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Nanostructures for NIR light-controlled therapies

Yanmei Yang,*a Junxin Awb and Bengang Xing*b,c

In general, effective clinical treatment demands precision medicine, which requires specific perturbation

to disease cells with no damage to normal tissue. Thus far, guaranteeing that selective therapeutic effects

occur only at targeted disease areas remains a technical challenge. Among the various endeavors to

achieve such an outcome, strategies based on light-controlled therapies have received special attention,

mostly due to their unique advantages, including the low-invasive property and the capability to obtain

spatial and temporal precision at the targeted sites via specific wavelength light irradiation. However, most

conventional light-mediated therapies, especially those based on short-wavelength UV or visible light

irradiation, have potential issues including limited penetration depth and harmful photo damage to

healthy tissue. Therefore, the implemention of near-infrared (NIR) light illumination, which can travel into

deeper tissues without causing obvious photo-induced cytotoxcity, has been suggested as a preferable

option for precise phototherapeutic applications in vitro and in vivo. In this article, an overview is pre-

sented of existing therapeutic applications through NIR light-absorbed nanostructures, such as NIR light-

controlled drug delivery, NIR light-mediated photothermal and photodynamic therapies. Potential chal-

lenges and relevant future prospects are also discussed.

Introduction

At present, targeted disease treatment without damaging
healthy tissues or cells continues to be clinically challenging.

One of the most essential requirements to achieve such pre-
cision medicine is that sufficient therapeutic agent must be
selectively delivered to the disease target site. However, most
existing therapeutic agents do not discriminate between
disease and healthy areas; that is, they are incapable of auto-
matically targeting and localizing at the disease areas.
Therefore, strategies regarding how to effectively enhance loca-
lized concentration of therapeutic agents and to provide favor-
able ailing treatment are of great importance in clinical prac-
tice and extensive effort is still required for this purpose.1–4

Various strategies have been developed for targeted therapy by
selectively controlling drug delivery at disease sites.5–11 With
the use of nanotechnology, such accurate release of drug
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molecules at the desired location for selective killing of mali-
cious cells without damaging healthy ones can be accom-
plished. In traditional terms, many nanocarriers can be used
to selectively transport therapeutic agents to disease sites. The
non-invasive technique that utilizes external stimulations to
control the release of therapeutic molecules on the surface of
nanostructures in the targeted area is an ideal therapeutic
method. Among proposed external stimuli-induced therapy
approaches, those using light irradiation are very interesting.
Light as a stimulus is not only low invasive but is also easily
controllable in space and time.12,13

Currently, great attention is focused on investigations of
photo-controlled therapies because light offers remote acti-
vation of a wide range of materials (e.g., upconversion nano-
particles (UCNPs), gold-based nanostructures, carbon-based
nanomaterials) at a specific time and location with a high pre-
cision.14,15 In general, technical concerns associated with
effective photoapplications in biomedical systems include
light absorption, scattering, and deep tissue penetration. It is
widely accepted that short-wavelength light could potentially
induce photoreactions in nucleic acids or proteins, and is thus
harmful to living cells.16,17 Moreover, in the UV or visible
range, light may not adequately penetrate tissue because it is
easily absorbed and scattered by certain endogenous light

absorbers in living systems such as water, lipids and protein
molecules, including hemoglobin and oxyhemoglobin,18–20

which limit in vivo therapeutic applications in vivo.21–23 One
promising option to overcome these technical obstacles is to
use light irradiation in the long-wavelength region, which
ranges from 700 to 1000 nm, also known as the NIR window.
Living tissues display minimum light absorption in the NIR
range, but in the NIR window can penetrate to depths of
several centimeters.24–26 Such a unique optical capability
could meet requirements of maximum light transparency and
may therefore benefit photo-controlled therapies in vitro and
in vivo.

Thus far, several useful strategies have been investigated for
targeted therapies on the basis of NIR light-assisted
nanostructures.27–29 One commonly used approach to achieve
such purpose makes use of the photosensitive nanoplatform
itself, which can respond to NIR light irradiation or convert
NIR light irradiation into short-wavelength emissions, to acti-
vate therapeutic cargos on the nanomaterial surface or encap-
sulated within nanocarrier structures for controlled deliv-
ery.30,31 Another well-established strategy, photothermal
therapy (PTT), directly utilizes the photoabsorbing com-
ponents in the nanostructures that absorb NIR light and then
converts photoenergy into thermal effects.32 Such light-trans-
duced heat can be used to ablate nearby abnormal cells, and
thus greatly minimize damage to healthy tissue.33 The third
commonly applied solution is primarily based on the concept
of photodynamic therapy (PDT), in which the nanomaterials
will conjugate with photosensitizers (PS). Upon NIR light illu-
mination, the PS molecules can generate reactive oxygen
species (ROS), and thus achieve the targeted therapeutic
effects in vitro and in vivo.34 Owing to the numerous advan-
tages of NIR light-assisted therapies, photosensitive nano-
structures that are NIR light-responsive have attracted tremen-
dous interest among biomedical researchers. Thus far, many
nanomaterials with such light-responsive activity, such as
UCNPs, gold-based nanostructures, carbon nanotubes, gra-
phene oxide, and other related materials (e.g., copper sulfide
(CuS), molybdenum disulfide (MoS2), black phosphorus (BP)),
have been proposed for NIR light-controlled therapies.24,35–37

In this review, we mainly focus on developments reported inBengang Xing

Fig. 1 Illustration of diverse nanostructures for therapies controlled by NIR light.
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the literature over the last five years. We discuss NIR light-
mediated drug delivery, NIR light-controlled photothermal
treatment and photodynamic therapy with light-processing
wavelength ranging from 700 nm to 1000 nm, which is mainly
in the first biological NIR window (Fig. 1).38–40

NIR light-controlled drug delivery

NIR light-controlled drug delivery strategies could enhance
therapeutic quality by preventing non-target effects through
spatiotemporal activation. Approaches for such light-mediated
chemotherapy could effectively decrease damage to normal
tissues and thus have been intensively investigated in recent
years for applications in precision medicine. In the disease
treatment process, such NIR light-responsive functional nano-
structures not only show promising capacity to penetrate the
fenestrated endothelium present in disease areas (e.g., tumor)
on the basis of enhanced permeabilization and retention
(EPR) effect,41 but, more importantly, they can also spatiotem-
porally deliver the therapeutic reagents or specifically activate
unique physiochemical properties at the diseased lesion site
upon light irradiation at NIR windows.42 In order to achieve
light-controlled drug delivery, rational design based on the
NIR light-activated chemical bond or linkage moieties (e.g.,
thermo-responsive polymer) that have photothermal effect are
incorporated into nanoconjugate structures. As such, nano-
meter-sized structures can also work as delivery “cargos” to
improve treatment efficacy by efficiently directing greater con-
centrations of therapeutic agents into disease areas. Moreover,
the promising activation of drug molecules only at the disease
site can be spatially controlled by NIR illumination.43–45

Toward this objective, several types of NIR-responsive, nano-
structure-based drug delivery platforms have been extensively
studied.46–50

Therapeutic reagent loading forms: non-covalent and covalent
interactions

In general, an ideal therapeutic reagent would be expected to
carry out multiple functions, where modalities with different
functions are integrated into a single entity. This is challen-
ging for conventional molecule design and synthesis.
Fortunately, this issue can be addressed with nanostructures
because reagents such as target ligands, drug molecules,
imaging probes, and photosensitizers can be immobilized into
a single nanoparticle through elegant but feasible construction
techniques.51,52 Normally, multiple reagents can be integrated
into nanomaterial structures via non-covalent bonding and
covalent bonding.

