stranded DNA.2¢] Furthermore, an SERS
aptasensor composed of gold-nanorod-nanoparticle composites
was used with a Raman reporter of mercaptobenzoic acid to
detect thrombin at sub-nanomolar concentrations. 28]

Rayleigh scattering greatly enhanced by SPR can be detected
with a conventional optical microscope under dark-field illumi-
nation conditions. The individual nanoparticles can be clearly
distinguished from each other in the colored image.”>! Gold
nanomaterials have shown their high stability as a bioimaging
agent in the biological environment. El-Sayed et al. conjugated
gold nanoparticles with anti-EGFR antibodies, which were
used for dark-field imaging to distinguish nonmalignant and
malignant cell lines.’® The antibody-conjugated nanoparticles
accumulated in cancerous cells showed strong SPR scattering.
However, in the case of noncancerous cells, the nanoparticles
were randomly distributed in the extracellular matrix. SPR
scattering can also be used for the tracking of nanoparticles in
biological samples. Lee et al. visualized the enhanced cellular
uptake of HA-coated gold nanoparticles into HA receptor-
positive cells via dark-field imaging.!2%°!

SERS imaging can be performed by using the same method.
Gold nanorods have been established as efficient SERS sub-
strates with large Raman scattering cross-sections. El-Sayed
et al. performed similar experiments with the abovemen-
tioned SPR imagingl® to distinguish cancerous cells using
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anti-EGFR-antibody-conjugated gold nanorods.?’% The dark-
field image showed the strongly scattered red light of the gold
nanorods bound to the surface of cancerous cells, whereas
gold nanorods were randomly distributed in normal cells.
The Raman spectra showed a more distinct difference. Gold
nanorods treated in cancerous cells showed greatly enhanced,
sharp, and polarized Raman spectra due to the homogeneous
and aligned assembly of nanorods with a high surface plasmon
field. In addition, Ando et al. reported dynamic SERS imaging
with gold nanoparticles in live cells to monitor the intracel-
lular motion of the particle over time.l?”! While previous SERS
studies were mostly performed in vitro, recent studies include
in vivo SERS detection. Zhang et al. synthesized gold nanorods
functionalized for both SERS and fluorescence imaging,
injected the multifunctional nanorods into tumor-bearing
mice, and detected SERS intensities from the nanorods accu-
mulated in the tumor tissues.*’?!

3.1.3. Photoacoustic Imaging

Photoacoustic imaging is a burgeoning biomedical imaging tech-
nique that has been utilized for in vitro and in vivo diagnostic
imaging of single cells, tissue structures, and small-animal
whole-body systems.?”32%] PA imaging can provide an image
with high optical contrast and reasonable imaging depth using
acoustic wave emission from optically excited imaging agents.
When a pulsed laser is used as the light source and the pulse
duration is shorter than the sample thermal stress confinement
times, the energy is deposited by an isochoric heating pathway
without thermal-energy exchange to the surroundings. Such iso-
choric heating causes a pressure rise within the sample, which
induces thermoelastic expansion and generates a wide-band
ultrasound pressure wave, the so-called PA wave. The conversion
from optical to ultrasonic energy allows PA imaging to have the
combined strength of optical and ultrasonic imaging with excel-
lent selectivity and high penetration.

There are several endogenous contrast agents used in PA
imaging, including hemoglobin, melanin, cytochromes, DNA,
and RNA. Such agents enable PA imaging to perform powerful
label-free analysis. However, when a detection depth reaches
the limit, or endogenous contrast is not available, exogenous
contrast agents should be used to increase the sensitivity and
contrast of bioimaging.?’%?”7 Among the exogenous contrast
agents, gold nanostructures have attracted great attention for
nanoparticle-based PA imaging due to the SPR effect. The SPR
of gold nanostructures has amplified the light absorbance at
certain resonance wavelengths, and the resonance wavelengths
can be tuned by changing the nanostructures. Gold nano-
particles, nanorods, nanocages, and nanoshells have been used
in PA imaging with their tunable and strong SPR in the NIR
region.[?8-280 El.Brolossy et al. reported the optical absorption
properties of gold nanoparticles with different shapes and sizes
using the PA method.?”8] Wang et al. demonstrated the feasi-
bility of gold nanoshells as an in vivo contrast-enhancing agent
for PA imaging.l?”?! They successfully visualized the dynamic
distribution of gold nanoshells as a nanoparticle contrast agent
with a tunable absorption spectrum in a rat brain with high spa-
tial resolution and satisfactory sensitivity. Zhang et al. evaluated
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the ability of systemically administered PEGylated gold nano-
particles as a photoacoustic contrast agent for in vivo tumor
imaging.?®¥ After subcutaneous injection, gold nanoparticles
(20 and 50 nm) could be visualized in mice by PA imaging. In
addition, after intravenous injection of PEGylated gold nano-
particles to tumor-bearing mice, the accumulation of gold nano-
particles in tumors could be clearly visualized by PA imaging.
Yang et al. demonstrated that gold nanocages could be used for
in vivo PA imaging to enhance the contrast between blood and
the surrounding tissues.[?81

