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Abstract 

Currently, precision theranostics have been extensively demanded for the effective treatment of 
various human diseases. Currently, efficient therapy at the targeted disease areas still remains 
challenging since most available drug molecules lack of selectivity to the pathological sites. Among 
different approaches, light-mediated therapeutic strategy has recently emerged as a promising and 
powerful tool to precisely control the activation of therapeutic reagents and imaging probes in vitro 
and in vivo, mostly attributed to its unique properties including minimally invasive capability and 
highly spatiotemporal resolution. Although it has achieved initial success, the conventional 
strategies for light-mediated theranostics are mostly based on the light with short wavelength (e.g., 
UV or visible light), which may usually suffer from several undesired drawbacks, such as limited 
tissue penetration depth, unavoidable light absorption/scattering and potential phototoxicity to 
healthy tissues, etc. Therefore, a near-infrared (NIR) light-mediated approach on the basis of 
long-wavelength light (700-1000 nm) irradiation, which displays deep-tissue penetration, 
minimized photo-damage and low autofluoresence in living systems, has been proposed as an 
inspiring alternative for precisely phototherapeutic applications in the last decades. Despite 
numerous NIR light-responsive molecules have been currently proposed for clinical applications, 
several inherent drawbacks, such as troublesome synthetic procedures, low water solubility and 
limited accumulation abilities in targeted areas, heavily restrict their applications in deep-tissue 
therapeutic and imaging studies. Thanks to the amazing properties of several nanomaterials with 
large extinction coefficient in the NIR region, the construction of NIR light responsive 
nanoplatforms with multifunctions have become promising approaches for deep-seated diseases 
diagnosis and therapy. In this review, we summarized various light-triggered theranostic strategies 
and introduced their great advances in biomedical applications in recent years. Moreover, some 
other promising light-assisted techniques, such as photoacoustic and Cerenkov radiation, were 
also systemically discussed. Finally, the potential challenges and future perspectives for 
light-mediated deep-tissue diagnosis and therapeutics were proposed. 

Key words: precision theranostics, near-infrared light, multifunctional nanomaterials, photoacoustic, Cerenkov 
radiation. 

1. Introduction 
In recent decades, precision medicine has 

received considerable attention in clinics due to its 
significant roles in the effective treatment of various 
human diseases [1-4]. While some advances in the 
precision medicine have been made, issues in the low 
accumulation of therapeutic molecules and contrast 
agents in the targeted disease areas, and meanwhile, 
harmful effects to healthy tissues still need to be 

addressed [5-7]. Thereby, the rational design of 
“smart” platforms with optimal performance in 
theranostics while minimizing systemic side effects 
will be of significance for clinical applications. So far, 
numerous stimuli-responsive platforms have been 
considered as ideal therapeutic approaches for 
effective therapy and relevant biomedical imaging 
[8-10]. Briefly, these strategies include endogenous 
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stimuli (such as pH, enzyme and redox reactions, etc) 
and exogenous stimuli (such as light, ionizing 
irradiation, magnetic field, etc) [11, 12]. Among 
various methods, the light-mediated therapy has 
shown great superiority in achieving on-demand 
therapeutics and diagnostics in targeted areas in vitro 
and in vivo, owing to their non-invasiveness and 
spatiotemporal precision upon a specific wavelength 
light irradiation [13-15]. Especially, with the latest 
innovations in chemistry and nanotechnology, 
numerous promising nanomaterials, such as gold 
nanoparticles (AuNPs) [16, 17], upconversion 
nanoparticles (UCNPs) [18, 19], quantum dots (QDs) 
[20, 21] and carbon nanomaterials (CNMs) [22, 23] etc, 
have been integrated with therapeutic agents for 
fabrication of photo-responsive systems. The great 
benefits from their tunable size and shape, optimal 
photo-physical property and easy surface 
modification provide more success in the rational 
design of precisely light-controlled platforms toward 
the specific regulation of theranostic activities at 
targeted diseases areas both in vitro and in vivo.  

Until now, various photolabile or 
photoactivatable therapeutic systems have been 
extensively established in the light-responsive drug 
delivery, photodynamic therapy and photothermal 
therapy in living subjects [24-26]. By right, the 
commonly used excitation wavelength in theranostics 
heavily rely on short-wavelength light (e.g., 
ultraviolet (UV) and visible light), which has limited 
tissue penetration depth owing to the inherent 
absorption/scattering of some endogenous light 
absorbers including water, lipids and protein 
molecules including hemoglobin (Hb) and 
oxyhemoglobin (HbO2) in living subjects [27, 28]. In 

order to further improve the tissue penetration in the 
deep-seated pathological areas for light-controlled 
therapy and imaging, new light sources and 
photo-responsive reaction systems are highly 
demanded. Nowadays, one inspiring approach to 
deal with these challenges is to utilize the 
long-wavelength near-infrared (NIR) light in the 
range of 700~1000 nm, termed as “NIR window” or 
“optical window” (Figure 1) [11, 29]. Typically, NIR 
light irradiation displays minimum absorption in 
living subjects, achieving better tissue penetration 
depth (e.g. < 10 cm) than UV or visible light (e.g., < 1 
cm) [30, 31], which is also expected to exhibit minimal 
photodamage to biomolecules, cells and tissues. 
Currently, numerous drug active agents or probe 
molecules with large absorbance in the NIR window 
have been pursued and applied in clinics for 
deep-tissue therapeutics and imaging [32-34]. 
However, several inherent drawbacks, such as 
tedious synthetic procedures, low water solubility 
and limited accumulation properties in targeted areas, 
heavily restrict their further clinical applications. 
Fortunately, some novel nanomaterials (e.g., AuNPs, 
UCNPs, CNMs, etc) with a large extinction coefficient 
in the NIR region, have recently become promising 
candidates in the field of NIR light-mediated 
theranostics, which could harvest NIR photons and 
generate cytotoxic moieties (e.g., ROS, heat, etc) for 
effective diseases treatment seated in deep tissues 
[35]. Moreover, these nanomaterials provide 
significant platform for the integration of multiple 
functionalities in a single construct, which could thus 
facilitate the synergistic disease diagnosis, therapy, 
and real-time monitoring in vitro and in vivo [36].  

 

 
Figure 1. Illustration of light-mediated theranostics under UV, visible and NIR light irradiation. 
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Figure 2. UV light-mediated photocaged strategies. (A) Brief scheme of UV light-induced photocaged compounds: (a) o-nitrobenzyl, (b) pyrenylmethyl ester, (c) coumarinyl 
ester. (B) Schematic illustration of UV light-induced release of D-luciferin from the ONB photocaged D-luciferin derivatives structures for the detection of fLuc. Bioluminescence 
imaging was performed in mice bearing C6-fLuc tumors after injection with: (a) compound Lu-NPE without UV excitation; (b) compound Lu-NPE with UV excitation; (c) 
D-luciferin only, respectively. Reproduced with permission from reference [46]. (C) Scheme of photo-activated drug release from assembled photosensitive DNA-drug 
nanoconjugates. Reproduced with permission from reference [51]. 

 
In this review, we summarized recent advances 

of light-mediated strategies for effective theranostics 
in biomedical applications. Such light-triggered 
photoactivation will be presented based on the 
wavelength of light sources ranging from UV, visible 
to NIR window. Furthermore, in order to achieve 
improved therapeutic effects with better tissue 
penetration, several recently developed light-assisted 
techniques, including photoacoustic (PA) [37, 38] and 
Cerenkov radiation (CR) [39] through integrating 
light with ultrasound or X-ray irradiation 
respectively, will also be covered. Finally, the 
potential challenges and future perspectives for 
light-mediated deep-tissue diagnosis and therapeutics 
were also discussed. 

2. UV light-mediated theranostics  
Currently, the commonly used approaches to 

achieve light-triggered theranostics mostly involve in 
the higher energy excitation at UV or 
short-wavelength range (< 400 nm), in which some 
photolabile or photoactivatable systems can 
sensitively respond to the photo irradiation and thus 
induce the controlled therapy and imaging at targeted 
locations. In this section, the rational design through 
the photoactivation of caged molecules and the 
controlled delivery on the basis of the light-activated 
structural isomerization will be first discussed. 

2.1 UV light-mediated photocaged approach 
Briefly, light-triggered photocaged strategy is to 

utilize a beam of light (usually at short-wavelength 
UV window) to activate a photocleavable functional 
group that block the activity of therapeutic molecules, 

thus achieve the precisely light-controlled drug 
release in pathological regions. In the last decades, 
various photocaged molecules, such as o-nitrobenzyl 
(ONB) [40-42], pyrenylmethyl ester [43] and 
coumarinyl ester [44, 45], etc (Figure 2A), have been 
established for spatiotemporally regulating 
bimolecular activities, real-time monitoring cell 
trafficking and controlled release of therapeutic 
molecules in vitro and in vivo. For instance, Xing and 
co-workers synthesized a set of stable and efficient 
photoactivable D-luciferin probe molecules to 
real-time image firefly luciferase (fLuc) 
bioluminescence reporter in vitro and in vivo (Figure 
2B) [46]. Initially, the bioactivity of D-luciferin was 
blocked owing to the deactivation of 6-hydroxy group 
in D-luciferin by different nitrobenzene groups. With 
UV light illumination at 365 nm, these photocaged 
probes will be rapidly released to recover the activity 
of D-luciferin, which present robust bioluminescence 
imaging in living mice. Lu et al. also reported an 
effective method to prepare photo-removable 
protecting groups on the DNAzymes. Upon UV light 
irradiation, the photoactive groups were cleaved and 
the DNAzyme activity was restored for sensing metal 
ions in living systems [47]. Moreover, the 
photorelease of several anti-cancer reagents, such as 
doxorubicin (Dox) [48], paclitaxel (Taxol) [40] and 
camptothecin (CPT) [49] etc, has also been extensively 
investigated for UV light-mediated photoactivation in 
cancer therapy. For example, Dcona et al. developed 
an efficient strategy to control the release of Dox 
based on photocaged permeability (PCP) change of 
prodrug. In this system, a cell impermeable small 
molecule was linked with the Dox via photo-cleaved 
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linker, which could be cleaved upon UV light 
activation, allowing cellular entry of drugs and 
therapeutic activity in cancer cells [50].  