For delivery systems based on non-covalent drug loading,
the therapeutic molecules may not covalently bond to the
nanostructure. In general, on the basis of nanostructure
surface morphology, the therapeutic agents could be directly
encapsulated within nanomaterials through physical inter-
actions including electrostatic interactions, π–π stacking and
hydrogen bonding.53 In certain cases, the surface morphology

of related nanostructures may also need to be modified in
order to physically attract the therapeutic reagents or other
molecules. For instance, by taking negatively charged DNA and
RNA structures, the carrier silica-coated UCNPs can usually be
modified with positively charged linkers to electrostatically
adsorb DNA/RNA on the surface through coulombic inter-
actions.54 Another example is the single-layer molybdenum di-
sulfide (MoS2) nanosheets, which were decorated with chito-
san (CS) for loading the anticancer drug.55 Moreover, meso-
porous NPs, hollow NPs and polymeric nanomaterials are
especially appropriate carriers for such non-covalent based
delivery. Benefiting from their high surface-to-volume ratio
and pore cavity, these NPs can hold large amounts of thera-
peutic agents in the structures, and thus can significantly
enhance the loading efficiency (Fig. 2a).56

The covalent binding is the typical way that a direct chemi-
cal bond should be employed for the association between the
payloads and the transport vectors.53 For the light-triggered
drug delivery system, the concept of prodrug is normally
involved, in which a photoliable chemical linker will be used
to covalently link drug molecules within the delivery platform
to form prodrug. Upon exposure to light excitation, the drug
molecules will be released in a highly-controlled manner and
drug activities will be recovered.7 Since the efficacy of drug
release is largely dependent on the linker’s response sensitivity
to light triggers, the choice of an appropriate covalent linker is
extremely important (Fig. 2b).24 Currently, several photocaged
chemical groups including o-nitrobenzene (NB),57,58 pyrenyl-
methyl ester,59 coumarinyl ester60,61 have been well established
for spatiotemporally controlled release of therapeutic mole-
cules in vitro and in vivo.

By taking the photoactive NB derivatives as an example,
which are the most commonly used linkage moieties to co-
valently conjugate drug molecules with nanocarriers, such NB
moiety can be cleaved upon UV light illumination to achieve
effective drug release.62 Despite high efficiency for the targeted
photocleavage, obvious disadvantages including potential
light damage to native biomolecules and its poor penetration
ability significantly hinder light-triggered drug delivery in deep

Fig. 2 Schematic diagram illustrating non-covalent (a) and (b) covalent
formations of therapeutic reagent immobilization with nano-materials.
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tissues. Therefore, alternative approaches to overcome these
technical obstacles are highly desirable. One such solution is
to rely on long-wavelength light illumination at the NIR
window ranging from 700 to 1000 nm.38–40

In the following, diverse types of functional nanoplatforms
commonly employed for NIR light-responsive drug delivery,
including UCNPs, gold-based nanomaterials, carbon-based
nanomaterials and other related nanostructures, are systemati-
cally introduced.

Upconversion nanoparticles

In principle, during the process of light-mediated drug acti-
vation in biomedical applications, long-wavelength light exci-
tations will be always preferred since they are less detrimental
to tissue, and importantly, they have deeper light penetration
capability. However, conventional photo-activation of bio-
molecules and “uncaging” of photolabile moieties may have to
rely on short-wavelength light irradiation (e.g., UV or blue light
excitation), which usually bears higher energy and therefore
may cause cellular damage and limited penetration depth. To
overcome this obstacle, alternative designs that can bridge NIR
light to UV excitation (e.g., absorb NIR excitation and emit UV
emission) are desirable. One promising strategy for such NIR
light-responsive drug delivery is through application of
UCNPs, which can absorb long-wavelength NIR light illumina-
tion and convert them into short-wavelength emissions in the
UV to visible range and even to the NIR region.63 The emitted
wavelength light can be controlled through host/dopant com-
binations and dopant concentrations (e.g., doping with Tm for
UV emission).64–67 Generally, these upconversion processes are
often divided into three broad classes: excited stated absorp-
tion (ESA), energy transfer upconversion (ETU) and photon
avalanche (PA).68,69 Under continuous-wave (CW) excitation
(980 nm or 808 nm), UCNPs often exhibit a large anti-Stokes
shift of several hundred nanometers, long lifetimes and excel-
lent photostability.70–72 This photo-conversion property allows
UCNPs to serve as the excitation source for biomedical appli-
cations, such as cell imaging,73–77 optical imaging in vivo,78–85

biosensors86–91 and bioassays.88,92,93 More importantly, UCNPs
have been suggested as suitable transporters,94 especially for
drug delivery systems based on covalent binding modes.

Due to the special property that can convert NIR light
irradiation into shorter-wavelength emissions (normally from
UV to visible range), lanthanide-doped UCNPs have attracted
tremendous interest in recent years.26,95 The upconverted
luminescence can be used to unblock the photolabile “caging”
moiety and reactivate the bioactive molecules in spatial and
temporal precision. For example, Xing’s group has demon-
strated the concept that the use of NIR light (e.g., at 980 nm)
could be used to trigger the release of caged D-luciferin based
on UCNPs (NaYF4:Yb,Tm).96 In this typical study, the UCNPs
were first coated with solid silica shell (UCNPs@SiO2) to facili-
tate the increased biocompatibility and subsequent particle
surface functionalization. The commonly used photoliable
“caging” moieties, o-nitrobenzyl, were employed to block
D-luciferin, a robust bioluminescent probe for specific reco-

gnition of the gene reporter firefly luciferase, and were further
covalently linked to the NPs surface. Upon NIR laser
irradiation, the caged D-luciferin can be released by one of the
converted UV emissions from UCNPs. This novel NIR-
controlled uncaging of D-luciferin can react with firefly luciferase
to produce photons at 560 nm, which then are used for bio-
luminescence imaging in vitro and in vivo. Moreover, a similar
approach was also carried out to control release of the anti-
cancer drug 5-fluorouracil, as demonstrated by Fedoryshin
et al.97 In prodrug design, the parent drug molecules are acti-
vated by UV light excitation. The converted UV emission from
NIR-laser excited UCNPs (NaYF4:Yb,Tm) can be used for direct
control of drug activities in cancer therapy. Based on this
design, several antitumor reagents that indicate light-induced
cytotoxicity have been used to conjugate with surface modified
UCNPs for the targeted tumor inhibition. For instance,
Xing’s98 and Lin’s groups99 have independently developed a
novel NIR light-activated drug delivery method based on
UCNPs. Typically, in the strategy presented by Xing’s group,
the unconverted UV emission from UCNPs@SiO2 (NaYF4:Yb,
Tm@SiO2) could locally activate the light responsive Pt(IV)
prodrug that generates effective antitumor cytotoxicity in vitro
and in vivo. Moreover, the promising antitumor treatment has
also been systematically evaluated by multi-modality imaging
analysis. Interestingly, based on the process of programmed
cell death induced by NIR light-mediated prodrug activation,
fluorescence imaging through the cleavable DEVD peptide
hydrolyzed by apoptosis-activated caspase-3 enzyme (Fig. 3)
has also been applied to evaluate early stages of tumor thera-
peutic intervention. While in Lin’s design, the novel photo-
active Pt(IV) prodrug, trans, trans, trans-[Pt(N3)2(NH3)(py)
(O2CCH2CH2CO2H)] was conjugated within the core–shell
NaYF4:Yb,Tm@NaGdF4:Yb UCNPs complex. This unique
prodrug UCNPs nanomedical system exhibited potent in vivo
antitumor activity after 980 nm laser irradiation. Additionally,
it supplies a new way for tri-modality imaging of tumor status
and treatment in vivo. Besides the unique design to spatiotem-
porally activate metal-based antitumor drugs, currently a
similar concept has been broadly applied to light-mediated
release of other conventional antitumor reagents, such as
doxorubicin (Dox).55,56

Another alternative approach for UCNPs-based, NIR light-
controlled drug delivery is to use a mesoporous silica shell to
coat the UCNPs surface.100 Such silica coated-UCNPs provide
promising biocompatibility and photostability.12 For instance,
Zhang’s group has recently demonstrated application of meso-
porous silica-coated UCNPs (NaYF4:Yb,Tm@mSiO2) for remo-
tely controlled delivery of “photocaged” siRNA and DNA
moieties.101 In their work, siRNA or plasmid DNA was caged
by a photoactive linkage, 4,5-dimethoxy-2-nitroacetophenone
(DMNPE). After the caging process, they were encapsulated
into the mesopores with a loading rate larger than 70%. These
“caged” nucleic acids can be photo released by the upcon-
verted UV light under 980 nm laser irradiation, and thus
achieve spatial and temporal regulation of gene silencing
both in vitro and in living tissues. Benefiting from more
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significantly enhanced tissue penetration and minimum light
toxicity of NIR light than direct UV light irradiation, the NIR-
to-UV-triggered drug delivery platform through UCNPs can
serve as a new approach in various fields.