Gold nanostructures with targeting molecules have also
been developed for PA imaging. Agarwal et al. demonstrated
PA imaging for cancer-cell targeting using gold nanorods con-
jugated with an antibody.?®?l By changing the aspect ratio of
the gold nanoparticles, their plasmon peak absorption wave-
lengths could be tuned to NIR wavelengths (700-900 nm) to
increase the penetration depth into biological tissues. Kim et al.
demonstrated the feasibility of PA imaging for inflammatory
responses using bioconjugated gold nanorods.?®3l To target the
stimulated cells, gold nanorods were conjugated with antiinter-
cellular adhesion molecule-1 (ICAM-1), which binds to cell sur-
faces overexpressing ICAM-1. The bioconjugated gold-nanorod
contrast agents showed high-contrast PA images and clearly
differentiated the targeted inflamed cells from the control of
unstimulated cells. Li et al. reported gold nanorods for multiple
targeted PA imaging.?® Antibodies and blockers (e.g., PEG)
were conjugated to gold nanorods with different aspect ratios
to form various types of nanoprobes. The optical absorption
wavelength of the gold nanorods was maximally increased with
their aspect ratios. Consequently, different types of cancer cells
could be recognized, and multiple characteristics could be visu-
alized with appropriate wavelength laser irradiation. Kim et al.
used gold nanocages as a contrast agent for the quantitative
molecular PA imaging of melanomas in vivo (Figure 12).2%]
When gold nanocages were bioconjugated with [Nle*-p-Phe’]-o-
melanocyte-stimulating hormone for active targeting to mela-
noma, the PA signal was approximately three times higher than
that for the PEGylated gold nanocages used for passive tar-
geting. Lee et al. recently developed an HA-gold-nanorod/death
receptor 5 antibodycomplex for the transdermal theranosis of
skin cancer.?® In this case, gold nanorods absorbing NIR laser
light were harnessed as a PA imaging platform for diagnostic
applications.

Carbon nanomaterials have also been utilized as contrast
agents for PA imaging. SWNT5 are the most widely used carbon
contrast agent for PA imaging.?-?" Pramanik et al. showed
that SWCNTs provided more than sixfold signal enhancement
in PA imaging at a wavelength of 1064 nm in comparison with
the blood.#”) Zerda et al. showed that SWCNTs conjugated with
cyclic Arg—Gly—Asp (RGD) peptides could be used as a contrast
agent for PA imaging of tumors.?® The intravenous injection of
targeted SWCNTs in mice led to an eightfold increase in the PA
signal in the tumor compared to the mice injected with nontar-
geted SWCNTs (Figure 13). Other carbon-nanomaterial contrast
agents have also been developed, including GO nanoribbons,
graphene nanosheets, carbon nanospheres, carbon nanodots, and
nanodiamonds."7?12%] Talwani et al. investigated graphene
nanoribbons as contrast agents for PA imaging and showed
that oxidized single- and multiwalled GO nanoribbons exhibited
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Figure 12. In vivo noninvasive PA time-course coronal images of B16
melanomas using [Nle*-p-Phe’|-a-melanocyte-stimulating hormone-
conjugated gold nanocages ([Nle*-p-Phe’]-MSH-AuNCs) and PEGylated
gold nanocages (PEG-AuNCs). Photographs of nude mice transplanted
with B16 melanomas before injection of a) [Nle*-p-Phe’]-MSH-AuNCs
and e) PEG-AuNCs. Time-course PA images of the B16 melanomas after
intravenous injection with 100 pL of b-d) 10 x 10~ m [Nle*-p-Phe’]-MSH-
AuNCs and f~h) PEG-AuNCs via the tail vein. The background vasculature
images were obtained using a PA microscope at 590 nm (ultrasonic fre-
quency = 50 MHz) and the melanoma images were obtained using the
PA macroscope at 778 nm (ultrasonic frequency = 10 MHz). Reproduced
with permission.!?83 Copyright 2010 American Chemical Society.

about 5-10-fold signal enhancement for PA imaging in com-
parison with the blood at the wavelength of 755 nm.?®!) Sheng
et al. showed that intravenous injection of nanosized reduced GO
(rGO) in tumor-bearing mice showed rapid and significant PA
signal enhancement in the tumor region by passive targeting.?%2
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Miao et al. demonstrated that glucose-derived carbon nano-
spheres could be employed as a novel NIR-light-absorbing agent
for PA imaging.?®’l The PA signal amplitude generated by the
carbon-nanosphere dispersion was =8.5 times higher than that
of deionized water. Lee et al. demonstrated that nitrogen-doped
carbon nanodots could be utilized as an effective PA contrast
agent for in vivo and ex vivo noninvasive PA imaging of sentinel
lymph nodes after local delivery.?*"]

2D TMDs have also been implemented in PA imaging.[18>29]
Qian et al. synthesized TiS,~PEG nanosheets, which offered a
strong contrast in PA imaging due to their high absorbance
in the NIR region, showing the high tumor uptake and reten-
tion of these nanosheets after systemic administration into
tumor-bearing mice.?% Similarly, Cheng et al. demonstrated
that PEGylated WS, nanosheets with high NIR-absorbance
appeared to be a strong contrast agent for PA imaging.'®! In
addition, MoS,/WS, QDs have been used for the same appli-
cation.l'’Zl Melanoidin is a rarely investigated material for PA
imaging. Recently, Lee et al. demonstrated a wide range of
biomedical photonic applications of melanoidins, including in
vivo PA mapping of sentinel lymph nodes and PA tracking of
gastrointestinal tracts.'”) Remarkably, melanoidin appears to be
a biocompatible and biodegradable PA imaging contrast agent,
showing great feasibility for further clinical applications.

3.2. Therapeutics

3.2.1. Photothermal Therapy

Cancer is one of the most threatening diseases in humans.[?’]
Current cancer therapy includes surgical dissection, chem-
otherapy, and radiotherapy. However, physical surgery
cannot remove all cancerous cells and tissues. In the cases
of chemo- and radiotherapies, significant side effects have
been reported, requiring additional medical treatment. As an
alternative method, minimally invasive thermal therapies
have been investigated, such as PTT, microwave and radio-
frequency ablation, magnetic thermal ablation, and focused
ultrasonography.['87:298.29 However, such therapeutic approaches
are limited due to their nonspecific damage to target tissues,
which usually results in injury to normal tissues. To enhance
the selectivity of the radiation to tumor tissues, researchers
have tried to develop nanoparticles as a light-to-heat converter
for the PTT of tumors.*”’] Light absorbing nanomateirals can
generate heat by optical excitation, especially in the NIR region.
Due to the absence of NIR-absorbing chromophores in the body,
light can penetrate the skin with little interaction and minimal
damage.?”l When a continuous-wave laser is applied as a light
source, the heat generated from nanomaterials can be used for
PTT. After injection of light-responsive nanoparticles, specific
tumor sites can be treated by laser irradiation.l'”! This approach
can provide greatly enhanced benefits over traditional cancer
therapies, such as minimal invasion, ease of treatment, and
possible cancer treatment without surgery.[192:300-301]