Besides photo-activated applications through 
organic molecules, the photocaged strategies can also 
be utilized based on nanotechnologies for therapeutic 
studies in vitro and in vivo. For example, Yeh and 
co-workers established a photo-cleaved 
nanoconjugate through attaching ONB modified 
folate groups on the surface of AuNPs. Upon UV light 
activation, this nanoplatform could selectively target 
tumor cells and release cytotoxic drug (Taxol) for 
cancer therapy [40]. Marina et al. also presented a 
novel photoactive drug delivery nanocarrier based on 
mesoporous silica nanoparticles (MSNs) for antitumor 
therapy [48]. Typically, a protein shell anchored on 
the MSN surface through UV-sensitive cross-linker 
acted as a targeting agent. Once internalized, it can 
effectively release cytotoxic drugs upon UV light 
activation, and thus induce the apoptotic cascade in 
cancer cells. In addition to the conventionally used 
inorganic nanomaterials, the photoactive 
nanoplatforms based on intrinsic bio-degradable 
molecules (e.g. DNA, proteins etc.) have also been 
proposed for the light-controlled theranostics in 
recent years. For example, Tan et al. demonstrated a 
novel nucleic acid-based nanostructure to specifically 
regulate the release of anticancer drugs (CPT) (Figure 
2C) [51]. Upon UV light exposure, the self-assembled 
nanostructure decomposed the nucleic acid shell and 

disintegrated the hydrophobic CPT core by 
irreversible photocaged strategy, resulting in effective 
therapeutics towards cancer cells. 

2.2 UV light-triggered photoisomerization 
approach 

Different from the irreversible photocaged 
method, another promising approach to achieve UV 
light-controlled therapy will mostly involve in the 
design through reversible photoisomerization, in 
which these photo-responsive moieties could achieve 
conformational exchanges from trans to cis states, and 
thus lead to controlled drug release in the targeted 
regions after UV light irradiation. So far, numerous 
photosensitive structures such as azobenzene [52, 53], 
spiropyran [56, 57] and diarylethene [58, 59] etc 
(Figure 3A), have been well utilized for the 
light-mediated bioimaging and therapy. For instance, 
Zhao et al. fabricated a smart self-assembled vesicle 
via the host-guest interaction between azobenzene 
derivative and β-cyclodextrin (β-CD) (Figure 3B) [54]. 
In the presence of UV light illumination, the 
trans-azobenzene group in the cavity of β-CD could 
process photoisomerization to cis- status, inducing the 
effective drugs release in cancer cells. More 
importantly, this smart vesicle was able to undergo 
reversible and repeatable process upon alternative 
UV/visible light irradiation. Similarly, Yuan et al. 
have also constructed a light-manipulated MSNs 
delivery cargo, which was functionalized with 

 

 
Figure 3. UV light-mediated photoisomerization strategies. (A) Commonly used molecular structures with UV light-triggered reversible conformational exchanges. (a) 
azobenzene, (b) spiropyran, (c) diarylethene. (B) Scheme of UV light-induced drug release from the self-assembled vesicles. TEM showed the reversible morphology change of 
vesicles in the presence of UV/visible light irradiation. Reproduced with permission from reference [54]. (C) Scheme of azobezene-modified DNA-controlled reversible drug 
photorelease system. Reproduced with permission from reference [55]. 
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azobenzene-modified DNA double strands (Figure 
3C) [55]. The azobenzene labeled complementary 
DNA could undergo hybridization/dehybridization 
switch under UV/visible light illumination, which 
resulted in close/open status of pore gates in MSNs to 
control the release of loaded Dox for cancer treatment.  

Another well-known photochromic molecule, 
spiropyran, has also been extensively utilized. 
Specifically, spiropyran moieties can undergo a 
reversible transformation from colorless state to 
pink-colored zwitterionic merocyanine state upon UV 
light irradiation (< 420 nm), which can be easily 
reversed under visible light irradiation (> 450 nm). 
This structural conversion of spiropyran from 
hydrophobic to hydrophilic can induce significant 
solubility change for photo-triggered therapy and 
imaging. For instance, Chen and co-workers reported 
a light responsive drug release MSNs nanoplatform 
by adjusting the wetting behavior of hydrophobic 
surface [60]. Briefly, the surface of spiropyran 
modified MSNs were protected from being wetted by 
water which could successfully inhibit the release of 
anticancer drug (CPT). Upon 365 nm UV light 
exposure, the anchored spiropyran underwent 
reversible conformational switch from “closed” to 
“open” state that caused the surface to be wetted and 
thus subsequently released CPT for cancer therapy. 
Daniel and co-workers also demonstrated an 
interesting spiropyran-based photoswitching 
nanocarrier that used UV/visible light to remotely 
control the reversible size change and effective 
antitumor drugs release [61]. By right, this robust light 
responsive approach has been well recognized as an 
available candidate towards targeted therapy and 
imaging in vitro and in vivo. 

3. Visible light-mediated theranostics  
In the past decades, much attention has been 

paid to develop effective light-mediated strategies for 
therapy and imaging, mainly attributed to the 
attractive advantages of light activation, including 
controllable operation, spatiotemporal precision and 
lower expenditure. Until now, UV light is the most 
frequently used source for photo-induced therapeutic 
studies in vitro and in vivo. Despite the remarkable 
initial success, a few avoidable drawbacks, such as 
potential photodamage to living tissues and limited 
light penetration depth, have greatly restricted the 
extensive biomedical applications of UV light. In 
order to overcome these challenges, another 
commonly used strategy based on visible 
light-mediated strategy, which can cause less damage 
than UV light in living system, has been proposed as 
an alternative to light-activated therapeutic studies. 
Until now, a variety of visible light responsive organic 
moieties, such as vitamin B12 derivatives [62-64], 
trithiocarbonates [65, 66] etc., have been utilized for 
visible light-mediated drug delivery. For instance, 
Lawrence’s group have reported a series of vitamin 
B12 derivatives for tuneable visible light-controlled 
drug activation and bioimaging in living cells (Figure 
4A) [63]. Since the cobalt(III)-alkyl (Co(III)-C) bond in 
vitamin B12 was quite weak (cleavage energy < 30 kcal 
mol-1), light in the range from 330 nm to 560 nm could 
be absorbed by the corrin ring to induce 
photocleavage of axial ligand (e.g., anticancer drugs, 
cyclic adenosine monophosphates (cAMP), 
fluorophores, etc). Therefore, upon appending 
different drugs or fluorophores to the corrin ring 
structure, a beam of light will be utilized to separate 
the Co(III)-ligand bonding of vitamin B12 derivatives 
for light-triggered imaging and therapy.  

 

 
Figure 4. Visible light-mediated drug delivery strategies. (A) Structures of vitamin B12 derivatives for tunable wavelength light-controlled molecules release. Reproduced with 
permission from reference [64]. (B) Structures of photoactive [Ru(tpy)(5CNU)3]2+, tpy and 5CNU. Confocal images presented 5CNU ligands (green) could be released upon light 
irradiation in HeLa cells. Reproduced with permission from reference [70]. (C) Scheme of visible light-controlled drug (PTX) delivery of Ru(II)-dppz complexes modified MSNs. 
Reproduced with permission from reference [75]. (C) Scheme of light-induced Dox release from DNA-AuNPs nanocomplexes for targeted cancer therapy. Reproduced with 
permission from reference [77]. 
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Furthermore, some transition metal compounds, 
such as ruthenium (Ru) complexes [67-69], have also 
been applied for light-triggered therapy through their 
tunable optical properties. For example, Sgambellone 
et al. reported a phototherapeutic agent, 
[Ru(tpy)(5CNU)3]2+, and investigated its 
light-induced binding to DNA upon visible light 
illumination (Figure 4B) [70]. The photo-released 
5CNU drug molecules and ruthenium fragment 
exhibited effective cytotoxicity through inhibition 
pyrimidine catabolism and DNA replication in the 
presence of light (> 400 nm) treatment. Howerton and 
co-workers synthesized a series of strained ruthenium 
complexes as novel antitumor agents for therapy [71]. 
The complexes were stable and nontoxic in the dark, 
but exhibited great cytotoxicity for cancer cells upon 
visible light (> 450 nm) activation, which should be 
attributed to the rapid photo-cleavage of the attached 
ligands, thus inducing DNA cross-linking and 
inhibiting of proliferation in surviving cells. 

Similarly, apart from small molecule moieties, 
various types of functionalized nanostructures have 
also been proposed for visible light-triggered drug 
delivery [72-74]. Frasconi et al. recently presented a 
novel nanoplatform by grafting the 
Ru(II)-dipyridophenazine (dppz) complexes on the 
surface of MSNs (Figure 4C) [75]. Under visible light 
irradiation, a monodentate ligand between MSNs and 
the Ru(II) complex could be cleaved, resulting in the 
photo-controlled release of loaded drugs (Taxol) to 
inhibit the mitotic progression and cell proliferation 
for cancer therapy. Interestingly, Xu et al. constructed 
a novel visible light-triggered drug delivery system 
based on double-layered stacked TiO2 nanotubes 
capped with hydrophobic AuNPs [76]. Under visible 
light illumination, the AuNPs allowed for 
photocatalytic scission of the hydrophobic chain, 
leading to the rapid release of antibiotic drug 
ampicillin (AMP) and controllable antibacterial 
activity. Moreover, Luo and co-workers devised a 
smart drug carrier by using DNA-AuNPs conjugates 
for targeted drug delivery (Figure 4D) [77]. Typically, 
the hairpin DNA (hpDNA) was first covalently 
conjugated on the surface of AuNPs and then Dox 
molecules were intercalated into the adjacent base 
pairs of hpDNA structures. Upon visible light 
illumination (e.g. at 532 nm, corresponding to the 
plasmonic resonance wavelength of AuNPs), the 
generated photothermal response assisted the rapid 
release of drug molecules from nanocarriers and 
resulted in enhanced antitumor activity.  