By encapsulating UCNPs in liposomes, Zhang’s group
recently reported a novel NIR light-triggered drug delivery
system.102 In their work, UCNPs (NaGdF4:Yb,Tm) were encap-
sulated in azobenzene (Azo)-doped liposome to form the
UCNPs@Azo-lipo hybrid vesicles, which can be used for
loading the anticancer drug Dox. Upon NIR light (980 nm)
irradiation, the azobenzene amphiphilic molecules transform
the trans-isomer into the cis-isomer under converted UV/vis
light from UCNPs. This reversible isomerization of the azo-
benzene group causes movement of the liposome membrane,
thereby inducing release of drug molecules.

Gold-based nanostructures

Noble metal gold-based nanostructures provide a versatile plat-
form for a broad range of applications in biomedicine,
especially for the controlled drug delivery. Several representa-
tive structures including gold nanorods (AuNRs), gold nano-
shells (AuNSs) and gold nanoparticles (AuNPs) have been well
studied owing to biocompatibility, easy surface functionali-
zation and tuneable physical properties.103–106 Typically, when
these nanostructures are irradiated with light, the excited elec-
trons rapidly accumulate on their surface, which is known as
localized surface plasma resonance (LSPR). Electronic oscil-
lation in the NPs will dampen via transferring energy to the
environment in the form of heat.107,108 Such plasmonic prop-
erty of gold-related nanostructures can be tuned to the NIR
region by changing morphology and shape. In this regard,
gold-based nanomaterials, such as AuNRs and AuNSs, are very

suitable platforms for NIR light-controlled drug delivery due to
their strong longitudinal surface plasmon oscillation in the
NIR window. Upon irradiation with NIR light at the SPR wave-
length region, these nanostructures absorb the photoenergy
and subsequently convert to thermal energy, which will modu-
late the interaction between nanocarriers and payloads, indu-
cing release of drug molecules.7,109 Generally, two methods are
commonly used for NIR light-induced drug delivery based on
gold-related nanomaterials. The first strategy is to employ
special moieties to trap drug molecules, such as DNA or
thermo-sensitive polymers into nanomaterial structures.
Another method is directly utilizing the converted heat effect
under NIR light irradiation to accelerate the release of drug
molecules, which have been initially attached on the nano-
carrier surface via non-covalent interactions.

AuNRs usually contain two LSPR peaks—one is from trans-
verse-mode plasma absorption around 520 nm and the other
is from longitudinal mode absorption. The latter strongly
depends on the nanorod shape and can be adjusted to the NIR
region by increasing the ratio aspect of nanorods. Recently, Qu
and co-workers have developed a NIR light-triggered drug
delivery system by using AuNRs.28 In order to efficiently encap-
sulate drug molecules into nanostructures and enhance the
stability of AuNRs conjugates in the biological environment,
AuNRs were coated with a mesoporous silica shell. The as-
obtained core–shell NPs were surface-modified with a DNA
aptamer moiety aimed at effective capping of fluorophore
(FITC) and the antitumor drug Dox. Upon NIR-light
irradiation, the local temperature is raised due to the photo-
thermal effect of AuNRs, resulting in opening of the aptamer
cover and thus release of entrapped guest molecules. Similarly,
another related work by Yeh’s group also focused on the

Fig. 3 (a) Illustration for NIR-light activation of platinum(IV) prodrug based on upconversion-luminescent NPs. (b) Cell imaging of Pt(IV) probe
UCNP@SiO2-incubated cells after 1 h NIR irradiation. Two kinds of cell lines used: A2780 cells (first line), A2780cis cells (second line). (c, d)
Quantitative flow cytometric analysis of A2780 and A2780cis cells, respectively. Reprint from ref. 98 with permission. Copyright 2014, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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design for NIR light-to-thermal-responsive drug release.110 In
addition to aptamer structures, Chen et al. also employed
thermo- and pH-responsive polymers to achieve the NIR laser-
induced drug release (Fig. 4).111 In their studies, AuNRs were
first coated with mesoporous silica shell for loading drug
molecules; obtained Au@SiO2 nanoparticles were further
encapsulated in thermo- and pH-responsive polymers, which
mainly consisted of poly (N-isopropylacrylamide) (PNIPAM).
Under irradiation of NIR light, this nanocomposite indicated a
rapid increase in temperature, and the drug release rate can be
easily improved by using enhanced laser power density (e.g.,
16 W cm−2). The mechanism of NIR light-controlled drug
release is mostly attributed to the laser-converted thermal
effect of dissociated electrostatic interactions between the drug
Dox and polymer shell structures.

In addition to AuNRs, AuNSs can serve as NIR-controlled
drug delivery platform because of their excellent NIR-absorp-
tion capability. Usually, morphology can be either a hollow
gold shell or a composite particle comprising a core (such as a
silica seed) packaged by a gold shell. Thus far, several novel
designs toward NIR light-controlled drug delivery on the basis
of AuNSs have been demonstrated.27,112,113 By taking the
hollow gold nanoshell (HAuNS) as an example, the anticancer
drug Dox was loaded on its surface through electrostatic
adsorption.114 Once the aqueous solution of Dox@HAuNS was
exposed to 808 nm laser irradiation (5 W cm−2), the absorption
intensity of Dox in solution was found to increase significantly,
indicating effective release of the free drug. Furthermore, this
NIR light-responsive nanocarrier can be used in human breast
carcinoma cells. For the controlled cells treated with
Dox@HAuNS only, the anticancer molecules did not reach the
nuclei, suggesting that the Dox drug molecules were not
released from the nanoshell. However, when tumor cells were
treated with Dox@HAuNS and subsequent NIR laser
irradiation, the significant red fluorescence signal was
observed in the cell nuclei, which clearly indicated that the
drug was released under NIR laser irradiation.

As for most reported materials based on AuNPs, intrinsic
size-dependent plasmon absorbance (e.g., 520 nm for 10 nm

AuNPs or 580 nm for 100 nm AuNPs) is not directly optimal
for NIR light-responsive therapy.115,116 However, when involved
in the process of self-assembly117–119 or combination with
other nanomaterials, AuNPs could also be employed for NIR
light-triggered drug delivery. For example, Yang and co-
workers120 synthesized the integrated nanoplatforms by assem-
bling UCNPs into mesoporous silica nanoparticles followed by
functionalization with small gold nanocrystals (5 nm ). Upon
laser irradiation of the hybrid complex at 980 nm, the green
emission from UCNPs overlaps with the plasmon absorbance
observed in gold nanocrystals and causes obvious heat gene-
ration, which then induces the effective release of the anti-
cancer drugs (e.g., Dox) loaded on the pores of a mesoporous
silica nanohybrid structure.

Among gold-based nanomaterials, nanocages (AuNCs) and
nanostars have also attracted great attention due to strong
absorption in the NIR region.121 Moreover, hollow interiors
and porous walls of AuNCs are suitable for NIR light-induced
drug delivery. In 2014, Xia’s group demonstrated a NIR laser-
responsive delivery of anticancer drug molecules for targeting
breast cancer stem cells (CSCs) therapy.122 In their work, a
phase-change material (PCM) was used to encapsulate the
drug molecules into the AuNCs. A small molecule SV119,
which can bind the sigma-2 receptor on the surface of breast
CSCs, was used to functionalize the nanocage surface. Once
irradiated with NIR light (808 nm), the heat generated melts
the PCM, followed by release of anticancer drug molecules.
Recently, Espinosa et al.123 systematically investigated gold
nanostar heat-generating efficiency under light irradiation of
diverse wavelengths. In their work, three representative gold
nanostars (25 nm, 85 nm, 150 nm) were selected to study their
photothermal properties both in vitro and in living mice.
Experimental results indicated that the key factor affecting
photothermal therapy efficiency for gold nanostars is size and
biodistribution in vivo.