A wide range of nanomaterials have been investigated as a
contrast agent for PTT. Recently, light-absorbing gold nanomate-
rials, carbon-based nanomaterials, melanoidin, UCNPs, and even
TMDs have been explored as PTT agents with their excellent
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Figure 13. Single-walled carbon nanotube targeting tumors in live mice. a) Ultrasound (gray) and photoacoustic (green) images of one vertical slice

(white dotted line) through the tumor. b) Mice injected with SWNT-RGD showed a significantly higher photoacoustic signal than those injected
with plain single-walled carbon nanotubes (P < 0.001). The error bars represent standard errors (n = 4). *P < 0.05. Reproduced with permission.|

Copyright 2008, Nature Publishing Group.

NIR-light-absorbing characteristics.[169.18>186,190.295,302-304] The

electron—phonon and phonon-phonon interactions of nanomate-
rials have resulted in significant heat generation when irradiated
with NIR light.’%] The aforementioned nanomaterials are

288]

well known as effective light-to-heat converting materials in the
tissue-transparent NIR optical window, making them excellent
candidates for PTT.2% The most well-known nanomaterials for
PTT are gold-based nanomaterials with their biocompatibility,
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easy surface functionalization, high photothermal conversion
rate, and photostability. Gold nanoparticles and other shaped
gold nanomaterials, including gold nanoshells, nanocages, and
nanorods, have been exploited for biomedical applications. A safe
water-soluble tricarbocyanine dye of ICG was conjugated to gold
nanoparticles and gold nanorods. Both ICG-tethered gold nano-
particles and gold nanorods showed remarkable photostability
for PTT.%! Loo et al. reported gold nanoshells for the PTT of
carcinoma cells. Gold nanoshells are composed of a dielectric
silica core covered with a thin bioinert gold shell. The optical
property of this material can be tuned by modulating the core
radius and shell thickness.?% Chen et al. demonstrated that
gold nanocages with a size less than 50 nm showed a central
wavelength of =810 nm. The gold nanocages, with a hollow
interior and a thin and porous but robust wall, resulted in
effective carcinoma PTTI®® In addition, low-molecular-weight
chitosan-coated gold nanorods were developed as a synergetic
therapeutic system with anticancer drugs. Gold nanorods were
used as a PTT agent and fluorescein isothiocyanate for fluores-
cence imaging with loading the anticancer drug, cisplatin, into
the nanocomplex.l*?”]

Carbon-based nanomaterials are also promising for PTT.
The most well-known example of this class is SWCNTs with
their strong NIR absorption. SWCNTs functionalized with tar-
geting ligands have been explored to selectively target tumor
tissues with minimal side effects to normal tissues. McDevitt
et al. demonstrated that SWCNTs conjugated with monoclonal
antibody of CD20, radiometal ion chelates, and fluorescent
probes selectively targeted tumor tissues.’% Other groups
have demonstrated the selective treatment of tumor cells
using SWCNTs conjugated with a folate moiety.3%) MWCNTs
have also been used to demonstrate PTT. It was reported that
MWCNTs show three times more absorbance of NIR light
than SWCNTs due to the greater availability of electrons for
light absorption per particle.?”] Graphene and its derivatives,
including GO and rGO, have also been widely investigated
as more efficient PTT agents than gold nanomaterials and
CNTs.180 As shown in recent studies, rGO has approximately
sixfold stronger NIR absorption than GO, resulting in signifi-
cantly higher photothermal efficiency. With an ultrahigh sur-
face-to-volume ratio, it can be used as an efficient chemical
drug carrier with surface functionalization. PEGylated GO
with an ultrahigh PTT effect has been reported to have a lower
clearance from reticuloendothelial systems than PEGylated
CNTs.3%l A PEGylated GO- iron oxide (IO) nanocomposite
containing doxorubicin (DOX) was synthesized for magneti-
cally targeted therapy. Tumor tissues were clearly visualized
by PA imaging and magnetic resonance imaging (MRI). In
addition, the same group reported a chlorin-e6 (Ce6)-loaded
PEG-GO for combined PDT and PTT. As shown in Figure 14,
we reported HA-conjugated GO for transdermal PTT of skin
cancers. The noninvasive PTT agents appeared to be transder-
mally delivered via HA receptors on the skin, especially in the
leaky skin-cancer tissues.!'"!

UCNP-Ag nanocomposites were synthesized and utilized
for the photothermal ablation of tumor tissues under irradi-
ation of 980 nm NIR light.?%! Another group reported self-
assembled UCNP-IONP-Au nanocomposites (IONP: iron
oxide nanoparticle) for magnetically targeted therapy. When a
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magnet was placed near the tumor site, the composites were
accumulated in the tumor site by magnetic attraction. After
that, NIR light was applied for photothermal ablation.l3%]
Chou and co-workers developed chemically exfoliated MoS,
nanosheets, for the first time, as a PTT agent. Although
MoS; nanosheets have a similar 2D morphology with GO and
rGO, they showed an excellent physiological stability with a
zeta potential of about —45 mV. Furthermore, they showed
7.8 times higher absorbance in the NIR than GO and gold
nanorods. With a comparable extinction coefficient, MoS, is
water dispersible, unlike rGO, which is a great benefit for bio-
medical applications.'88 Other TMD nanosheets, including
WS, and Bi,Ses;, have also been used as PTT agents. Both
materials showed strong absorbance in the NIR region for
bioimaging and photothermal ablation of tumor tissues in
model mice. In the case of WS, nanosheets, the surface was
easily functionalized with PEG using thiol chemistry. The
conjugation of Bi,;Se; with poly(vinylpyrrolidone) resulted in
drastically enhanced stability and biocompatibility.[8>-302]