4. Near-infrared (NIR) light-mediated 
theranostics  

So far, the therapeutic strategies utilizing light as 

remote-controlled tools have received considerable 
attention due to their specific selectivity and 
spatiotemporal precision. The most widely used 
excitation sources for photo-triggered therapy and 
imaging are mainly based on the light irradiation at 
UV (< 400 nm) and visible (400-700 nm) wavelengths 
range. Basically, the short-wavelength light bearing 
high energy can cause disruption of chemical 
structures by either breaking the covalent bond or 
inducing trans-cis photoisomerisation. Despite their 
promising photo-induced theranostic application, the 
short-wavelength light may potentially suffer from 
limited tissue-penetrating capability, low 
signal-to-noise ratio and unavoidable photodamage, 
especially for the light illumination in UV region [78, 
79]. Therefore, it is still challenging to develop more 
feasible alternatives that enable more precisely 
light-controlled therapy and imaging with deep tissue 
penetration and minimum cellular damage. Recently, 
a promising candidate, which uses light excitation at 
“NIR window” or “optical window” (700-1000 nm), 
has emerged to match the demand in clinics [80, 81]. 
The major light absorbers in living systems including 
water, lipids, and some intrinsic proteins such as 
hemoglobin (Hb) and oxyhemoglobin (HbO2), usually 
demonstrate minimum light absorption in NIR range. 
Therefore, the light excitation at NIR window may 
exhibit several unique advantages towards deep 
tissue penetration, low fluorescence background, and 
limited photo damage, which could thus greatly 
benefit photoactivated delivery in living systems.  

Currently, several promising strategies have 
been proposed for effective therapy and imaging on 
the basis of NIR light-mediated platforms [82-84]. One 
commonly used approach of using NIR light in 
biomedicine is to develop photosensitive drug 
delivery systems, which can respond to NIR light 
irradiation or convert NIR light excitation into 
short-wavelength emissions, to precisely control the 
release of therapeutic reagents through light-activated 
chemical structural change. Another well-established 
NIR light-mediated strategy is mainly based on the 
concept of photodynamic therapy (PDT), in which the 
nanomaterials will conjugate with photosensitizers 
(PS). Upon NIR light irradiation, the PS molecules can 
generate reactive oxygen species (ROS) based on the 
promising properties of nanomaterials, and thus 
achieve the targeted therapeutic effects in vitro and in 
vivo. The third widely investigated approach, termed 
as photothermal therapy (PTT), is to directly convert 
NIR light illumination to heat by utilizing the strong 
absorption of thermal-sensitive agents for targeted 
diseases treatment. Herein, we briefly introduce the 
NIR light-controlled theranostic strategies including 
NIR light triggered drug delivery, PDT and PTT 
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approaches for deep penetrating light-mediated 
therapeutic studies in vitro and in vivo. 

4.1 NIR light-triggered drug delivery 
So far, the notable photo-activated therapeutic 

strategy is attributed to NIR light-mediated drug 
delivery platforms for chemophototherapy, which is 
an emerging technique for effective solid tumors 
treatment clinically in recent years [85]. In this unique 
strategy, a beam of NIR light will be employed to 
induce the specific chemical structural change either 
by photocaging or photoisomerization of the 
light-responsive linkers between the drug molecules 
and delivery platforms, or by NIR light-induced 
temperature increase for controllable drugs delivery 
at the targeted disease areas. To this direction, one 
commonly used strategy is to involve the rational 
design of prodrugs, which usually integrate 
therapeutic molecules within multifunctional 
nanostructures through the linkage of photosensitive 
moieties. Upon NIR light illumination, the 
nanoplatform can be activated, and then subsequently 
induce photo-responsive chemical bond cleavage or 
conformational exchange, thus leading to effective 
prodrug activation in a spatiotemporal resolution. In 
the meantime to fulfill the light-mediated prodrug 
activation, these nanostructures can also work as 
smart delivery “cargos” to further improve the 
treatment efficacy by the enhanced permeability and 
retention (EPR) effect to direct higher concentration 
therapeutic agents to disease areas. So far, several 
types of NIR light responsive nanomaterials-based 
drug delivery platforms, including UCNPs [86], gold 
nanostructures [87, 88], carbon-based nanomaterials 
[35], porphyrin-phospholipid liposomes [89, 90] etc, 
have been extensively studied for NIR light-triggered 
delivery of various drugs (e.g., Dox, CPT, etc). 

Among the different nanomaterials for NIR 
light-mediated theranostics, UCNP, an amazing 
rare-earth lanthanide-doped nanoplatform, has 
attracted much attention owing to its impressive 
photophysical properties [91-97]. Basically, UCNPs 
can convert low-energy NIR light irradiation (usually 
at 980 nm) into high-energy UV or visible light 
through the non-linear multiphoton processes [95, 
98-100]. The upconverted emissions at UV or visible 
window can effective cleavage the photo-responsive 
linker and activate prodrugs modified on the surface 
of UCNPs for therapy and imaging. In 2010, Branda 
and co-workers firstly reported the photocaged 
compounds functionalized NaYF4:Yb/Tm UCNPs 
that could undergo a 980 nm NIR light-controlled 
molecules release by the upconverted emission at UV 
range [101]. Although this strategy was only carried 
out in organic solution, the pioneering investigation 

still impressed the researchers for further biomedical 
studies. In 2012, Xing and co-workers developed a 
novel NIR light-triggered UCNPs nanoplatform to 
control D-luciferin photoactivity remotely [102]. In 
their design, the silica-coated UCNPs were covalently 
linked with o-nitrobenzyl (ONB) photocaged 
D-luciferin. Upon 980 nm NIR light illumination, the 
upconverted UV emission at 365 nm cleaved the 
photoactive ONB group and induced the photorelease 
of D-luciferin, which resulted in significant 
bioluminescence enhancement upon the reaction with 
the firefly luciferase (fLuc) reporter enzyme in in vitro 
and in vivo studies. Similarly, they also designed a 
NIR light-responsive mesoporous silica modified 
UCNPs drug delivery system for light-controlled 
drug (Dox) release in cancer cells [103]. Upon 980 nm 
light irradiation, Dox could be selectively activated 
through the photocleavage of the capped ONB 
crosslinker by the upconverted UV emission from 
UCNPs, which provided a good example for effective 
light-triggered drug delivery in living system. 

Inspired by these pioneering studies, great 
possibilities for NIR light-triggered therapy and 
imaging have emerged in recent years. For instance, 
around the same time, Lin’s and Xing’s groups have 
independently developed the novel NIR 
light-mediated Pt(IV) anticancer prodrug delivery 
nanoplatforms based on UCNPs for remotely 
controlled prodrugs photoactivation under 980 nm 
light irradiation. In Lin’s design (Figure 5A) [104], a 
novel photoactive Pt(IV) prodrug, trans, trans, 
trans-[Pt(N3)2(NH3)(py)(O2CCH2CH2COOH)2] was 
conjugated with a core-shell UCNPs complex 
(NaYF4:Yb/Tm@NaGdF4/Yb). Such photoactive drug 
delivery system not only exhibited significant in vivo 
antitumor efficacy upon 980 nm laser irradiation, but 
also provided multifunctional tri-modality imaging 
contrast agents for cancer treatment in living animals. 
While, in Xing’s system [105], the silica-coated UCNPs 
were constructed as nanocarriers to covalent combine 
with Pt(IV) prodrug (trans, trans, 
trans-[Pt(N3)2(py)2(OH)(O2CCH2CH2COOH)]) and 
another apoptosis imaging peptide probe consisting 
of a fluorescence donor (Cy5) and a quencher (Qsy21) 
(Figure 5B). Upon 980 nm light illumination, the 
Pt(IV) prodrug was photo-activated by upconverted 
UV emission and induced effective cytotoxic activity 
in cancer cells. Moreover, the caspases enzymes 
triggered by cytotoxicity could effectively cleave the 
peptide probe to achieve optical imaging of apoptosis 
in living cells, making this nanocarrier an excellent 
biomarker for real-time cellular imaging and earlier 
evaluation of anticancer therapeutic efficiency. 
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Figure 5. NIR light-triggered drug delivery strategies. (A) Scheme of NIR light-mediated UCNPs nanoplatform for Pt(IV) prodrug-based therapy and multimodal imaging. 
Reproduced with permission from reference [104]. (B) Schematic illustration of 980 nm light-induced Pt(IV) prodrug photoactivation and intracellular apoptosis monitoring. 
Reproduced with permission from reference [105]. (C) NIR light-triggered drug release from the mesopores of UCNPs@mSiO2 due to trans-cis azobenzene photoisomerization. 
Reproduced with permission from reference [106]. (D) Scheme of power density controlled photoswitching for non-invasive cell adhesion/detachment. Reproduced with 
permission from reference [107]. 

 
Another effective approach to control drug 

delivery with deep tissue penetration is depending on 
the design of NIR triggered photoisomerisation, 
which undergoes reversible conformation change and 
subsequently induces controllable drug release upon 
NIR light excitation. For instance, Shi et al. 
demonstrated a novel NIR light-mediated drug 
carrier based on mesoporous silica-coated 
NaYF4:Yb/Tm@NaYF4 core-shell nanostuctures 
(UCNPs@mSiO2) (Figure 5C) [106]. The anticancer 
drug (Dox) was co-loaded with photoactive 
azobenzene groups into the nanoplatform. 

Upon 980 nm laser illumination, the 
upconverted UV (350 nm) and visible (450 nm) light 
from UCNPs resulted in reversible azobenzene 
structural alteration from trans to cis status and 
induced continuous rotation-inversion migration, 
which could thus drive light-controlled drug release 
in cancer cells. Additionally, another feasible NIR 
light-mediated drug delivery approach will rely on 
light switchable spiropyran molecule, which can 
respond to converted visible emission from UCNPs. 
To this direction, Qu’s group recently reported an 
interesting design for NIR light-controlled cell 
adhesion/detachment reversibly by utilizing 
spiropyran conjugated multi-shell UCNPs (Figure 5D) 
[107]. In this system, the conformational behavior of 
spiropyrans was only relying on the power density of 
980 nm NIR laser excitation. High power density 
permitted the ring-opening while reversed to 

ring-closing status when upon lower power density 
excitation. Such smart NIR light-induced design 
switched the reversible interaction between 
spiropyran and cell surface protein (fibronectin), 
which therefore resulted in NIR light-regulated 
adhesion/detachment of cancer cells. 