Carbon-based nanomaterials

Carbon-based nanomaterials, including three main branches
according to dimensions—fullerene, carbon nanotube (CNT)
and graphene—have attracted great attention for decades in
many fields from materials science to biology applications.
Typically, carbon-based nanostructures often have favorable
sizes, which made them ideal nanocarriers to deliver bio-
molecules into the target area.124 CNT and graphene materials
have been extensively studied in the biomedical sciences,
mostly due to their intrinsically strong NIR optical absorbance
(700–1000 nm).108,125–132 Similar to gold nanomaterials,
carbon-based nanostructures can efficiently absorb NIR light
and the photoenergy is released in the form of heat.133,134 In
this context, our principal focus is on carbon-based nano-
materials for NIR-controlled drug delivery, including CNT and
graphene derivatives.

Major development of CNT platforms in biomedicine has
taken place in recent years.135,136 Qin et al., for instance,
reported a Dox-delivery system through functionalized CNT with
the surface coated by amphiphilic biopolymer.137 In this study,

Fig. 4 (a) Schematic illustration of nanocomposite formulation process.
(b) NIR laser-induced drug release based on nanocomposite. Reprint
from ref. 111 with permission. Copyright 2014, American Chemical
Society.
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the CNT were first functionalized with biopolymer CS through
hydrophobic alkyl chains. The platform was further encapsu-
lated into thermal-sensitive poly(N-isopropylacrylamide)
(PNIPAAm) material structures. For the in vitro release studies,
HeLa cells were incubated with Dox-loaded CS/PNIPAAm@CNT
nanoparticles for various time periods (e.g., 15 min, 2 h and
24 h). After NIR laser irradiation (λ = 808 nm, 1 W cm−2), the
hybrid CNT materials could induce rising temperature, which
subsequently initiated the Dox release. Meanwhile, the fluo-
rescence intensity of Dox was also found to increase, which
clearly indicated that NIR light excitation could effectively
trigger release of drug molecules from CNT structures.

More recently, the 2D graphene structures have also
emerged as novel nanomaterials in biomedical fields attri-
buted to their promising optical functions, good biocompatibility
and large surface area. Graphene usually demonstrates its
high absorption in the NIR window, and has thus been widely
utilized as a remote trigger to control drug delivery. In 2011,
Zhong and co-workers138 fabricated Dox-loaded PEGylated
nanographene oxide (Dox-PEG-NGO) for chemotherapy.
Generally, drug molecules were loaded on the surface of nano-
graphene oxide through the simple π–π stacking. The in vivo
antitumor treatment based on Dox-PEG-NGO nanocarriers was
conducted by NIR light illumination (2 W cm−2) for 5 min, the
tumor was found to be completely destructed without obvious
weight loss or recurrence of mice body weight. Moreover,
Matteini et al. also reported that graphene could be employed
for NIR light-controlled drug release.139 In this kind of NIR
light-controlled drug delivery systems, graphene and its deriva-
tives have been known to play the dual roles as a temporary
storage for drug delivery or as an effective transducer to
convert NIR light into heat that induces drug release.

Other nanomaterials

Besides UCNP materials, gold-based NPs and nano-size
carbons, many other new types of materials such as copper
sulfide (CuS) and MoS2 nanostructures that are capable of
responding to NIR light have also been designed recently for
light-controlled drug release in vitro and in vivo.

For instance, Liu et al. reported a facile, cheap and green
method for the synthesis of mesoporous silica-coated copper
sulfide nanoparticles (CuS@mSiO2), which were used as an
effective NIR light-responsive platform for controlled drug
delivery.140 Under NIR laser (e.g., at 980 nm, 0.72 W cm−2)
irradiation, the anticancer drug Dox is released from nano-
composites mainly due to the locally elevated temperature that
promotes effective drug diffusion.

Apart from carbon-based graphene and its derivatives, a
new type of 2D nanomaterials has also emerged in the nano-
medicine field partially because of their large surface area, an
ideal template to adsorb a large quantity of drug molecules.
A representative example is the single-layer MoS2,

141 which was
first synthesized by chemical exfoliation in 2011.142 In 2014,
Zhao and co-workers demonstrated a simple and low-cost
approach for NIR light photothermal-triggered drug delivery.55

Typically, the commercially available MoS2 are treated with

oleum and sonicated to form a grayish dispersion. To increase
water solubility of MoS2 nanosheets, CS biopolymer is intro-
duced to functionalize the MoS2 nanosheets. The commonly
used anticancer drug Dox is non-covalently loaded onto the
MoS2-CS complex by mixing with the solution containing
MoS2 (Fig. 5). In a typical cellular study, KB cells are incubated
with MoS2-CS-Dox for 2 h. Upon NIR light irradiation, the red
fluorescence signals inside cells are found to be greatly
enhanced, suggesting that the Dox is released from the MoS2
nanosheets. Results of many additional studies carried out
in vivo, and compared with control experiments, clearly reveal
that tumor growth was effectively inhibited after treatment
with MoS2-CS-Dox under NIR-laser irradiation.

NIR light-controlled photothermal
therapies

Photothermal therapies have shown great promise in recent
years, especially for tumor treatment in vitro and in vivo. In
general, PTT employs photothermal agents to absorb light and
then converts it into heat energy. Some NPs dissipate the
absorbed energy, releasing heat into the surrounding space
upon exposure to an NIR laser beam.53,143 Such process leads
to overheating the local area, which results in an increased
capability for membrane permeability and/or promotes the
destruction of biological material (such as protein denatura-
tion) and causes subsequent cell death.144 Typically, as an
effective PTT therapeutic agent for killing tumor cells, the tar-
geted photoresponsive temperature enhancement (e.g.,
∼45 °C) is essential for effective light irradiation.145

Additionally, in order to guarantee heating precision, a tar-
geted and multifunctional PTT agent is often used in imaging-
guided photothermal therapy (e.g., photoacoustic imaging, MR
imaging and fluorescence imaging).146,147

Fig. 5 Schematic illustration of Dox-loaded, single-layer MoS2 nano-
sheets and NIR light-induced drug release in the tumor site. Reprint
from ref. 55 with permission. Copyright 2014, American Chemical
Society.
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Apparently, the ideal light source for controlling targeted
in vitro and in vivo PTT is in the NIR region, which has been
known to indicate higher penetrating capability and cause
minimal side effects in biological tissues when compared to
UV light. Several types of photosensitive nanostructures, such
as selected nanocomposites, gold-based nanostructures148 and
carbon nanotubes, have been widely developed and employed
in PTT. All of these nanomaterials have been known to uni-
formly possess intense absorption bands in the NIR window
ranging from 700 nm to 1000 nm.

Upconversion nanoparticles

Unlike gold-related nanostructures that utilize strong NIR absor-
bance to convert light directly into heat to inhibit cancer cell
growth, UCNPs (lanthanide-doped nanomaterials) are rarely
used directly as PTT agents.83,149 However, when UNCPs are
combined with other plasmonic nanostructures, such as Au,93

Ag150 and Fe3O4,
151 resulting hybrid nanocomposites exhibit

high efficiency as seen in reports for PTT cancer therapy in vitro
and in vivo. In addition to plasmonic nanomaterials, other
optics-absorbing agents including CuS and NIR-absorbing dye
molecules are reported to integrate with UCNPs structures for
light-controlled biomedical applications. For example, Shi et al.
demonstrated a new type of silica-coated UCNPs (NaYbF4:Er,
Tm@SiO2) nanocomposites by surface functionalizing with
ultra-small CuS NPs for photothermal therapy.152 The CuS NPs
were employed as photothermal agents to convert light to heat
effects. When the nanocomposite solution (1.2 mg mL−1)
exposed under 980 nm laser illumination (e.g., 1.5 W cm−2,
5 min), the temperature was increased from 25 °C to 40 °C.
Upon intratumor injection of designed therapy agents into 4T1
cells-bearing mice for 1 h and followed by 980 nm NIR laser
irradiation, tumor growth was found to be significantly inhib-
ited, which confirms the great potential of such UCNP-CuS
agents for photothermal treatment in vivo.