3.2.2. Photodynamic Therapy

PDT has been widely investigated for the treatment of cancer
and ocular diseases to overcome the limitations of conven-
tional therapy.?'% PDT has several advantages of noninvasive-
ness, localized therapy, and minimized side effect.’!!l PDT
requires three elements of light, oxygen, and a photosensitizer.
PDT is performed by the administration of the PS to target tis-
sues followed by light irradiation with a specific wavelength
to stimulate the PS. The excited electron of the PS transfers
energy to the oxygen in tissues, thus generating cytotoxic
ROS, including singlet oxygen (*O,). Singlet oxygen can lead
to tumor-cell necrosis and apoptosis by oxidizing the key cel-
lular components.?'?l Figure 15 shows the generation mecha-
nism of singlet oxygen using the Jablonski diagram. After
light irradiation at an adequate wavelength, the ground singlet
state (So) of the PS is transformed into an excited triplet state (T;).
The excited triplet can participate in two kinds of reactions, as
shown in Figure 15. First, the excited triplet can undergo elec-
tron-transfer processes in the biological tissues to form radi-
cals, which produce oxygenated products like the superoxide
ion of O?". Second, it can participate in the photochemical
process, that is, the conversion of stable triplet oxygen (30,) to
highly reactive singlet oxygen (!O,). For PDT, oxygen is neces-
sary in the tumors. The key component of PS requires a high
production rate of singlet oxygen and a high absorption coef-
ficient in the NIR region (660-800 nm). The most widely used
PSs are porphyrins, chlorins, and bacteriochlorins.’!3l These
compounds have an aromatic structure that generates a strong
absorption band between 600 and 800 nm, a so-called Q-band.
For biomedical applications, the PS must be water soluble,
stable, and chemically pure. In addition, the light-penetration
depth should be seriously considered for effective PDT.
Singlet oxygen has a short diffusion range of about 45 nm in
cellular media. Thus, the light-penetration depth to tissues is an
important issue for successful PDT. As the wavelength of light
decreases, the absorption and scattering increase. The tissue
components, including hemoglobin and melanin, have strong

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

www.advmat.de

a Transdermal delivery of NGO-HA.
' § ';%; 7 ffi

Stratum corneum
Epidermis

j
Dermis

Subcuteneous

§: HA receptor () : Keratynocyte

% ! [9: Basal Cell —o~: Fibroblast

Dye only

b PBS

NGO-PEG

NGO-HA

Dye only

Control

% o

NGO-

PEG NGO-HA

Radiance
(p/sec/cm?/sr)

Figure 14. a) Schematic illustration for the transdermal delivery of nanographene oxide—hyaluronic acid (NGO-HA) conjugates into melanoma skin
cancers and the subsequent photothermal therapy using NIR light. b) Confocal microscopy analysis and c) ex vivo bioimaging of dissected tumors
after transdermal delivery of PBS, Hilyte dye only, NGO-PEG-Lissamine, and NGO-HA-Hilyte conjugates (scale bar: 200 um). Reproduced with

permission.®% Copyright 2014, American Chemical Society.

absorption peaks at wavelengths shorter than 620 nm.?'* This
makes the NIR range the desired optical window for PDT.
Several PSs, including Photofrin, aminolevulinic acid (ALA),
2-(1-hexyloxyethyl)2-devinyl pyropheophorbride-a, phthalocya-
nines, Ce6, and Visudyne, have been investigated for various
clinical applications.?’l PSs can be classified into three groups
by generation. The first-generation PSs are porphyrin-based
PSs such as hematoporphyrin (Hp) and hematoporphyrin
derivatives (HpD). The second-generation PSs were devel-
oped to surpass the drawbacks of the first-generation PSs.
They are composed of various structures with porphyrin and
chlorine. The third-generation PSs were developed by modi-
fying the first- and the second-generation PSs via conjugating
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biological antibodies and nanoparticles.’'®! Photofrin is the
first-generation PS, which is a chromatographically purified
HpD. HpD is synthesized by the addition of sulfuric and acetic
acids to Hp. HpD has more target-specific localization to the
tumor than Hp. However, Photofrin has several drawbacks,
including impurities and low absorbance in the NIR region.
Compared with first-generation PSs, second-generation PSs
have higher purity, a higher singlet-oxygen generation rate, and
stronger absorption in the wavelength range of 650-850 nm.
Additionally, they have a short photosensitivity time, which
ensures patient compliance after laser treatment.3'”] Several
second-generation PSs, including Npe6 (mono-N-aspartyl Ce6),
hypericin, AlpCS,, Ce6 derivative, and ALA, are recently under
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Figure 15. Modified Jablonski diagram illustrating the formation of singlet oxygen. Reproduced

with permission.' Copyright 2011, Royal Society of Chemistry.

clinical development stages. ALA is a protoporphyrin IX which
is converted to heme. It can be administered via oral, intrave-
nous, or topical routes. Excluding the topical administration of
ALA, other injection routes have demonstrated a photosensi-
tivity time of about 48 h. Using ALA, preliminary research for
the treatment of skin malignancies has achieved a worldwide
success.’18 The third-generation PSs have attracted great atten-
tion owing to their target-specific delivery. The design of new
PSs includes antibodies, aptamers, and photoresponsive nano-
materials. QDs, graphene quantum dots (GQDs), and C-dots
have been investigated as third-generation PSs for applications
toward PDT.[312:319.320]