Apart from the light-induced photo-responsive 
modalities on the basis of short-wavelength 
upconverted emissions, the generated heat from 
specific materials under NIR light irradiation has also 
been broadly used as another alternative strategy to 
achieve light-triggered drug delivery in extensive 
therapeutics. Typically, the rational design will 
involve in the unique functional materials that can 
absorb NIR light photon energy and subsequently 
convert it to thermal energy based on their specific 
absorption capability in the NIR regions. Such locally 
produced heat can induce significant temperature 
increase in the pathological regions, which thus lead 
to rapid drug release from the carriers. Recently, 
numerous photo-to-heat transducers, including 
AuNPs [108], CuS [109], MoS2 [110], carbon-based 
nanomaterials [111] and some hybrid nanostructures 
(e. g. Au-Ag NPs [112], Silica-Au NPs [113], Graphene 
oxide (GO)-Au nanorods [114], GO-silica [115], etc), 
have been widely fabricated for the heat induced drug 
delivery. More importantly, several functional 
materials, including polymer [116], liposomes [117] 
and biomolecues [118] etc, have also been reported to 
endow these novel nanomaterials with desired 
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properties. For example, Xia’s group constructed a 
nanoplatform for NIR light-triggered drug release 
through the photothermal effect of smart polymer 
(pNIPAAm-co-pAAm copolymers) coated gold 
nanocages (Figure 6A) [119]. The proposed gold 
nanocages could efficiently convert excited NIR light 
to thermal energy and lead to the collapse of polymer 
chains when the temperature was more than LCST, 
termed as low critical solution temperature (LCST), 
and thus released the loaded drugs into surroundings 
for cancer treatment. Yeh’s group demonstrated a 
promising hybird nanoplatform (Fe3O4@Au@mSiO2) 
to perform NIR light remote-controlled drug (Dox) 
release in tumor regions [120]. As shown in Figure 6B, 
the double-stranded complementary oligonucleotides 
(referred as dsDNAs) were used as pore blockers to 
encapsulate the anticancer drugs. Upon heating 
Fe3O4@Au@mSiO2-dsDNA/Dox by 808 nm NIR light 
irradiation, the dsDNAs were unwound on the 
surface of MSNs to release loaded drugs for effective 
cancer treatment. 

4.2 NIR light-activated photodynamic therapy 
(PDT) 

Nowadays, NIR light-mediated drug delivery 
platforms have been well recognized as effective 
therapeutic approaches to treat various diseases. 
Besides the strategies based on the photo-activated 
prodrug design or the thermal processes for 
controlled drug release, another well-established 
unique type of therapeutic modality is photodynamic 
therapy (PDT), which relies on PS agents to generate 
ROS (e.g., peroxides, superoxide, hydroxyl radical, 
single oxygen (1O2), etc) upon light irradiation. These 
active oxygen species are usually associated with 
oxidative stress and subsequently cause significant 
cellular damage by degrading the components in 
cells, like DNA, certain enzymes or proteins [121, 122]. 
Compared to traditional therapeutic modalities such 
as chemotherapy and radiotherapy, PDT exhibits 
great advantages especially in cancer therapy due to 
its intrinsically non-invasive safety and highly 

spatiotemporal selectivity after light irradiation. 
Therefore, PDT has been well developed as a viable 
therapeutic option for effective cancer treatment and 
been approved by the FDA in recent decades [123, 
124]. 

In general, the application of PDT in clinic could 
be restricted by two main aspects. First, the most PS 
agents employed in conventional PDT are 
hydrophobic molecules that contain porphyrins or 
their analog structures, which may usually suffer 
from limited accumulation efficiency at the targeted 
regions due to their poor water solubility. In order to 
improve the therapeutic efficacy of PDT, many 
nanomaterials-based carriers have been proposed to 
facilitate the PS agent delivery in targeted disease 
areas in living system. Another potential shortcoming 
of traditional PDT is the limited tissue penetration of 
excitation light source because most of the PS agents 
are only responsive to short-wavelength light 
irradiation. In an attempt to solve this problem, 
recently, extensive efforts have been invested in PDT 
studies to explore the feasibility by utilizing 
long-wavelength NIR light mostly attributed to its 
capability for deeper tissue penetration, which could 
significantly improve the safety of PDT treatment by 
effectively reducing the possible light-induced 
cytotoxicity in living systems. Despite numerous NIR 
light-responsive PS molecules have been developed 
for PDT in clinic [125-127], several unavoidable 
drawbacks, such as troublesome synthetic 
procedures, low water solubility and limited 
accumulation abilities in targeted areas, heavily 
restrict their clinical applications in deep-tissue 
therapeutic and imaging studies. Therefore, various 
kinds of nanomaterials with large extinction 
coefficient in the NIR window, including organic NPs 
(e.g., lipsomes [128], polymeric NPs [129], etc) and 
inorganic NPs (e.g., UCNPs [130], gold-based NPs 
[131], carbon-based NPs [132], etc), have been 
extensively explored for PDT applications both in 
vitro and in vivo. 

 
Figure 6. NIR light-triggered heat-induced drug delivery approaches. (A) Schematic illustration of the smart thermal responsive system. TEM images showed the morphology of 
Au nanocages. The increased absorption spectrum presented the controlled dye release from the Au nanocages upon a pulsed NIR laser (10 mW/cm2) irradiation for 1, 2, 4, 8 
and 16 min, respectively. Reproduced with permission from reference [119]. (B) Scheme of the 808 nm light-mediated nanocomposites synthesis for therapy in vivo. Reproduced 
with permission from reference [120]. 
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Figure 7. NIR light-mediated PDT strategies. (A) Scheme of FA/PEG modified UCNPs@mSO2 loaded with ZnPc and MC540 for PDT. Reproduced with permission from 
reference [134]. (B) Schematic illustration of UCNPs coated with PS-doped silica shell for PDT. Reproduced with permission from reference [137]. (C) Scheme of tumor 
microenvironment sensitive approach for covalent cross-linking of peptide-modified UCNs in cancer treatment. Reproduced with permission from reference [144]. 

 
Typically, as a promising candidate, 

lanthanide-doped UCNPs, which can convert NIR 
light into broad UV/visible emission to activate 
several kinds of PS agents, provide a powerful tool to 
overcome the major drawbacks of current PDT 
strategies with NIR light-triggered applications. For 
instance, in 2007, Zhang et al. firstly reported that 
silica-coated UCNPs could act as an energy 
transducer to induce PDT therapeutic effect in living 
cells under NIR light irradiation [133]. In 2012, 
Zhang’s group presented a smart UCNPs-based PDT 
treatment strategy by incorporating two types of PS 
molecules, Zinc phthalocynanie (ZnPc) and MC540, 
into one single core-shell mesoporous silica coated 
UCNPs nanoplatform (Figure 7A) [134]. Upon 980 nm 
laser irradiation, the two main upconverted 
emissions, green (~540 nm) and red (~660 nm) light, 
simultaneously excite the loaded ZnPc and MC540 
molecules respectively, thus resulted in enhanced 
PDT efficiency. After coating with tumor affinity 
ligand, e.g. folic acid (FA), the UCNPs nanoplatform 
exhibited effective tumor accumulation for promising 
NIR light-mediated PDT treatment effects in vivo. 
Moreover, some interesting studies have also been 
proposed to improve the PDT effect in hypoxia tumor 
environment. It is well known that the presence of 
hypoxia regions in human tumors with low levels of 
oxygen would be the bottleneck of PDT therapy 
because these deep-seated tumor cells in the hypoxic 
regions are resistant to both chemotherapy and 
light-triggered therapy, which significantly affect 
cancer treatment efficacy [135, 136]. In an attempt to 
solve this problem, recently, Shi and co-workers 
constructed a double silica-shelled Gd3+-doped 
UCNPs nanoplatform that are able to co-delivery of 

PS molecules (e.g. silicon phthalocyanine 
dihydroxide, SPCD) and a bioreductive prodrug 
(tirapazamine, TPZ) (Figure 7B). In fact, the TPZ 
prodrug could be stimulated by various intracellular 
reductase enzymes to produce highly cytotoxic 
free-radical intermediate species under hypoxic 
conditions [137]. Upon 980 nm laser illumination, a 
remarkable tumor therapeutic effect was achieved 
owing to UCNPs-based PDT under normal oxygen 
environment followed by the TPZ-induced 
cytotoxicity when oxygen is exhausted by PDT under 
hypoxia tumor environment. The great tumor growth 
inhibition in animal experiments demonstrated the 
highly effective synergetic cancer therapy of this 
bioreductive TPZ-PDT system. Chen’s group also 
presented a unique rattle structures of organosilica 
shell modified β-NaLuF4:Gd/Yb/Er nanoprobes 
loaded with PS molecules for effective PDT and 
dual-modal imaging [138]. Upon NIR light 
irradiation, the energy transfer from UCNPs to PS 
facilitated the 1O2 generation, thus inducing an 
enhanced PDT effect for cancer treatment. 

Although the NIR light-mediated PDT 
approaches have attracted significantly interest in 
recent years due to the promising optical properties of 
UCNPs, most current UCNPs-based strategies mainly 
rely on the 980 nm NIR light, which would likely 
cause the concern of unavoidable overheating effect 
owing to the strong water absorption at this 
wavelength [27, 139]. Therefore, great efforts have 
been made to convert the excitation light of UCNPs to 
a shorter wavelength range in medical spectral 
window (e.g., 700-900 nm). Recently, Nd3+-doped 
UCNPs with ~800 nm excitation have been 
investigated to minimize the undesirable overheating 
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effect [140-143]. By taking this promising advantage, 
Xing and co-workers recently presented a unique 
tumor environment responsive UCNPs nanoplatform 
with the surface modified by enzyme sensitive 
peptide (Figure 7C) [144]. Upon tumor-specific 
enzyme reaction, the cleaved peptides would induce 
the covalent cross-linking of neighboring particles 
which triggered the accumulation of UCNPs at tumor 
site. Upon 808 nm laser irradiation, such 
enzyme-triggered UCNPs cross-linking resulted in 
the enhanced upconversion emission and 
subsequently amplified ROS generation, which thus 
greatly improved PDT treatment and multimodality 
cancer imaging including optical and PA imaging 
techniques for theranostics in vivo. 