Thus far, most reported NIR light-controlled therapy strat-
egies based on UCNPs rely mainly on light illumination at
980 nm. Such long-wavelength light works efficiently, but it may
directly overlap with water absorption,153 and thus may cause
several unwanted outcomes such as overheating that damages
tissues. Fortunately, several approaches were developed that
avoid these results, such as a new type of UCNPs that can be
excited by shorter-wavelength light, say, at 800 nm,154,155 or
coating UCNPs with NIR-absorbing molecules.156 For example,
Liu and co-workers40 developed a multifunctional UCNP-based
nanoplatform (NaGdF4:Yb,Er) by loading two types of fluo-
rescent dye molecules, including an NIR-absorbing dye (IR825)
and a photosensitizer dye (Rose Bengal, RB) into the UCNP
surface. After 808 nm laser irradiation for 5 min, the tempera-
ture was found to rapidly increase from 20 °C to 43 °C in vitro
(with light dosage of 0.5 W cm−2), and from 30 °C to 45 °C in
vivo (dosage of 0.35 W cm−2).

Gold-related nanomaterials

Gold nanomaterials are ideal PTT agents because of their
strong light absorption in the visible and NIR regions, as pre-

viously mentioned. In principle, absorbed light energy can be
converted into heat effects, which subsequently release in the
surrounding media (called “photothermal effect”) and are
capable of destroying nearby biological structures. Moreover,
gold nanomaterials have been found to exhibit other excellent
properties for biomedicine applications including reasonable
photostability and good biocompatibility. Thus far, strategies
for photothermal therapy based on gold nanomaterials are
very encouraging.

As early as 2003, Lin and co-workers reported using AuNPs
as a photothermal sensitizer in PTT.157 In their work, pulsed
laser has been used to induce heat in cancer cells treated with
AuNPs. The light-mediated PTT operation showed highly loca-
lized photothermolysis of the targeted cells. Since then, a few
other groups have independently reported the use of gold
nanomaterials in PTT treatment triggered by long-wavelength
light illumination.158–160 In 2013, Chen’s group proposed a
novel route to construct a biodegradable plasmonic gold nano-
vesicles for both PTT and PA studies.161 As shown in Fig. 6,
gold nanovesicles were prepared by assembling AuNPs teth-
ered with an amphiphilic block copolymer, poly(ethylene
glycol)-b-poly(ε-caprolactone) (PEG-b-PCL). The gold nano-
vesicles showed strong absorption in the NIR region and
demonstrated enhanced photothermal efficiency upon 0.5
W cm−2 or 1 W cm−2 laser irradiation in vivo (e.g., with tempera-
ture change (ΔT ) of 18 °C after 808 nm laser irradiation of
sample at 400 μg mL−1, 50 μL, for 5 min). These assembled
gold nanovesicles were also found to gradually collapse into
discrete AuNPs structures in a temperature- and time-depen-
dent manner, which improved clearance of the gold nano-
particles from the body after phototherapy. In addition to
coating with polymers, AuNPs can be assembled with other in-
organic nanomaterials for combined PTT. For example,
Su et al. reported a gold nanoparticles-based NIR hyper-
thermia agent via decorating AuNPs with silicon nanowires

Fig. 6 Schematic diagram illustrating formation of biodegradable gold
vesicles, which can serve as PTT and photoacoustic (PA) imaging agents.
Reprint from ref. 161 with permission. Copyright 2013, Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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(AuNPs@SiNWs).162 The synthesized SiNWs@AuNPs pos-
sessed strong NIR absorbance from 700 nm to 1000 nm and
displayed excellent heat production upon 2 W cm−2 of 808 nm
laser illumination for 3 min (temperature change (ΔT ) value is
∼38.3 °C with concentration of AuNPs@SiNWs samples at
150 μg mL−1). Moreover, these hybrid nanomaterials were
found to have anti-tumor capacity at concentrations as low as
150 ppm.

AuNRs are also promising candidate nanomaterials for PTT
applications because they are easily synthesized and possess
strong optical extinctions in the NIR region.32 AuNRs can be
easily fabricated with an aspect ratio of 4 by using the seed-
mediated method, which shows promising longitudinal absor-
bance at approximately 800 nm.24,163 By taking advantage of
this unique property, the nanorod materials can be applied to
induce thermal ablation when illuminated by an 800 nm laser.
Currently, several strategies have been demonstrated by conju-
gating AuNRs with other biomolecules for PTT treatment. For
example, EI-Sayed et al. reported in vitro molecular imaging
studies with the combination of photothermal cancer therapy
by using AuNRs conjugated with anti-epidermal growth factor
receptor (anti-EGFR), which selectively binds to malignant
cells.164 In another in vivo photothermal system, Maltzahn
et al. utilized polyethylene glycol (PEG) to stabilize AuNRs.165

They found that the PEG-AuNRs complex could be dispersed
in various solvents and exhibited long circulation half-life
in vivo (e.g., t1/2 ∼17 h). Furthermore, these PEG-protected
AuNRs exhibit superior photothermal efficiency when injected
into tumors of mice. Upon 2 W cm−2 of NIR laser irradiation
at 810 nm for 5 min, the temperature of the targeted area
was rapidly increased to over 70 °C. This platform of AuNRs
converting NIR light to heat showed encouraging therapeutic
efficacy, as tumors were successfully annihilated within
10 days.

Carbon-based nanomaterials

Carbon nanomaterials, such as 1D CNT and 2D graphene,
have also been commonly used as photothermal agents
because of their strong light absorbance in the NIR region,
which can cause in situ photothermal effects for NIR light-
induced photothermal therapy.124 As early as 2005, for the
first time Dai’s group demonstrated that CNT could be used
for in vitro PTT.39 In summary, DNA-conjugated, single-walled
CNT showed high photothermal sensitivity to HeLa cells and
induced remarkable cell death rates because solution temp-
erature increased to 70 °C after 2 min of 808 nm laser
irradiation (with power density of 1.4 W cm−2). Furthermore,
the PEGylated CNTs were functionalized with folate acid (FA),
which showed high selectivity for cancer cells over those of
normal cells with specific tumor markers, thus allowing
specific destruction of tumor cells through NIR laser
irradiation. In continuation of the effective PTT treatment
through the CNTs-based nanoplatform, many research break-
throughs were constructed for further relevant applications
in photothermal treatment. For instance, Moon et al. develo-
ped a biocompatible PEGlyated single-walled carbon nano-

tube (PEG-SWNT) for NIR-irradiated PTT in vivo.166 Another
work by Zhang et al. demonstrated a novel strategy for simul-
taneous assembly of peptide-modified multi-walled CNTs in
the presence of NIR light.167 Therefore, more targeting multi-
walled CNTs could be attracted into the tumor and finally
achieved effective photothermal cancer treatment. Since
then, many studies aimed at providing potent CNTs for their
photothermal applications in vitro and in vivo have been
carried out.166–170

Recently, in a study by Liu and co-workers, PEGylated nano-
graphene oxide (GO) with fluorescent labeling was first investi-
gated for in vivo photothermal therapy (Fig. 7).171 By conjugat-
ing NIR fluorescent dye to GO, the complex showed high
tumor-passive uptake in three different tumor models—4T1,
KB and U87MG tumor-bearing nude mice. Importantly, they
demonstrated that nano-GO is an efficient photothermal
agent for generating heat under 808 nm laser irradiation
(e.g., 2 W cm−2) and thus effectively inhibits tumor growth.

Other nanomaterials

Gold- and carbon-based nanomaterials and certain other
nanomaterials (e.g., BP, CuS, Pd nanosheets) with high optical
absorption in the NIR region have also been investigated for
applications of targeted PTT in vitro and in vivo.

BP is a new member of 2D nanomaterials, which is
expected to be an attractive theranostic agent, mostly due to its
biocompatibility and can degrade to nontoxic phosphate and
phosphonate in aqueous media.172,173 Very recently, Shao et al.
designed a biodegradable NIR-responsive photothermal abla-
tion cancer treatment strategy using BP-based nanospheres.174

In their work, the BP quantum dots (∼3 nm) were incorporated
in PLGA to form BPQDs/PLGA nanospheres for prolonging
blood circulation time in the body. Such composite nano-
materials exhibit higher NIR absorbance, which is useful for
PTT (Fig. 8). Due to the remarkably enhanced tumor accumu-
lation of BPQDs/PLGA resulting from the EPR effect, photo-
thermal ablation with excellent therapeutic outcomes was
achieved in animal experiments.