QDs possess unique optical properties depending on their
sizes. The emission wavelength of QDs can be controlled by
tuning their sizes and altering their compositions. In addi-
tion, QDs have a large transition dipole moment to strongly
absorb light. A QD linked to a silicon phthalocyanine 4 PS
(SiPc4) was successfully synthesized and investigated for
PDT.B" The QD was reacted as the preliminary energy donor
and indirectly excited Pc4 via the FRET mechanism. Ge et
al. reported GQD as a PDT agent, which could produce sin-
glet oxygen through a multistate sensitization process. GQDs
were demonstrated as a good agent for imaging and highly
efficient cancer PDT.'2l C-dots have also been applied to PDT
for the treatment of skin melanoma.l??"! C-dots have a par-
ticle size range of 1-10 nm. C-dots were used to improve the
solubility of the PS Ce6 and the local delivery efficiency with
their small sizes. HA was conjugated to C-dot—Ce6 to enhance
the transdermal delivery efficiency. Two-photon fluorescence
imaging confirmed the high transdermal delivery efficiency
of C-dot-Ce6-HA conjugates. The C-dot—-Ce6-HA conjugate
showed a high PDT efficacy for the treatment of skin mela-
noma (Figure 16).

Many researchers have attempted to apply PDT for the
treatment of head, neck, brain, lung, pancreas, breast, pros-
tate, and skin cancers.??ll The photoresponsive materials
of carbon nanomaterials, gold nanomaterials, and UCNPs
have the following advantageous properties: large surface-
to-volume ratio, low nonspecific accumulation in normal tis-
sues, water-soluble properties, and ease of surface modifica-
tion with targeting agents. Gold nanomaterials have unique
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photoresponsive properties of the SPR and
the ability to convert light to heat energy.
In addition, through the FRET mechanism,
gold nanomaterials increase the excita-
tion efficiency of the PS.322l Cheng et al.
reported the difference in drug-release
period and drug efficacy between cova-
lent and noncovalent binding of SiPc4
on PEGylated gold nanoparticles. They
observed that SiPc4 molecules were accu-
mulated preferentially in the tumor site
compared with free SiPc4. In their study,
gold nanoparticles acted as a PS delivery
carrier and a PDT agent. Gold nanomate-
rials can be used for synergistic PTT and
PDT. However, in many reports, the wave-
lengths for PTT and PDT are different. For
example, a gold-nanorod-AlPcS, complex
developed for PTT and PDT was excited at 810 and 670 nm,
respectively.323] Recently, PTT and PDT could be performed
using one laser at a single wavelength. Gao et al. developed
gold nanocages covered with lipid-loaded hypocrellin B that
could be excited at the wavelength of 790 nm. The system
simultaneously converted light energy to heat energy and
generated ROS.324

Graphene is composed of carbon atoms with an sp? bond
and has many attractive features, including excellent elec-
tronic, optical, thermal, and mechanical properties.l3?’
Huang et al. developed folic-acid- and sulfonic-acid-conju-
gated GO loaded with PS for target-specific PDT.%! Ce6
was loaded into the GO via hydrophobic interactions and
n—7 stacking. This system enhanced the accumulation of PS
in tumor tissues, which led to high PDT efficacy in cancer
cells following laser irradiation. MoS, is a member of the
family of TMDs and has been extensively studied due to its
ultrathin structure. MoS, nanosheets have an excellent fluo-
rescence quenching effect. Jia et al. designed an MoS, nan-
oprobe for controlled PDT via the ATP-mediated release of
10,.3261 A Ce6-labeled ATP aptamer was assembled on MoS,
nanoplates, showing good biocompatibility, strong affinity to
single-strand DNA, and quenching the fluorescence of chlo-
rin-e6. The nanoprobe was internalized into the cells. After
that, under 660 nm laser irradiation, ATP in the cell led to
the release of the aptamer from the MoS, surface, which
restored the fluorescence of the Ce6 and generated singlet
oxygen. UCNPs have the potential to convert low-energy light
to high-energy light through an anti-Stokes emission process.
The excitation in the NIR range appeared to improve the PDT
efficacy for the treatment of solid and large tumors com-
pared with conventional PSs. UCNPs used in PDT require
three components: a host, dopant, and PS. Recently, Xu
et al. developed an anti-cAngptl4-antibody-conjugated nano-
composite using titanium dioxide (TiO,) covalently attached
to NaYF,Yb* Tm?** UCNPs.327328] After NIR irradiation,
the UCNPs emitted visible light, which excited TiO, for the
reaction of water and oxygen to generate ROS. This system
showed remarkable in vitro PDT efficacy, demonstrating
light-triggered drug release and targeted cancer-cell apoptosis
under NIR irradiation.

Oxygen
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Figure 16. a) Two-photon microscopic cross-sectional views of skin cancers after the administration of four samples. Photographs showing the
therapeutic effect of b) photodynamic therapy and c) the relative tumor volume (V/V,) for up to 7 d after photodynamic therapy. d) TUNEL assays of
cancerous skin tissues after treatment with the samples in the absence (top) and presence (bottom) of laser irradiation (scale bar: 500 um; green:
TUNEL-positive area). Reproduced with permission.?2% Copyright 2015, Elsevier.