4.3 NIR light-activated photothermal therapy 
(PTT) 

Within the past decade, NIR light-mediated drug 
delivery and PDT therapeutic strategies have been 
well explored for effective diseases treatment in living 
system. Apart from them, another outstanding 
strategy, PTT, has also attracted much attention in 
recent years, especially in the process of tumor 
treatment in vitro and in vivo. Generally, PTT employs 
photothermal conversion agents (PTCAs) to convert 
excited NIR light into heat energy in localized region. 
Such process will lead to the overheating of disease 
areas, promote the damage of surrounding biological 
species and cause subsequent cell death [145, 146]. 
The expected PTCAs should at least include several 
features: 1) strong NIR light absorption; 2) great 
photothermal conversion efficiency; 3) excellent 
biocompatibility and biodegradability; 4) real-time 
visualization for therapy [147, 148]. Until now, several 
promising PTCAs, including inorganic nanomaterials 
[149-158] and organic polymers [116, 159], have been 
widely employed for effective NIR light-triggered 
PTT treatment in vitro and in vivo. For example, 

Chen’s group reported a talented theranostic platform 
through biodegradable AuNPs for PA imaging and 
PTT (Figure 8A) [160]. Basically, the disulfide bond 
(S-S) at the terminus of a poly(ethylene 
glycol)-b-poly(ɛ-caprolactone) (PEG-b-PCL)-tethered 
block-copolymer graft enabled assembling of AuNPs 
to induce significant plasmonic coupling between 
adjacent AuNPs, thus resulting in highly effective 
PTT treatment upon 808 nm NIR laser irradiation in 
living mice. Liu et al. fabricated a novel 2D 
nanocomposite by self-assembly of iron oxide 
nanoparticles (IONPs) on MoS2 nanosheets and then 
modified with PEG to acquire increased stability in 
physiological conditions [161]. Interestingly, after 
firmly adsorbing 64Cu on the surface of MoS2 
nanosheets, the composited MoS2-IO-PEG 
nanoplatform permitted triple-modal imaging guided 
therapy, including magnetic resonance imaging 
(MRI), and other imaging modalities including 
positron emission tomography (PET) and PA 
tomography (PAT). Moreover, upon intravenous 
injection, the nanocomposite achieved effective tumor 
ablation with NIR light-triggered PTT in animal 
experiments. 

Despite the great therapeutic effects in 
preclinical studies, the inherent non-biodegradable 
properties and long-term biosafety of these inorganic 
nanomaterials may potential limited their future 
clinical application. Several alternative PTT agents, 
such as NIR-absorbing organic nanomaterials 
including NIR dye labeled micelles [162-164], 
conjugated polymers [165], porphysomes [166] and 
organic-inorganic nanocomposites [167, 168] etc, have 
been widely investigated in the past decades. For 
example, Liu’s group reported a new theranostic 
agent that self-assembled HSA encapsulating PTX 
and indocyanine green (ICG, a FDA-approved NIR 
dye) into stable nanoplatform for synergistic 

 

 
Figure 8. NIR light-mediated PTT strategies. (A) Scheme of the formation of biodegradable gold vesicles for PTT therapy and PA imaging. Reproduced with permission from 
reference [160]. (B) Scheme of self-assembled HAS-ICG-PTX nanocomposite and thermal images of tumor-bearing mice injected with HAS-ICG-PTX, HAS-ICG or PBS under 
the 808 nm laser irradiation. Reproduced with permission from reference [169]. 
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therapeutic study (Figure 8B) [169]. In this system, 
HSA was a biodegradable carrier loaded with PTX as 
an anticancer drug and ICG as both imaging/PTT 
probes. The results demonstrated that HSA-ICG–PTX 
nanocomposite displayed great stability with 
long-time blood circulation and achieved excellent 
synergistic therapeutic efficacy in vivo. In addition, 
Zheng’s group recently reported the development of 
porphysomes, the nanovesicles self-assembled from 
porphyrin bilayers, which have been found to indicate 
high NIR light absorption and excellent 
biocompatibility [170]. Their results demonstrated 
that porphysomes nanovesicle could effectively 
accumulate in tumor regions of mice and induced 
distinct tumor ablation upon NIR light irradiation, 
which shown potential applications for multimodal 
imaging and PTT treatment in vivo. 

5. Light-assisted approaches for 
theranostics 

 Nowadays, numerous light-mediated 
therapeutic strategies have been widely developed 
and investigated with promising perspectives for 
effectively deep-penetrated disease therapeutics and 
diagnosis in clinics. Moreover, tremendous efforts are 
also continuing to fabricate novel approaches with 
better tissue penetration depth and higher 
spatiotemporal precision in therapy and imaging. 
Until now, several light-assisted techniques have been 
emerged for diagnostics and therapeutics towards 
deep-seated disease treatment by conjugation 
light-mediated strategies in vitro and in vivo [171, 172]. 
Herein, we mainly introduced two kinds of 
light-assisted new techniques in theranostics. 

5.1 Photoacoustic (PA) techniques with 
deep-tissue penetration 

Among the various noninvasive techniques to 
achieve deep tissue penetration, ultrasound is widely 
recognized as an efficient biomedical diagnostic 
imaging modality in hospitals due to its inherent 
deep-penetration properties (e.g., < 20 cm) [173, 174]. 
It has been extensively utilized in clinics to provide 
valuable information of internal body structures such 
as muscles, tendons, joints, vessels, organs, and 
practice of examining pregnant women with obstetric 
ultrasound for prenatal care in recent decades [175, 
176]. Recently, a brand-new technique, PA imaging, 
which integrates NIR light excitation and ultrasound 
imaging into one system, has been developed as a 
new kind of imaging modality to provide deep-tissue 
penetration and strong PA signals from endogenous 
or exogenous contrast agents with high resolution in 
living systems [177, 178]. As shown in Figure 9A, 
upon laser irradiation, a part of light is absorbed by 

the contrast agents and converted to localized heat, 
followed by the generation of a pressure rise through 
thermo-elastic expansion. Such pressure rise is 
propagated as an acoustic wave with the ultrasound 
frequency in the biological tissues, which can be 
captured by surrounding ultrasonic transducers for 
PA imaging in deep-seated regions [179]. Therefore, 
due to these promising properties, PA imaging may 
overcome the limitations of conventional optical 
imaging (e.g., limited tissue penetration depth) and 
ultrasonic imaging (e.g., low contrast for diagnosis), 
making it an outstanding clinical imaging method in 
biomedical fields [180, 181]. Moreover, benefited from 
the great absorption of NIR light, various 
photothermal regents as aforementioned also can be 
utilized as ideal contrast agents for PA imaging 
[182-184]. For example, a promising semiconducting 
conjugated polymer nanoparticles (SPNs) that have 
strong NIR light absorbance have been reported 
recently, which could act as a new class of contrast 
agents for PA imaging (Figure 9B) [185]. These SPNs 
exhibited considerable PA signal than gold nanorods 
and SWNTs on a per mass basis, and could make 
them an ideal contrast agent for whole-body 
lymphnode PA imaging in living mice. Chen’s group 
also constructed a novel multimodality imaging 
nanoplatform based on ultrasmall (< 10 nm) 
water-soluble melanin nanoparticle (MNP), which 
indicated unique properties for PA imaging and 
innate binding abilities with various metal ions (e.g., 
64Cu2+, Fe3+, etc) for multifunctional imaging [186]. 
Moreover, they further modified cyclic-RGD peptide 
on MNPs surface to achieve specific conjugation with 
tumor overexpressed αvβ3 integrins. The animal 
experiments also demonstrated that these 
multifunctional MNPs had great potential for 
molecular theranostics and clinical translation. 
Recently, Lovell’s group reported a promising probe, 
phosphorus phthalocyanine (P-Pc), which could 
reduce the light scattering based on its long 
wavelength absorption band beyond 1000 nm for 
deep-tissue and high quality PA imaging in vitro and 
in vivo [187]. It was demonstrated that P-Pc could 
accumulated passively in tumor areas by EPR effect 
after intravenous injection in mice. It could also been 
used for non-invasive intestine PA imaging of mice by 
oral administration. Moreover, further studies were 
also conducted by external placement of the P-Pc 
under the arm of healthy adult human. The results 
demonstrated that the PA signal could be clearly 
visualized through the entire 5 cm limb to show 
strong capability for deep-tissue PA imaging in 
humans. Based on these inspiring results, the 
promising PA techniques have the potential to be 
used in therapeutic studies in the near future.  
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Figure 9. PA imaging based diagnosis in vivo. (A) Brief scheme of the mechanism of PA signal production. (a) Structure of 128-element hemisphere array-based PA tomography. 
(b) PA imaging of blood vessels in a living mouse ear. Reproduced with permission from reference [179]. (B) Design of photo-activated probe (a) for ROS monitoring with PA 
imaging in mice (b). Reproduced with permission from reference [185]. 