CuS NPs can be synthesized by using CuCl2 and Na2S reac-
tion with the optical absorption band in the NIR range.175 In
2010, Li and co-workers reported in vitro and in vivo studies by
using PEGylated CuS as a photothermal coupling agent for
PTT. The thermal effect of PEG-CuS NPs aqueous solution was
first examined under 808 nm laser (16 W cm−2) irradiation for
5 min, and solution temperature subsequently increased to
80 °C. Moreover, U87 human glioma cells treated with
PEG-CuS were also investigated upon irradiation with NIR
laser and substantial reduction of cell numbers was observed.
Importantly, PEG-CuS was injected into living mice bearing
the U87 tumor and followed by 24 h accumulation. The tumor
was then irradiated with 808 nm diode laser (12 W cm−2,
5 min) and substantial tumor destruction was achieved. In
addition to CuS,176 several other types of copper chalcogenide
have been explored for PTT therapy, such as super-CuS,177

CuSe,178 CuTe,179 and the hybrid Fe3O4@Cu2−xS core–shell
NPs.180
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Very recently, other noble metal-based nanomaterials, such
as Pd nanosheets, have also attracted great attention as
another alternative for photothermal application. Different
from conventional noble metal nanomaterials (e.g., AuNPs or
AuNRs), which may suffer from potential decomposition and
morphology change upon laser irradiation,180 compared to
gold nanostructures, Pd nanosheets exhibit promising stability
and thus can serve as reliable agents for PTT disease therapy.
For example, Zheng and co-workers reported the synthesis of
freestanding hexagonal Pd nanosheets, which demonstrated a
well-defined and tunable surface-plasmon resonance peak in
the NIR region.181 These Pd nanosheets exhibit good photo-
thermal stability and thus induce a strong photothermal effect
for killing cancer cells.145,182 Zheng’s group also reported the
combination of Pd nanosheets with mesoporous silica or
drug-loaded mesoporous silica for NIR-induced PTT treatment;
significant breakthroughs for effective tumor inhibition have
thus been achieved.183–185

NIR light-controlled photodynamic
therapies

In contrast to PTT, which utilizes photothermal heat accumu-
lation to induce disease ablation, PDT is a unique type of
therapeutic modality that relies on photosensitizer agents to
generate ROS under light illumination, such as singlet oxygen
(1O2), which are usually associated with oxidative stress and
subsequently cause cell damage.186 Normally, three key com-
ponents are essential in a PDT system: a PS molecule, oxygen
and a light source that excites the PS. Under light irradiation,
the generated free radicals from PS agents oxidize bio-macro-
molecule components in cells, such as DNA, certain enzymes
or proteins, which induces cytotoxicity and kills the cells.187

Thus far, PDT treatment has been recognized and approved by
the FDA for cancer treatment in clinics. In general, the PS
agents employed in conventional PDT are molecules that

Fig. 7 (a) Scheme of Cy7 labelled, PEGylated-nanographene oxide sheets. (b) In vivo fluorescence images of 4T1 tumor bearing-Balb/c mice, KB
and U87MG tumor-bearing nude mice taken at various time points (30 min, 1 h, 6 h, 24 h) post-injection of Cy7 labelled, PEGylated-nanographene
oxide. (c) Representative photos of mice after various treatments indicated. (d) 4T1 tumor growth curves of various groups after treatment indicated.
Reprint from ref. 171 with permission. Copyright 2010, American Chemical Society.
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contain porphyrins or analog structures. As a consequence,
most of the PS agents are hydrophobic. Typically, they have
poor water solubility and lack effective selectivity/accumulation
at the disease target site. In order to overcome these obstacles
and meanwhile to improve therapeutic efficacy of PS agents,
many nanostructure carriers have been proposed to facilitate
the targeted PS agent delivery for PDT in living systems.

Recently, extensive effort has been invested in exploring the
feasibility of PDT bio-applications through long-wavelength
NIR light irradiation, mostly due to its capability for deeper
tissue penetration.188,189 The usage of NIR light-responsive
PDT could significantly improve the safety of PDT treatment. It
can effectively reduce light-induced cytotoxicity and minimize
possible photosensitivity to ambient light illumination. Many
kinds of nanomaterials, including organic NPs (such as
liposomes,190,191 micelles192–194 and other polymeric NPs195–197

and inorganic NPs) (such as UCNPs,29,198–201 gold-based

NPs,202–204 carbon-based NPs,170,205–210 silica NPs211,212 and
magnetic NPs213,214), have been widely explored for both
in vitro and in vivo PDT applications. In this section, we focus
mainly on the introduction of UCNPs, gold-related nano-
materials and carbon-based nanostructures for NIR light-
induced PDT applications.

Upconversion nanoparticles

Lanthanide-doped UCNPs, which can convert NIR light into
UV or visible light to active several kinds of PS molecules,
exhibit great promise in NIR light-controlled PDT applications.
In 2007, Zhang et al. first demonstrated that UCNPs could be
used for in vitro PDT to effectively kill cancer cells.198 In their
experiment, UCNPs (NaYF4:Yb,Er) were coated with a porous,
thin layer of silica shell to enhance biocompatibility. The PS,
merocyanine-540 (MC540), was then loaded into the porous
shell. When excited with NIR light (e.g., 974 nm), MC540

Fig. 8 (a) Schematic representation of degradation process for BPQDs/PLGA nanospheres. (b, c) Absorption spectra of BPQDs and BPQDs/PLGA
nanospheres with same amount of BPQDs at different periods of time (d) Thermographic imaging of BPQDs (top) and BPQDs/PLGA (bottom)
injected mice bearing tumors (24 h after injection), irradiated by 808 nm laser (1 W cm−2). (e) Tumor growth curves of different groups after effective
PTT treatment upon 808 nm laser irradiation. Reprint from ref. 174 with permission. Copyright 2016, Nature Publishing Group.
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produces 1O2 and other ROS from the converted UV emission. By
conjugating antibody to MC540-coated UCNPs, effective cancer
targeting was further indicated as well as high PDT efficiency
for destruction of cancer cells. Inspired by this pioneering
study, many groups investigated UCNP-based PDT in vitro and
in vivo applications by combining photosensitizers as PDT
agents.40,199,215 For example, Zhang’s group designed an
in vivo PDT approach by using mesoporous silica-coated UCNPs
(NaYF4:Yb,Er@mSiO2) with surface loading by two PS mole-
cules (MC540 and zinc(II) phthalocyanine (ZnPc)).215 The two
PS are activated at the same time by multicolored emissions
from UCNPs under 980 nm light, which improves generation
of 1O2 and notably enhances PDT efficiency. In addition, Gu
and co-workers reported an in vivo tumor-targeted PDT using
UCNPs (NaYF4:Yb,Er) loaded with ZnPc.25 In their study,
UCNPs were coated with folate-modified amphiphilic chitosan
(FASOC) and hydrophobic ZnPc molecules were loaded into
the DASOC layer. Mice bearing s180 tumors were intravenously
injected with FASOC-UCNP-ZnPc and then irradiated with
980 nm light at 24 h postinjection (0.2 W cm−2, 30 min). After
laser treatment, tumor growth was greatly inhibited as com-
pared to the control group in which the mice were treated with
saline. By loading the same PDT agents with ZnPc, Huang
et al. proposed a 915 nm-light-triggered PDT by using the
intensively red-emitting UCNPs (Na0.52YbF3.52:Er@SrF2).