3.2.3. Optogenetic Therapy

Optogenetics refers to the combination of optics and genetics
for the optical control of cells in living tissues, typically neurons,
which are genetically modified to have light-sensitive ion chan-
nels. Opsins are light-sensitive proteins that can be activated
for light-triggered cell functions. The representative opsins
are channelrhodopsin-2 (ChR2) and Natronomonas pharaonis
halorhodopsin (NpHR), which are bioderived proteins and
naturally occurring light-responsive effectors. Moreover, engi-
neered synthetic rhodopsin/GPCR chimeras like OptoXR have
also been developed for the optical control of intracellular bio-
chemical signaling.?%! Diverse opsin genes can be expressed
using various targeting strategies, such as transgenic tech-
nology, electroporation, lentivirus or adeno-associated viral
expression.322330 In the case of transgenic technology, func-
tional opsin genes were introduced into cell-type specific pro-
moters to produce transgenic animal lines. Viral vectors can be
applied to a wide range of subjects from rodents to primates,
which require a relatively short time of less than 5 weeks for
opsin gene expression and induce high expression of the opsin
gene by the insertion of multiple gene copies into the target
cells. For the case of specific cell types, in utero electropora-
tion can be used to deliver DNA on a specific embryonic day of
mice and express opsin genes in the striatum or hippocampal
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inhibitory neurons.’?’l The neuronal activities can be meas-
ured by optogenetic sensors for calcium (GCaMP), neurotrans-
mitters (GluSnFRs), vesicular release (synaptopHluorin), or
membrane voltage (Arc Lightning, ASAP1).331:332

The advantage of optogenetics is that it can target probes
to genetically defined cells and subcellular compartments.
This ability allows the probes to be used for investigation
of the different levels of nervous systems, as shown in
Figure 17a.333 This system can be used for the explora-
tion of brain circuits, facilitating applications to control the
underlying behaviors for health and disease. Optogenetics
has been considered as a promising technology especially for
neuroscience by using light to manipulate defined neurons
within the range of 1 ms.’3* Genetically targeted neurons
can be controlled with light, enabling diverse regenerative
approaches, such as vision restoration, neural circuitry con-
trol, neuronal disease treatment, and cardiac and skeletal
muscle control. Retinitis pigmentosa (RP) is a hereditary and
degenerative retinal disease that causes severe vision impair-
ment and incurable blindness. Busskamp et al. reported that
the light-sensitive ion channel or pumps expressed by opsin
gene delivery triggered the restoration of vision in RP animal
models.3%] The restoration of photosensitivity in the RP
model was performed in several ways by conducting ChR2
or NpHR opsin expression into either ganglion cells, bipolar
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Figure 17. a) Schematic illustration for optogenetics applied at all levels from synapse to behaviors. Specificity can be achieved either by targeting probe
expression to relevant cellular compartments and network elements or by targeting light to these elements. Reproduced with permission.33l Copyright
2014, Nature Publishing Group. b) The freely moving mouse, c) implanted with optogenetic cell-containing transparent waveguide hydrogels. d) The
comparison of green fluorescent protein (GFP) fluorescence for nanotoxicity analysis of QDs by the fiber-optical system in vivo (left) and fluorescence
microscopy ex vivo (right). e) The change of blood glucose levels according to light irradiation through optogenetic cell-containing waveguide hydrogels
in chemically induced diabetic model mice. Reproduced with permission.*%l Copyright 2013, Nature Publishing Group.

cells, amacrine cells, or cone cells for the reactivation of light-
insensitive retinas.[>3¢:337]

Optogenetics has been applied to study and control
the neural circuitry of fear memory recall,3*¥ depression
modification,?3% and schizophrenic intervention,*"! resulting
in novel findings in psychiatry and neurobiology. In addition,
optogenetics has been investigated to reveal the critical factors
and the mechanisms of neuronal actions for neuronal disor-
ders in Parkinson’s diseasel**! and Alzheimer’s disease.l3*%
Yamamoto et al. reported the effect of chronic synaptic activa-
tion on Af pathology in Alzheimer’s disease.l**?! The transduc-
tion of ChR2 induced long-lasting neuronal hyperexcitability
into the hippocampal region. They observed that hippocampal
AB42 levels were immediately increased by =24% after acute
light activation. The results revealed functional abnormalities
of specific neural circuits in A pathology and Alzheimer’s
disease. However, the most current studies related to the
brain involve the identification of neuronal circuits. In con-
junction with the identification of neuronal mechanisms,
optogenetics can contribute to the phototherapy of psychical

Adv. Mater. 2018, 1701460

1701460 (24 of 33)

and neurological disorders. Moreover, optogenetics have
also been investigated to control the cardiac and skeletal
muscles,?*! and the chronic pain.[3*4

Conventional optogenetics requires invasive light delivery to
the brain via a hole in the skull using optical fibers with the risk
of infection. The optical fibers and light-emitting diode (LED)
sources are unsuitable for applications to animal-behavior
experiments and ultimately medical treatment. To deliver light
effectively and noninvasively, approaches have been made to
stimulate opsin-modified cells using gold nanomaterials, QDs,
and UCNPs.’*] According to Carvalho-de-Souza et al.,’*%l neu-
rons can be depolarized by cell-targeted gold nanoparticles with
exposure to light pulses. They observed that gold nanoparticles,
conjugated with high-avidity ligands, bound to target neurons
and converted light pulses to heat, which enabled the change
in membrane capacitance, depolarization of the cell, and induc-
tion of action potentials. Ligand-conjugated gold nanoparticles
increased the photothermal stimulation of cells with a high
resistance to washout. They revealed that considerable depolari-
zation of target cells was made possible by rapid heating in a
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short period without cell damage because the depolarizing cur-
rent was depending on the rate of temperature change.

Lugo et al. successfully switched the voltage-gated K*
and Na® ion channels in the membrane of prostate cancer
(LnCap) cells and cortical neurons that were integrated with
CdTe and CdSe QDs.3*/I The excitation of QDs by light irradi-
ation resulted in electrical dipole moments and disturbed the
cell membrane potential by the dipole-induced electric field.
The LnCap cells were cultured on the QD films, which were
fabricated with electrostatic layers by self-assembly. The CdTe
QD film activated with 430 nm light hyperpolarized LnCap
cells by stimulating the K* ion channels. The cortical neurons
were cultured on a CdSe QD film drop-cast on an ITO sub-
strate. The cortical neurons were depolarized by the excited
QDs and 550 nm light irradiation induced multiple action
potentials. These approaches showed that the stimulation of
electrical signaling was affected by the proximity of the cells
to the QD films.