 

5.2 Cerenkov radiation (CR) techniques with 
deep-tissue penetration 

Besides the imaging modality based on 
ultrasound, numerous noninvasive stimulations, such 
as magnetic field, ionizing radiation, etc., have also 
been explored to achieve deeper tissue penetration for 
therapy and imaging with highly spatiotemporal 
resolution in clinics [9, 171], which are considered as 
novel techniques to create new generation of 
light-assisted therapeutic strategies. Among these 
promising candidates, X-ray has attracted most 
attention since Mr. Roentgen discovered this exciting 
radiation in the late 19th century [188]. Considering 
the significant benefits in safety and precise 
examination, and importantly, almost limitless 
penetration capacity when compared to conventional 
optical imaging approaches, X-ray can be used as 
robust technique in radiotherapy and diagnosis with 
suitable dose of radiation for its extremely deep-tissue 
penetration (usually at 20-45 cm) in hospitals [189]. 
Until now, several inspiring radioactive or nuclear 
imaging modalities, such as computed tomography 
(CT) [190, 191], positron emission tomography (PET) 
[192, 193], single photon emission computed 
tomography (SPECT) [194, 195] etc. have been widely 
applied in clinics as nuclear medical diagnostic 
techniques. Currently, the ideal theranostic agents, 
which can integrate multi-modalities into one entity, 
are expected to exert multi-functional application in 
therapy and imaging. Fortunately, nanotechnology 
can address this challenge which benefits from its 
excellent advantages to achieve precise diagnostics 
and therapy in clinics [196-198]. For example, Lovell’s 
group recently reported a porphyrin phospholipid 
coated UCNPs (PoP-UCNPs) multifunctional 
nanoplarform that could be used for six modalities 
imaging (Figure 10A) [196]. In this typical 
multi-modality imaging platform, PA and FL imaging 

provided particular information of the self-assembled 
nanocomposites. CT and PET modalities permitted 
the imaging capabilities with deep-tissue penetration. 
Moreover, upconversion (UC) and Cerenkov 
luminescence (CL) imaging could achieve effective 
non-invasive signal detection at intermediate 
penetration depths. Animal experiments clearly 
suggested that PoP-UCNPs could be successfully 
utilized for in vivo lymphatic imaging with 
hyper-integrated hexamodal imaging modalities. In 
addition, Shi’s group also developed rattle-structured 
multifunctional silica-coated UCNPs platform for 
delivering cisplatin drug to tumors with synergetic 
chemo-radiotherapy and MRI/luminescent 
dual-mode imaging modalities, which presented a 
novel diagnostic strategy in biomedical fields to 
achieve optimal therapeutic efficacy in cancer 
treatment [197]. 

By taking advantage of unique properties of 
multifunctional nanomaterials, an emerging 
light-assisted hybrid modality, Cerenkov radiation 
(CR), which integrates radioactive X-ray and 
light-mediated techniques in one platform, has 
recently attracted much attention in nuclear medicine 
owing to its deep tissue penetration in disease 
treatment [199-202]. Briefly, upon X-ray irradiation, 
the optical photons, also termed as CL, are produced 
when a charged radioactive particle travel faster than 
the speed of light in a dielectric medium. As a 
fascinating optical phenomenon, the CR derived from 
radioactive contrast agents are performed in highly 
sensitive optical imaging equipment, which may 
facilitate the light-assisted therapeutic application in 
clinics. For example, Grimm et al. demonstrated that it 
was feasible for the absorption of CR for 
small-molecule probes and nanoparticles-based 
contrast agents (Figure 10B) [203]. They fabricated a 
smart approach that utilized the strong absorption of 
magnetic nanoparticles to modulate the CL from 
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2-[18F]Fluoro-2-deoxy-D-glucose ([18F]-FDG) through 
quenching. This nanoplatform provided specific 
contrast for dual readout of disease biology 
anatomically and molecularly, which enabled CR to 
be an effective technique for diagnosis in vivo. 

6. Conclusion and prospects 
Currently, precision theranostics in biomedical 

studies have been extensively required for more 
effective treatment and diagnosis of various human 
diseases in clinics. So far, unique strategies to achieve 
highly selective drug delivery into disease areas and 
minimum side effects in the process of treatment still 
remain challenging, which inspires the rational design 
of “smart” platforms toward the efficient therapeutics 
and diagnostics in further biomedical applications. 
Nowadays, numerous stimulus-responsive 
theranostic systems have been extensively 
investigated for the treatment of various types of 
diseases with improved selectivity, enhanced 
therapeutic efficiency and less toxic effects. Among 
them, light-mediated strategies have been well 
established to control drug delivery and bioimaging 
in clinics due to their promising properties, such as 
noninvasively therapeutic method, precisely 
controlled modality, and more importantly, highly 
spatiotemporal resolution. Up to now, different 
light-triggered strategies including photo-controlled 
drug release, photothermal and photodynamic 
therapy have been proposed for the effective 
activation of theranostic contrast agents in a broad 
wavelength range from UV/visible to NIR windows. 
Basically, most drug delivery platforms employ 
short-wavelength light (e.g., UV or visible light with 
high energy photon) to cleave a photocaged linker or 
induce a trans-cis isomerization for effective release of 
the loaded drugs in desired areas. However, the 

inherent drawbacks of short-wavelength light, such as 
potential phototoxicity, high autofluorescence 
background and limited tissue penetration depth, 
may significantly restrict their further biomedical 
applications. Fortunately, the recent emerging NIR 
light-activated techniques could overcome these 
limitations and enable remote-controlled theranostics 
due to their unique properties, including less harmful 
effects on normal tissues and better penetration depth 
in vivo. Moreover, the rapid evolution of robust 
nanomaterials (e.g., AuNPs and UCNPs, etc) with 
specific capabilities offers promising perspectives for 
achieving precisely NIR light-controlled platforms in 
biomedical applications. Therefore, NIR 
light-mediated therapeutic and imaging strategies 
have been widely explored in vitro and in vivo. More 
importantly, several recent innovations that integrate 
light and other stimulus responsive techniques, such 
as PA and CR techniques, could greatly match the 
current demands for localized and non-invasive 
disease treatment. Despite a lot of light-mediated 
theranostic studies have been widely reported in 
recent years, there is still a long way toward 
conducting clinical application of photo-based disease 
diagnosis and therapy in hospital to benefit public 
healthcare system. Therefore, several challenges still 
need to be addressed for further clinical applications 
of light-mediated theranostics in the next decades. 

First of all, despite the NIR light-mediated 
therapeutic strategies have been widely established 
with the minimum photodamage and enhanced 
penetration depth in living tissues, most 
photo-responsive agents for therapy and imaging are 
still activated by short-wavelength light with high 
energy, especially for the breaking of chemical bond 
in photocaged molecules upon light irradiation. 
Although some promising nanomaterials (e.g., 

 
Figure 10. (A) Schematic design of the PoP-UCNP structure. The animal imaging shows the mice injected with PoP-UCNPs and imaged in six modalities after 1 h injection, 
including (a) FL, (b) UC imaging. (c) PET, (d) PET/CT and (e) CL imaging, respectively. Reproduced with permission from reference [196]. (B) Scheme of CL generation and 
nanoparticle induced quenching of CL. The animal imaging presents fluorescent imaging (a, b) and CR imaging (b, d) of mice injected with PBS and Cy5.5 labeled probe. B; bladder. 
Reproduced with permission from reference [203].  
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UCNPs) can convert the NIR light to 
short-wavelength light, the conversion efficiency 
remains insufficient (usually the quantum yield < 1%) 
[140, 204]. Therefore, researchers should pay more 
attention to the developments of new types of 
nanostructures with enhanced photo-to-photo 
conversion efficiency, which will significantly 
improve the effectiveness of light-mediated therapy 
and imaging. 

Secondly, although lots of nanomaterials have 
been demonstrated to achieve great therapeutic 
efficiency in light-mediated preclinical studies, most 
of them, especially for the inorganic nanostructures, 
are facing challenges due to their potential biosafety 
issues, such as non-biodegradable abilities and side 
effects of long-term retention inside the body after 
treatment process [205]. Despite numerous studies 
have reported that the biocompatible surface coating 
(e.g., polymer, silica, etc) can decrease the toxicity of 
inorganic nanomaterials in living animals, the 
long-term safety in clinics is still under the cautious 
examinations. Therefore, the developments of novel 
biodegradable and safe therapeutic nano-agents, such 
as biodegradable polymer or carbon-based 
nanomaterials, etc, are highly demanded for 
light-controlled therapeutics and diagnostics in near 
future.  

Thirdly, even though the light-mediated therapy 
and imaging studies based on the advance of 
nanotechnologies have provided great possibilities to 
solve the current technical barriers, there may be still 
a long journey ahead to get the FDA approval of these 
therapeutic nano-agents in clinics. The toxicological 
behaviors of various nanomaterials in the vascular 
system of human body, such as potential immune 
response, bio-distribution and toxicity in organs, 
hepatobiliary and renal excretion, etc, are demanding 
to further investigation [206]. Moreover, a systematic 
understanding of the human body responding to 
different external stimulations (e.g., light, ultrasound, 
X-ray, etc.) is essential which can provide important 
insights into the fabrication of appropriate 
photo-activated platforms for therapy and imaging in 
living systems. 

So far, light-mediated theranostics along with 
the development of novel nanotechnology and 
various light-assisted techniques provide a bright 
future for the precision medicine in clinical 
applications. With all the innovations in these 
research fields, we believe that effective deep-tissue 
theranostics based on these promising 
photo-mediated strategies will be developed 
continuously in the future and finally benefit human 
health. 
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32. Barth BM, Altinoğlu E, Shanmugavelandy SS, Kaiser JM, Crespo-Gonzalez D, 
DiVittore NA, et al. Targeted indocyanine-green-loaded calcium 
phosphosilicate nanoparticles for in vivo photodynamic therapy of leukemia. 
ACS Nano. 2011; 5: 5325-37. 

33. Deng K, Hou Z, Deng X, Yang P, Li C, Lin J. Enhanced Antitumor Efficacy by 
808 nm Laser-induced synergistic photothermal and photodynamic therapy 
based on a indocyanine-green-attached W18O49 nanostructure. Adv Funct 
Mater. 2015; 25: 7280-90. 

34. Jing T, Fu L, Liu L, Yan L. A reduction-responsive polypeptide nanogel 
encapsulating NIR photosensitizer for imaging guided photodynamic 
therapy. Polymer Chemistry. 2016; 7: 951-7. 

35. Shanmugam V, Selvakumar S, Yeh C-S. Near-infrared light-responsive 
nanomaterials in cancer therapeutics. Chem Soc Rev. 2014; 43: 6254-87. 

36. Melancon MP, Zhou M, Li C. Cancer theranostics with near-infrared 
light-activatable multimodal nanoparticles. Acc Chem Res. 2011; 44: 947-56. 

37. Maji SK, Sreejith S, Joseph J, Lin M, He T, Tong Y, et al. Upconversion 
nanoparticles as a contrast agent for photoacoustic imaging in live mice. Adv 
Mater. 2014; 26: 5633-8. 

38. Kim JW, Galanzha EI, Shashkov EV, Moon HM, Zharov VP. Golden carbon 
nanotubes as multimodal photoacoustic and photothermal high-contrast 
molecular agents. Nature Nanotech. 2009; 4: 688-94. 