216

This kind of ZnPc-loaded UCNPs showed great potential for
multimodal imaging (MR/CT)-guided PDT for cancer.
Furthermore, the tumor interior is usually not oxygenated ade-
quately (often termed as tumor hypoxia) because tumor tissue

often rapidly outgrows its blood supply, resulting in insuffi-
cient concentration of oxygen.217,218 So far, tumor hypoxia has
been recognized as one of the crucial reasons for the poor
prognosis of many anticancer therapeutics. To resolve this
issue, interesting investigations focused on controlling the dis-
tance of PS agents with UCNPs or by co-conjugation of
hypoxic-sensitive, bio-reductive prodrug (e.g., tirapazamine,
TPZ) were also recently proposed. Enhanced PDT tumor treat-
ment within deeper tissue, where the environment is highly
hypoxic, can be easily achieved.219–221

Very recently, a new type of dye-sensitized UCNPs, which
can be excited under a shorter wavelength around 800 nm
light by doping the lanthanide UCNPs structures with the Nd3+

element, has been developed.86,154,222–225 Extensive in vitro and
in vivo experiments have clearly confirmed that the shorter-
wavelength laser illuminations near 800 nm not only exhibit
more robust NIR light-controlled diseases treatment and
imaging, but also greatly minimize laser-induced local over-
heating effects as compared to those done by 980 nm laser
excitation.155,226–228 By using this promising advantage, Xing
et al. demonstrated a novel tumor micro-environment-respon-
sive UCNP (NaYF4:Yb,Er,Nd@NaYF4:Nd)-based nanoplatform
with conjugated surface and protease enzyme-sensitive peptide
(Fig. 9a).229 Upon tumor-specific enzyme reactions, the acti-
vated peptides sequence could trigger the covalent cross-
linking of neighbouring particles that specifically induced self-
accumulation of UCNPs at the tumor site. After 808 nm laser
irradiation, such enzyme-triggered UCNP cross-linking would
lead to increased upconversion emission and subsequently

Fig. 9 (a) Illustration of enzyme-triggered covalent cross-linking of peptide-modified UCNPs for tumor localization and theranostics. (b) Tumor
growth curves of various groups after effective PDT treatment under 808 nm laser irradiation. (c) Photoacoustic imaging signals at tumor site after
intravenous injection. Reprint from ref. 229 with permission. Copyright 2016, Nature Publishing Group.
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amplified ROS generation, which greatly enhanced PDT treat-
ment (Fig. 9b) and multimodality cancer imaging, including
in vitro and in vivo optical and photoacoustic imaging (Fig. 9c).

Gold-related nanomaterials

Many recent studies clearly reported that combination of
AuNPs and organic photosensitizers can enhance PDT treat-
ment effects upon NIR irradiation to effectively kill cancer
cells.202–204,230,231 So far, there are two kinds of established
gold nanostructure-based PDT platforms: first, gold nano-
structures can serve as reliable nanocarriers for effective PS
agent delivery to efficiently achieve increased targeting
accumulation. For example, Cheng et al. recently designed an
NIR-light triggered PDT system by immobilizing PS, Pc 227, on
an AuNPs surface via the Au–S bond.202 The AuNPs were stabil-
ized with PEG to improve biocompatibility, and the loading
ratio of Pc 227 molecules onto AuNPs surface was controlled at
40 : 1. Upon irradiation with NIR light, the AuNP-Pc 227 conju-
gates showed efficient PDT inhibition of cancer cell growth.
Second, different from the nanocarrier system with PS-agent
surface coating, gold nanostructures directly generate ROS
under light irradiation, without resorting to PS agents.
Recently, Vankayala et al.232 presented this interesting concept
by using AuNRs alone that can sensitize formation of singlet
oxygen. In their work, AuNRs coated with cationic lipids
directly act as activatable PDT agents, which was investigated
at the cellular level. Under NIR light irradiation, the platform
successfully inhibited the growth of melanoma tumors
without any conjugation of photosensitizers. In addition, high
performance of this AuNRs-mediated PDT effect was demon-
strated for in vivo experiments. After administration with lipid-
coated AuNRs and followed by laser irradiation at 915 nm
(with the power density of 130 mW cm−2), B16F0 melanoma
tumors in living mice were found to be completely destroyed.

Carbon-based nanomaterials

As described previously, carbon-based nanomaterials normally
demonstrate strong optical absorption in the NIR region and
have been widely used for in vitro and in vivo PTT studies.
Moreover, these carbon-based nanomaterials also serve as
effective carriers to deliver PS agents and chemotherapeutic
drug molecules, and thus promote unique applications in PDT
and chemotherapy.

For instance, carbon nanotubes have been used for loading
PS molecules such as chlorine e6 (Ce6)208 and ZnPc205 through
non-covalent interaction. Moreover, Chao’s group recently
combined luminescent Ru(II) polypyridyl complexes with
SWCNT.170 The Ru(II) polypyridyl complexes would be released
from SWCNT through photothermal effect, and meanwhile
they produced 1O2 upon double photo-laser irradiation (at
808 nm) (Fig. 10a). The in vitro experiment indicated that
808 nm light irradiation (0.25 W cm−2, 2 min) of HeLa cells,
which were treated with Ru@SWCNTs and 2,7-dichlorodihydro
fluorescein diacetate (DCFH-DA), led to significant fluo-
rescence enhancement, suggesting that the DCFH-DA indi-
cator was oxidized by the generated 1O2 in living cells.233

Furthermore, the in vivo examination also demonstrated that
the 15-day treatment through tail vein injection of
Ru@SWCNTs samples into nude mice bearing the HeLa
tumor model and followed by 808 nm laser irradiation (0.25
W cm−2, 5 min) resulted in significant tumor ablation in living
animals (Fig. 10b).

Similarly, graphene oxide can also be non-covalently func-
tionalized with photosensitizers for PDT applications.210,234,235

In addition to abovementioned studies, attempts were made to
enhance therapeutic efficiency. For example, in 2013, Zhang’s
group developed a nanocomposite by combining UCNPs with
graphene oxide through covalent bonding.236 The photosensi-
tizer ZnPc was loaded on the nanocomposite surface through

Fig. 10 (a) Schematic illustration of Ru@SWCNTs for NIR light-induced PTT and PDT. (b) Photographs for nude mice bearing HeLa tumors treated
with Ru@SWCNTs under 808 nm laser exposure. Reprint from ref. 170 with permission. Copyright 2015, American Chemical Society.
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π–π stacking. This as-prepared UCNP-GO/ZnPc theranostic
nanoplatform can be used for combinatorial PDT and PTT to
inhibit tumor growth.

Other related nanomaterials

Other nanomaterials, including iron oxide, tungsten oxide
nanowires, and copper sulfide NPs, have also been extensively
demonstrated to work as effective photosensitive agents in NIR
light-controlled therapy.

For example, owing to their robust superparamagnetic
property, iron oxide nanostructures are widely used as contrast
agents for magnetic resonance imaging (MRI), magnetic bio-
separation and magnetic field-guided drug delivery in vitro
and in vivo.237–239 Recently, Liu and co-workers developed a
novel magnetic carrier based on PEGylated iron oxide nano-
clusters (IONCs) for delivering PDT reagents to target
tumors.213 In this typical study, one commonly used PS,
Ce6, was loaded on the PEG-functionalized IONCs. This
IONC-PEG-Ce6 conjugate exhibits significantly accelerated
cellular uptake and offers greatly improved photodynamic
cancer cell-killing efficiency under NIR light exposure.

Generally, within the entire PDT process, nanostructures
are usually carriers for effective delivery of PS molecules into
targeted disease areas. One important reason is the hydro-
phobic property of commonly used PS reagents. Most PS mole-
cules used thus far show low water solubility and poor disease-
targeting capability. Conjugation with nanostructures can
greatly help to overcome these technical barriers. More impor-
tantly, by taking great advantage of other intrinsic properties
from the applied nanostructures, such as the super-paramag-
netism of iron oxide particles, the upconverting property and
high atomic elements in UCNPs, as well as NIR absorbance of
carbon-based nanostructures, these PDT nanomaterial com-
plexes also act as integrated platforms to achieve multimodal-
ity imaging, such as MRI, biological imaging, CT and photo-
acoustic imaging99,161,213,214,219,220,240 for early-stage tumor
diagnosis, real-time monitoring of therapy intervention and
accomplishment of personalized medicine.