According to Hososhima et al.,3*8 photoreactive UCNPs acti-
vated ChR2 by 975 nm NIR irradiation. The UCNPs (NaYF,:Sc/
Yb/Er) emitted visible green light (543 nm) after irradiation
with an NIR laser, which stimulated the chimeric variants of
VChR1, such as C1V1 or mVChR1 expressed on the cortical
neurons (ND7/23 cell) and generated action potentials. In addi-
tion, for optogenetic diagnosis and therapy, biocompatible
and flexible light-guiding hydrogels were developed to deliver
light into the deep tissues, as shown in Figure 17b,c.3*! The
PEG-based hydrogels were prepared by the photo-crosslinking
of PEG diacrylate with a molecular weight of 5 kDa. The PEG
waveguide hydrogels were transparent and mechanically flex-
ible, propagating the light of the optical fiber all the way. The
PEG waveguide hydrogels containing optogenetic cells were
applied to detect the nanotoxicity of QDs by measuring green
fluorescent protein which was expressed by cytotoxic stress
(Figure 17d). In addition, optogenetic diabetes therapy was per-
formed by light triggering to synthesize glucagon-like peptide-1
(GLP-1) (Figure 17e). Upon light irradiation, the secreted GLP-1
induced low blood glucose level and showed a therapeutic effect
on diabetes. Moreover, a polymer waveguide was developed
to deliver light into the deep tissue for photochemical tissue
bonding (Figure 18).3°%1 Nizamoglu et al. demonstrated that
the delivered light effectively activated the PS of Rose Bengal,
inducing wound closure of porcine skin by crosslinking the dis-
connected collagen in the damaged skin.

348

3.3. Theranostics

As described above, photonic nanomaterials have been uti-
lized for various diagnostic and therapeutic applications.
Recently, it has been found that some photonic nanomaterials
have multiple functionalities for both diagnosis and therapy
simultaneously. One of the representative examples is light-
to-heat-converting nanomaterials.  Light-to-heat-converting
nanomaterials, including gold nanorods and CNTs, can gen-
erate intense heat under laser irradiation for PTT of cancer,
as well as PA waves under pulsed laser irradiation for PA
imaging. For example, polymeric melanoidins and carbon-
based nanomaterials have been developed for PA imaging
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and PTT.7] The GG-melanoidin was synthesized with glu-
cose and glycine, and a GG-melanoidin/Fe** complex was
prepared by chelating Fe ions to enhance the photothermal
effect. The melanoidin was employed for PA imaging of
lymph node (Figure 19a) and the gastrointestinal tract, and
for PTT of cancer (Figure 19b) and photothermal lipolysis
(Figure 19¢). As shown in Figure 19d, GG-melanoidin disap-
peared from the injection site, but accumulated in the bladder
4 h postinjection, demonstrating effective renal clearance
of the biocompatible GG-melanoidin. Furthermore, some
TMD nanomaterials for PTT, such as Bi,Se; nanoplates%?l
and WS, nanosheets,**! have been found to show a strong
X-ray attenuation property due to their high atomic numbers.
Thus, these nanomaterials have been developed as theranostic
agents for X-ray CT imaging and for PTT of cancer. Light-to-
heat-converting nanomaterials can realize image-guided PTT
to maximize therapeutic effects on cancer tissues and mini-
mize side effects to healthy tissues.>>2!

Fluorescent nanoparticles generally used for in vivo bioim-
aging have been investigated for PDT.3%3 For example, light
irradiation can produce excitons in QDs, and the excitons can
be transferred from the triplet state to nearby oxygen mole-
cules, which results in reactive singlet oxygen species causing
cell damage.B' Fluorescent nanoparticle-based PSs have the
advantages of stability and water solubility, but they have one
major drawback of low quantum yield of less than 5%. To over-
come this drawback, most nanoparticle-based PDT agents are
in the form of a conjugate of nanoparticle carriers and small-
molecule-based PSs. Various kinds of nanomaterials such as
QDs, GQDs, C-dots, gold nanomaterials, MoS, nanomaterials,
and UCNPs have been used as a carrier for the small-molecule-
based PSs. These nanoparticle-small-molecule conjugates have
realized efficient PDT on cancer cells under light irradiation.
Related efforts to develop more efficient theranostic agents are
now actively in progress.

Remarkably, photonic nanomaterials have been used as car-
riers of both drug molecules and imaging agents to achieve a
synergistic effect. In several systems that combine photonic
nanomaterials with drug molecules, drug release can be
triggered by light irradiation and the following heat genera-
tion.’>* You et al. reported DOX-loaded PEG-coated HAuNSs
(DOX@PEG-HAuNS) for NIR-light-triggered drug delivery.[*”)
DOX was adsorbed onto both the inner and the outer surfaces
of HAuNSs via electrostatic interaction and released under
irradiation of NIR laser for photothermal conversion. The
DOX@PEG-HAuNS showed a significantly enhanced anti-
tumor effect on MDA-MB-213 cells under laser irradiation
due to the synergistic effect of the cytotoxic DOX and photo-
thermal ablation. Volodkin et al. developed liposome—gold-
nanoparticle complexes using electrostatic interactions.>’!
Aggregated gold nanoparticles surrounded by liposomes
exhibited high NIR absorption, and the corresponding local
heating of nearby liposomes resulted in releasing the encap-
sulated molecules under focused laser beam. These nanopar-
ticles for light-triggered drug delivery can also be used for
diagnosis, such as PA imaging and dark-field light-scattering
imaging. Especially, such light-sensitive nanoparticles can be
effectively utilized for transdermal applications because the
skin can be readily exposed to light.
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Moreover, multifunctional photonic nanomaterials for thera-
nostic applications can be used together with additional contrast
agents for multimodal imaging. For example, hybrid theranostic
agents have been developed in combination of photothermal and
magnetic nanomaterials. Yang et al. reported rGO-IONP nano-
composite for in vivo multimodal imaging and image-guided
PTT% The nanocomposite was applied to the triple-modal
imaging of fluorescence imaging, T,-weighted MRI, and PA
imaging. Liu et al. reported IONPs and chelator-molecule-free
6*Cu-decorated MoS, nanosheets for multimodal image-guided
PTT.®) This nanoplatform was prepared with meso-2,3-dimer-
captosuccinnic-acid-modified IONPs self-assembled on the
defect site of MoS,. Then, both MoS, and IONPs were PEGylated
to enhance the biological stability. Subsequently, the **Cu radioi-
sotope could be labeled without any chelating linkers with a high
loading yield of about 70%. PA tomography, MRI, and positron
emission tomography were conducted in tumor-model mice.
After bioimaging, PTT was conducted with an excellent photo-
thermal effect on the tumor site under 808 nm NIR irradiation.
Fullerene has also attracted great attention as a multifunctional
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theranostic agent because it can generate ROS in a high yield
under visible light. Liu et al. introduced Gd*" ions to the PEG
terminal of fullerene-PEG conjugates via metal chelation, and
demonstrated MRI imaging and PDT of the tumor tissues.*’]