39. Thorek DL, Riedl CC, Grimm J. Clinical Cerenkov luminescence imaging of 
18F-FDG. J Nucl Med. 2014; 55: 95-8. 

40. Fan NC, Cheng FY, Ho JA, Yeh CS. Photocontrolled targeted drug delivery: 
photocaged biologically active folic acid as a light-responsive tumor-targeting 
molecule. Angew Chem Int Ed. 2012; 51: 8806-10. 

41. Brown PK, Qureshi AT, Moll AN, Hayes DJ, Monroe WT. Silver nanoscale 
antisense drug delivery system for photoactivated gene silencing. ACS Nano. 
2013; 7: 2948-59. 

42. Matsushita-Ishiodori Y, Ohtsuki T. Photoinduced RNA interference. Acc 
Chem Res. 2012; 45: 1039-47. 

43. Jiang J, Tong X, Zhao Y. A new design for light-breakable polymer micelles. J 
Am Chem Soc. 2005; 127: 8290-1. 

44. Jin Q, Mitschang F, Agarwal S. Biocompatible drug delivery system for 
photo-triggered controlled release of 5-Fluorouracil. Biomacromolecules. 2011; 
12: 3684-91. 

45. Karthik S, Puvvada N, Kumar BN, Rajput S, Pathak A, Mandal M, et al. 
Photoresponsive coumarin-tethered multifunctional magnetic nanoparticles 
for release of anticancer drug. ACS Appl Mater Interfaces. 2013; 5: 5232-8. 

46. Shao Q, Jiang T, Ren G, Cheng Z, Xing B. Photoactivable bioluminescent 
probes for imaging luciferase activity. Chem Commun. 2009: 4028-30. 

47. Hwang K, Wu P, Kim T, Lei L, Tian S, Wang Y, et al. Photocaged DNAzymes 
as a general method for sensing metal ions in living cells. Angew Chem Int Ed. 
2014; 53: 13798-802. 

48. Martínez-Carmona M, Baeza A, Rodriguez-Milla MA, García-Castro J, 
Vallet-Regí M. Mesoporous silica nanoparticles grafted with a light-responsive 
protein shell for highly cytotoxic antitumoral therapy. J Mater Chem B. 2015; 3: 
5746-52. 

49. Hu X, Tian J, Liu T, Zhang G, Liu S. Photo-triggered release of caged 
camptothecin prodrugs from dually responsive shell cross-linked micelles. 
Macromolecules. 2013; 46: 6243-56. 

50. Dcona MM, Mitra D, Goehe RW, Gewirtz DA, Lebman DA, Hartman MC. 
Photocaged permeability: a new strategy for controlled drug release. Chem 
Commun. 2012; 48: 4755-7. 

51. Tan X, Li BB, Lu X, Jia F, Santori C, Menon P, et al. Light-triggered, 
self-immolative nucleic Acid-drug nanostructures. J Am Chem Soc. 2015; 137: 
6112-5. 

52. Laprell L, Repak E, Franckevicius V, Hartrampf F, Terhag J, Hollmann M, et al. 
Optical control of NMDA receptors with a diffusible photoswitch. Nat 
Commun. 2015; 6: 8076-87. 

53. Tarn D, Ferris DP, Barnes JC, Ambrogio MW, Stoddart JF, Zink JI. A reversible 
light-operated nanovalve on mesoporous silica nanoparticles. Nanoscale. 
2014; 6: 3335-43. 

54. Zhao Q, Wang Y, Yan Y, Huang J. Smart nanocarrier: self-assembly of 
bacteria-like vesicles with photoswitchable cilia. ACS Nano. 2014; 8: 11341-9. 

55. Yuan Q, Zhang Y, Chen T, Lu D, Zhao Z, Zhang X, et al. Photon-manipulated 
drug release from amesoporousnanocontainer controlled by 
azobenzene-modified nucleic acid. ACS Nano. 2012; 6: 6337-44. 

56. Wang X, Hu J, Liu G, Tian J, Wang H, Gong M, et al. Reversibly switching 
bilayer permeability and release modules of photochromic polymersomes 
stabilized by cooperative noncovalent interactions. J Am Chem Soc. 2015; 137: 
15262-75. 

57. Chen S, Jiang F, Cao Z, Wang G, Dang ZM. Photo, pH, and thermo 
triple-responsive spiropyran-based copolymer nanoparticles for controlled 
release. Chem Commun. 2015; 51: 12633-6. 

58. Mengel AK, He B, Wenger OS. A triarylamine-triarylborane dyad with a 
photochromic dithienylethene bridge. J Org Chem. 2012; 77: 6545-52. 

59. Cui X, Zhao J, Zhou Y, Ma J, Zhao Y. Reversible photoswitching of 
triplet-triplet annihilation upconversion using dithienylethene photochromic 
switches. J Am Chem Soc. 2014; 136: 9256-9. 

60. Chen L, Wang W, Su B, Wen Y, Li C, Zhou Y, et al. A light-responsive release 
platform by controlling the wetting behavior of hydrophobic surface. ACS 
Nano. 2014; 8: 744-51. 

61. Tong R, Hemmati HD, Langer R, Kohane DS. Photoswitchable nanoparticles 
for triggered tissue penetration and drug delivery. J Am Chem Soc. 2012; 134: 
8848-55. 

62. Priestman MA, Shell TA, Sun L, Lee HM, Lawrence DS. Merging of confocal 
and caging technologies: selective three-color communication with 
profluorescent reporters. Angew Chem Int Ed. 2012; 51: 7684-7. 

63. Shell TA, Lawrence DS. Vitamin B12: a tunable, long wavelength, 
light-responsive platform for launching therapeutic agents. Acc Chem Res. 
2015; 48: 2866-74. 

64. Shell TA, Shell JR, Rodgers ZL, Lawrence DS. Tunable visible and near-IR 
photoactivation of light-responsive compounds by using fluorophores as 
light-capturing antennas. Angew Chem Int Ed. 2014; 53: 875-8. 

65. McKenzie TG, Wong EHH, Fu Q, Sulistio A, Dunstan DE, Qiao GG. 
Controlled formation of star polymer nanoparticles via visible light 
photopolymerization. ACS Macro Letters. 2015; 4: 1012-6. 

66. McKenzie TG, Fu Q, Wong EHH, Dunstan DE, Qiao GG. Visible light 
mediated controlled radical polymerization in the absence of exogenous 
radical sources or catalysts. Macromolecules. 2015; 48: 3864-72. 

67. Fry Nl, Mascharak PK. Photoactive ruthenium nitrosyls as NO donors: how to 
sensitize them toward visible light. Acc Chem Res. 2011; 44: 289-98. 

68. Barragan F, Lopez-Senin P, Salassa L, Betanzos-Lara S, Habtemariam A, 
Moreno V, et al. Photocontrolled DNA binding of a receptor-targeted 
organometallic ruthenium(II) complex. J Am Chem Soc. 2011; 133: 14098-108. 

69. Leonidova A, Pierroz V, Rubbiani R, Lan Y, Schmitz AG, Kaech A, et al. 
Photo-induced uncaging of a specific Re (I) organometallic complex in living 
cells. Chem Sci. 2014; 5: 4044-56. 

70. Sgambellone MA, David A, Garner RN, Dunbar KR, Turro C. Cellular toxicity 
induced by the photorelease of a caged bioactive molecule: design of a 
potential dual-action Ru(II) complex. J Am Chem Soc. 2013; 135: 11274-82. 

71. Howerton BS, Heidary DK, Glazer EC. Strained ruthenium complexes are 
potent light-activated anticancer agents. J Am Chem Soc. 2012; 134: 8324-7. 

72. Shiao YS, Chiu HH, Wu PH, Huang YF. Aptamer-functionalized gold 
nanoparticles as photoresponsive nanoplatform for co-drug delivery. ACS 
Appl Mater Interfaces. 2014; 6: 21832-41. 

73. Griepenburg JC, Sood N, Vargo KB, Williams D, Rawson J, Therien MJ, et al. 
Caging metal ions with visible light-responsive nanopolymersomes. 
Langmuir. 2015; 31: 799-807. 

74. Jia L, Zhou T, Xu J, Xu Z, Zhang M, Wang Y, et al. Visible light-induced 
lanthanide polymer nanocomposites based on clays for bioimaging 
applications. J Mater Sci. 2015; 51: 1324-32. 

75. Frasconi M, Liu Z, Lei J, Wu Y, Strekalova E, Malin D, et al. Photoexpulsion of 
surface-grafted ruthenium complexes and subsequent release of cytotoxic 
cargos to cancer cells from mesoporous silica nanoparticles. J Am Chem Soc. 
2013; 135: 11603-13. 

76. Xu J, Zhou X, Gao Z, Song YY, Schmuki P. Visible-light-triggered drug release 
from TiO2 nanotube arrays: a controllable antibacterial platform. Angew 
Chem Int Ed. 2016; 128: 603-7. 

77. Luo YL, Shiao YS, Huang YF. Release of photoactivatable drugs from 
plasmonic nanoparticles for targeted cancer therapy. ACS Nano. 2011; 5: 
7796-804. 

78. Schwarz A, Stander S, Berneburg M, Bohm M, Kulms D, van Steeg H, et al. 
Interleukin-12 suppresses ultraviolet radiation-induced apoptosis by inducing 
DNA repair. Nat Cell Biol. 2002; 4: 26-31. 

79. Zirkin S, Fishman S, Sharim H, Michaeli Y, Don J, Ebenstein Y. Lighting up 
individual DNA damage sites by in vitro repair synthesis. J Am Chem Soc. 
2014; 136: 7771-6. 

80. Carling CJ, Boyer JC, Branda NR. Remote-control photoswitching using NIR 
light. J Am Chem Soc. 2009; 131: 10838-9. 



 Theranostics 2016, Vol. 6, Issue 13 

 
http://www.thno.org 

2455 

81. Wu W, Yao L, Yang T, Yin R, Li F, Yu Y. NIR-light-induced deformation of 
cross-linked liquid-crystal polymers using upconversion nanophosphors. J 
Am Chem Soc. 2011; 133: 15810-3. 

82. Yang D, Ma P, Hou Z, Cheng Z, Li C, Lin J. Current advances in lanthanide ion 
(Ln(3+))-based upconversion nanomaterials for drug delivery. Chem Soc Rev. 
2015; 44: 1416-48. 