Conclusion and current challenges

Nanotechnology has been well proved to play an essential role
in the light-triggered therapeutic systems. Combining novel
nanoscale properties, nanomaterials can provide efficient plat-
forms for integrating diverse functions into a single construct,
which indicate that the goal of “one fits all” in cancer treat-
ment may be nearly realized. So far, the use of nanostructures
in biomedical applications, especially in cancer diagnosis and
therapy, has attracted tremendous interest. In this review, the
latest advances in NIR light-controlled therapies based on
various NIR-responsive nanomaterials are summarized (see
summary of representative examples featured in Table 1). We
concentrated primarily on three types of therapeutic strategies:
NIR light-mediated drug delivery, NIR light-controlled photo-
thermal therapy and NIR light-based photodynamic therapy.

Among the various modalities for NIR light-controlled
therapies, several commonly used nanostructures for such
treatments are mainly composed of UCNPs, gold nano-
materials, carbon-based nanomaterials and other related
nanostructures. Apart from their attractive biocompatibility as
well as good physical and chemical properties, many chal-
lenges remain:

(i) NIR light is more biological-friendly not only due to its
minimal photodamage to living tissues, but also because it
significantly enhanced penetration depth in vivo. When used
for therapeutic purposes, NIR-light excitations are preferable
to irradiation in the UV or visible windows. However, for
light-sensitive agents, they usually resort to short-wavelength
light with higher energy, especially for the chemical “un-
caging” process where bond breaking may occur. For the
nanomaterials that can convert NIR light to short-wavelength
light (for instance, UCNPs), the quantum yield of the upcon-
version process is usually low (efficiency <1%). Therefore,
development of nanoagents with high photo-converting
efficiency is still urgently needed.

(ii) Another key challenge in NIR light-controlled therapy
is that most nanomaterials, especially those with inorganic
components, are not biodegradable and could potentially be
retained inside the body for long periods after treatment.
Although numerous in vitro and in vivo studies have broadly
demonstrated that with appropriate surface coatings, there is
no noticeable toxicity observed, nanomaterials for biomedical
applications are still being cautiously examined to determine
long-term safety. In general, thanks to the rapid development
of nanotechnologies and tremendous efforts made in this
area, final approval for promising theranostic clinical appli-
cations based on nanostructures may occur in the near
future.

(iii) A variety of modification strategies have been used to
improve nanoparticle biocompatibility in living systems.
Principal advantages of the nanomaterials discussed in this
review, such as gold-based nanomaterials, UCNPs and carbon-
related nanostructures, are mostly attributed to their low toxi-
city, small hydrodynamic size, inert chemical reactivity and
multifunctional properties, which have been well recognized
as facilitating their unique applications for targeted delivery of
PTT, PDT and chemotherapy. Moreover, besides the delivery of
anticancer drug molecules, the aforementioned nanomaterials
can also be used for the delivery of other therapeutic agents,
such as DNA, protein and siRNA. However, like many other in-
organic nanomaterials, behaviors of these nanomaterials in
biological systems including their probability in causing cyto-
toxicity, potential immune response, and effective renal clear-
ance still require further investigation.

(iv) The ultimate goal of nanostructure-assisted photothera-
pies is to maximize therapeutic activity while simultaneously
minimizing side effects. In this regard, various approaches for
drug delivery, PTT and PDT have already been well established
and they have demonstrated great potential in biomedical
investigations, especially upon taking advantage of nano-
structures. The intrinsic property of nanostructures is always at
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Table 1 Representative examples of nanostructures for NIR light-controlled therapies

Applications Type of nanomaterial Size Light wavelength Toxicity aspect (only nanomaterials) Ref.

Drug delivery UCNPs UCNPs@SiO2 50 nm, 35 nm 980 nm None 96, 98
UCNPs 20.1 ± 3.0 nm, 65 nm 980 nm None 97, 99
UCNPs@mSiO2 75 nm, 80 nm 980 nm Cytotoxic for A548 cell line at 64 μg mL−1, none 100,

101
UCNPs@Lipo 18 nm 980 nm None 102

Gold-based nanostructures AuNRs@SiO2 60 nm, 100 nm
(diameters)

808 nm, 808 nm None 28, 111

AuNS 38.5 ± 3.17 nm 808 nm None 114
Assembled
AuNPs

5 nm 980 nm None 120

AuNCs 46 nm 808 nm None 122
Gold nanostars 25 nm, 85 nm, 150 nm 680 nm, 808 nm,

1064 nm
None 123

Carbon-based
nanomaterials

CNT 1–2 nm 808 nm Minimal cytotoxicity 137
Graphene oxide <20 nm 810 nm None 139

Other materials CuS@mSiO2 37 nm 980 nm No negative effect on living cells 140
MoS2 80 nm 808 nm None 55

Photothermal
therapy

UCNPs UCNPs-CuS 74.9 nm 980 nm No in vivo toxicity effect 152
UCNPs-IR825 60 nm 808 nm None 40

Gold-based nanostructures AuNPs 26.2 nm 808 nm Negligible toxicity 161
AuNPs@SiNWs 8.69 ± 3.35 nm 808 nm To MDA-MB-435 cells 162
AuNRs 120 nm, 47 nm

(diameters)
800 nm, 810 nm None, none 164,

165
Carbon-based
nanomaterials

CNT 2–5 nm, 10 nm
(diameters)

808 nm, 808 nm Without toxicity or abnormal behavior for long
time

166,
167

Graphene oxide 10–50 nm 808 nm No obvious toxic side effects in 40 days 171
Other materials Black

phosphorus
3 nm 808 nm Biodegradable, no in vivo toxicity 174

CuS 11 nm 808 nm None 175
Pd nano-sheets 4.4 nm 808 nm No noticeable toxicity in mice in vivo 182

Photodynamic
therapy

UCNPs UCNPs@mSiO2 100 nm 980 nm None 215
UCNPs 35 nm, 30 nm 980 nm, 915 nm Low toxicity, none 25, 216
Nd-UCNPs 40 ± 2 nm 808 nm None 229

Gold-based nanostructures AuNPs 5.5 nm >600 nm None 202
AuNRs 37.3 ± 2.4 nm 915 nm Without inducing any noticeable side effects in

vivo
232

Carbon-based
nanomaterials

CNT 0.7–1.3 nm (diameters) 808 nm No serious toxic effects were observed 170
Graphene oxide 2–6 nm (diameters) White light

(400–800 nm)
Low cytotoxicity and good biocompatibility 210

Other materials Iron oxide 100 nm 704 nm None 213
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the heart of new concepts that meet various therapeutic
demands, including drug-loading efficiency, controlled drug
release rate, targeting and localized accumulations of thera-
peutic agents at specific disease areas. Currently, nano-
structure-assisted therapies have become the new frontier for
medicine and many exciting possibilities have been offered.
However, before efficient strategies to tackle demanding tech-
nical obstacles emerge, effective therapy based on nano-
structures remains an unrealistic niche and there is still a long
way to go before FDA recognition to benefit public healthcare
systems. In addition, it has been reported that most cancer
deaths were caused by the metastatic spread of cancer in
which tumour cells escape from the primary tumor and
initiate new tumors. Although several works have demon-
strated phototheranostic agents for monitoring or treating
metastatic sites, many challenges remain and greater effort
must be focused on finding suitable NIR phototherapy agents
to prevent tumor metastasis. A systematic understanding of
relevant oncology pathways is essential to providing important
insights in the rational design, new fabrication, and non-inva-
sive evaluation for treatment consequences of nanostructure-
based therapeutic platforms in vitro and in vivo.

Thus far, almost every new element in nanoscale structures
has been screened for novel biomedical systems. Optimizing
and controlling architectures of the agents are one of the most
effective strategies to develop desired therapeutic agents. With
the advances in nanostructure chemistry and technology, it is
expected that more and more biocompatible nanostructures
with well-defined and -controlled functions are likely to become
available. Such new members will enrich nanomedicine devel-
opment and contribute significantly to new generations of
therapeutic platforms. While many efforts must be used in the
design and synthesis of new nanomaterials, it should be noted
that the choice of optimal excitation is also important for NIR
light-controlled therapy applications. Beside the first biological
NIR window, the second and third biological NIR window have
also been studied very recently due to improved tissue pene-
tration and greater spatial resolution,241–243 which may enhance
the new generation of NIR light-responsive phototherapy.
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