4. Conclusion and Perspectives

We have reviewed multifunctional photonic nanomaterials
for a wide variety of biomedical applications, such as fluores-
cence imaging, SPR imaging, PA imaging, PTT, PDT, and
optogenetics. The photonic nanomaterials include semicon-
ductor nanomaterials of QDs and TMDs, metallic nanomate-
rials of gold nanoparticles, gold nanorods, gold nanocages,
and emerging UCNPs, and organic nanomaterials of fullerene,
carbon nanotubes, graphene, C-dots, nanodiamonds, and poly-
meric melanoidin. They have been used for diagnostic appli-
cations taking advantages of their fluorescence, surface plasma
resonance, photoacoustic effect, and so on. In addition, they
have been exploited for therapeutic applications of PTT, PDT,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a Control

Invisible

b ()“ (ii)Q”:’"

e N

12 © PBS v GG-melanoidin +Laser
© PBS+Laser O GG-melanoidinFe®*
104 7 e co 3* + Laser

Relative Tumor Volume

Injection Site —»

www.advmat.de

©
©
—_
£
£
-
c
2
k]
@
=
=
N
£
£
-
o
@
o
=)
= ik
-~
T e Y =

Max Min
Relative PA Signal [a.u.]

Depth in z Direction [mm]

o

Figure 19. a) Depth-encoded photoacoustic maximum amplitude projection (MAP) images of sentinel lymph nodes (SLNs) after intradermal injec-
tion of GG-melanoidin (scale bar: 5 mm). b) Photographs showing the photothermal cancer therapy using i) PBS, ii) GG-melanoidin, and iii) GG-
melanoidin/Fe3* complex (scale bar: 1 cm), and the relative tumor volume (V/V) (*P < 0.05 vs PBS). c) Photographs (scale bar: 1 cm) and PA images
(scale bar: T mm) at 1210 nm (top) and 1300 nm (bottom) for the lipolysis of subcutaneous fat i) before and ii) after photothermal treatment with and
without subcutaneous injection of melanoidin. d) Whole-body depth-encoded PA MAP images showing the renal clearance of GG-melanoidin (scale
bar: 10 mm). Reproduced with permission.l'”l Copyright 2016 American Chemical Society.

and optogenetic therapy. Furthermore, photonic nanomaterials
have shown great feasibility for theranostic applications.
Currently, the most important issue is the safety of photonic
nanomaterials for further clinical applications. Recent studies
have shown that the clinical feasibility of nanomaterials is
strongly dependent on several factors. First, biocompatible
materials should be used for the preparation of photonic nano-
materials. In this context, various gold nanomaterials, carbon
nanomaterials, and polymeric melanoidins have been exten-
sively investigated for biophotonic applications. Although
gold nanomaterials offer many advantages for biomedical
applications, they are limited in their clinical usage due to the
accumulation in the reticuloendothelial system (liver, spleen,
kidney, etc.) possibly causing long-term toxicity. Letfullin et al.
reported the laser-induced explosion of gold nanoparticles to
minimize toxicity.?*® Second, the size and surface characteris-
tics of photonic nanomaterials should be considered for effec-
tive body clearance. Globular proteins have a hydrodynamic
size of =5-6 nm. Nanomaterials with a size of this range
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have potential to be cleared in the body by renal filtration.>>!

In terms of surface charge, zwitterionic or neutrally coated
q-dots resulted in rapid renal excretion due to the low surface
adsorption of serum protein. Third, photonic nanomaterials
prepared with biodegradable materials have a great advantage
in terms of safety, like polymeric melanoidin. Although carbon
nanomaterials have shown a great potential as a theranostic
agent with their feasible photophysical property, biocompat-
ibility, and water solubility, the biodegradability of carbon nano-
materials is a critical issue for further clinical applications. Lee
et al. developed nitrogen-doped C-dots for PA imaging and
PTT.?%! In vitro serum tests confirmed the biodegradability of
C-dots. The renal clearance of the C-dots was also confirmed by
PA imaging.

Among the various diagnostic systems, PA imaging seems
to have a great feasibility, providing an image with high optical
contrast and reasonable imaging depth. PTT, PDT, and optoge-
netics using photonic nanomaterials are currently in the devel-
opment stage, but their clinical trials are strongly expected to
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improve patient compliance and the cure rate of skin cancer,
age-related macular degeneration, and Parkinson’'s disease.
Moreover, in line with the progress of material properties and
functionalities, target-specific phototherapy can be achieved by
the addition of targeting moiety without causing side effects
in normal tissues. Many studies into new applications are in
progress, including ocular phototherapy using PTT,3¢%! PDT;361]
and optogenetics.l*%? Taken together, the endeavored multidis-
ciplinary research on photonic materials should pave a new way
to further technological advances, allowing their practical appli-
cations toward futuristic photomedicine.
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