83. Dong H, Du SR, Zheng XY, Lyu GM, Sun LD, Li LD, et al. Lanthanide 
nanoparticles: from design toward bioimaging and therapy. Chem Rev. 2015; 
115: 10725-815. 

84. Shen J, Zhao L, Han G. Lanthanide-doped upconverting luminescent 
nanoparticle platforms for optical imaging-guided drug delivery and therapy. 
Adv Drug Deliv Rev. 2013; 65: 744-55. 

85. Luo D, Carter KA, Miranda D, Lovell JF. Chemophototherapy: An Emerging 
Treatment Option for Solid Tumors. Adv Sci. 2016 in press. DOI 
10.1002/advs.201600106. 

86. Bansal A, Zhang Y. Photocontrolled nanoparticle delivery systems for 
biomedical applications. Acc Chem Res. 2014; 47: 3052-60. 

87. Xia Y, Li W, Cobley CM, Chen J, Xia X, Zhang Q, et al. Gold nanocages: from 
synthesis to theranostic applications. Acc Chem Res. 2011; 44: 914-24. 

88. Yang X, Liu Z, Li Z, Pu F, Ren J, Qu X. Near-infrared-controlled, targeted 
hydrophobic drug-delivery system for synergistic cancer therapy. Chem Eur J. 
2013; 19: 10388-94. 

89. Luo D, Carter KA, Razi A, Geng J, Shao S, Giraldo D, et al. Doxorubicin 
encapsulated in stealth liposomes conferred with light-triggered drug release. 
Biomaterials. 2016; 75: 193-202. 

90. Carter KA, Shao S, Hoopes MI, Luo D, Ahsan B, Grigoryants VM, et al. 
Porphyrin–phospholipid liposomes permeabilized by near-infrared light. Nat 
Commun. 2014; 5: 3546-57. 

91. Lu Y, Lu J, Zhao J, Cusido J, Raymo FM, Yuan J, et al. On-the-fly decoding 
luminescence lifetimes in the microsecond region for lanthanide-encoded 
suspension arrays. Nat Commun. 2014; 5: 3741-9. 

92. Lu Y, Zhao J, Zhang R, Liu Y, Liu D, Goldys EM, et al. Tunable lifetime 
multiplexing using luminescent nanocrystals. Nature Photon. 2014; 8: 32-6. 

93. Liu D, Xu X, Du Y, Qin X, Zhang Y, Ma C, et al. Three-dimensional controlled 
growth of monodisperse sub-50 [thinsp] nm heterogeneous nanocrystals. Nat 
Commun. 2016; 7: 10254-62. 

94. Dong H, Sun L-D, Yan C-H. Energy transfer in lanthanide upconversion 
studies for extended optical applications. Chem Soc Rev. 2015; 44: 1608-34. 

95. Li X, Zhang F, Zhao D. Lab on upconversion nanoparticles: optical properties 
and applications engineering via designed nanostructure. Chem Soc Rev. 
2015; 44: 1346-78. 

96. Zheng W, Huang P, Tu D, Ma E, Zhu H, Chen X. Lanthanide-doped 
upconversion nano-bioprobes: electronic structures, optical properties, and 
biodetection. Chem Soc Rev. 2015; 44: 1379-415. 

97. Zheng X, Zhu X, Lu Y, Zhao J, Feng W, Jia G, et al. High-contrast visualization 
of upconversion luminescence in mice using time-gating approach. Anal 
Chem. 2016; 88: 3449-54. 

98. Tsang MK, Bai G, Hao J. Stimuli responsive upconversion luminescence 
nanomaterials and films for various applications. Chem Soc Rev. 2015; 44: 
1585-607. 

99. Idris NM, Jayakumar MK, Bansal A, Zhang Y. Upconversion nanoparticles as 
versatile light nanotransducers for photoactivation applications. Chem Soc 
Rev. 2015; 44: 1449-78. 

100. Chen G, Qiu H, Prasad PN, Chen X. Upconversion nanoparticles: design, 
nanochemistry, and applications in theranostics. Chem Rev. 2014; 114: 
5161-214. 

101. Carling CJ, Nourmohammadian F, Boyer JC, Branda NR. Remote-control 
photorelease of caged compounds using near-infrared light and upconverting 
nanoparticles. Angew Chem Int Ed. 2010; 49: 3782-5. 

102. Yang Y, Shao Q, Deng R, Wang C, Teng X, Cheng K, et al. In vitro and in vivo 
uncaging and bioluminescence imaging by using photocaged upconversion 
nanoparticles. Angew Chem Int Ed. 2012; 51: 3125-9. 

103. Yang Y, Velmurugan B, Liu X, Xing B. NIR photoresponsive crosslinked 
upconverting nanocarriers toward selective intracellular drug release. Small. 
2013; 9: 2937-44. 

104. Dai Y, Xiao H, Liu J, Yuan Q, Ma P, Yang D, et al. In vivo multimodality 
imaging and cancer therapy by near-infrared light-triggered trans-platinum 
pro-drug-conjugated upconverison nanoparticles. J Am Chem Soc. 2013; 135: 
18920-9. 

105. Min Y, Li J, Liu F, Yeow EK, Xing B. Near-infrared light-mediated 
photoactivation of a platinum antitumor prodrug and simultaneous cellular 
apoptosis imaging by upconversion-luminescent nanoparticles. Angew Chem 
Int Ed. 2014; 53: 1012-6. 

106. Liu J, Bu W, Pan L, Shi J. NIR-triggered anticancer drug delivery by 
upconverting nanoparticles with integrated azobenzene-modified 
mesoporous silica. Angew Chem Int Ed. 2013; 52: 4375-9. 

107. Li W, Chen Z, Zhou L, Li Z, Ren J, Qu X. Noninvasive and reversible cell 
adhesion and detachment via single-wavelength near-infrared laser mediated 
photoisomerization. J Am Chem Soc. 2015; 137: 8199-205. 

108. Chen H, Zhang X, Dai S, Ma Y, Cui S, Achilefu S, et al. Multifunctional gold 
nanostar conjugates for tumor imaging and combined photothermal and 
chemo-therapy. Theranostics. 2013; 3: 633-49. 

109. Meng Z, Wei F, Wang R, Xia M, Chen Z, Wang H, et al. NIR-laser-switched in 
vivo smart nanocapsules for synergic photothermal and chemotherapy of 
tumors. Adv Mater. 2016; 28: 245-53. 

110. Liu T, Wang C, Gu X, Gong H, Cheng L, Shi X, et al. Drug delivery with 
PEGylated MoS2 nano-sheets for combined photothermal and chemotherapy 
of cancer. Adv Mater. 2014; 26: 3433-40. 

111. Kim H, Lee D, Kim J, Kim T, Kim WJ. Photothermally triggered cytosolic drug 
delivery via endosome disruption using a functionalized reduced graphene 
oxide. ACS Nano. 2013; 7: 6735-46. 

112. Jang H, Kim YK, Huh H, Min DH. Facile synthesis and intraparticle 
self-catalytic oxidation of dextran-coated hollow Au-Ag nanoshell and its 
application for chemo-thermotherapy. ACS Nano. 2014; 8: 467-75. 

113. Shen S, Tang H, Zhang X, Ren J, Pang Z, Wang D, et al. Targeting mesoporous 
silica-encapsulated gold nanorods for chemo-photothermal therapy with 
near-infrared radiation. Biomaterials. 2013; 34: 3150-8. 

114. Song J, Yang X, Jacobson O, Lin L, Huang P, Niu G, et al. Sequential drug 
release and enhanced photothermal and photoacoustic effect of hybrid 
reduced graphene oxide-loaded ultrasmall gold nanorod vesicles for cancer 
therapy. ACS nano. 2015; 9: 9199-209. 

115. Tang Y, Hu H, Zhang MG, Song J, Nie L, Wang S, et al. An aptamer-targeting 
photoresponsive drug delivery system using “off–on” graphene oxide 
wrapped mesoporous silica nanoparticles. Nanoscale. 2015; 7: 6304-10. 

116. Li X, Takashima M, Yuba E, Harada A, Kono K. PEGylated PAMAM 
dendrimer-doxorubicin conjugate-hybridized gold nanorod for combined 
photothermal-chemotherapy. Biomaterials. 2014; 35: 6576-84. 

117. Liao J, Li W, Peng J, Yang Q, Li H, Wei Y, et al. Combined cancer 
photothermal-chemotherapy based on doxorubicin/gold nanorod-loaded 
polymersomes. Theranostics. 2015; 5: 345-56. 

118. Delcea M, Sternberg N, Yashchenok AM, Georgieva R, Bäumler H, Möhwald 
H, et al. Nanoplasmonics for dual-molecule release through nanopores in the 
membrane of red blood cells. ACS Nano. 2012; 6: 4169-80. 

119. Yavuz MS, Cheng Y, Chen J, Cobley CM, Zhang Q, Rycenga M, et al. Gold 
nanocages covered by smart polymers for controlled release with 
near-infrared light. Nature Mater. 2009; 8: 935-9. 

120. Li WP, Liao PY, Su CH, Yeh CS. Formation of oligonucleotide-gated silica 
shell-coated Fe(3)O(4)-Au core-shell nanotrisoctahedra for magnetically 
targeted and near-infrared light-responsive theranostic platform. J Am Chem 
Soc. 2014; 136: 10062-75. 

121. Zou W, Visser C, Maduro JA, Pshenichnikov MS, Hummelen JC. Broadband 
dye-sensitized upconversion of near-infrared light. Nature Photon. 2012; 6: 
560-4. 

122. Ai F, Ju Q, Zhang X, Chen X, Wang F, Zhu G. A core-shell-shell nanoplatform 
upconverting near-infrared light at 808 nm for luminescence imaging and 
photodynamic therapy of cancer. Sci Rep. 2015; 5: 10785-96. 

123. Hu J, Tang Y, Elmenoufy AH, Xu H, Cheng Z, Yang X. Nanocomposite-based 
photodynamic therapy strategies for deep tumor treatment. Small. 2015; 11: 
5860-87. 

124. Lucky SS, Soo KC, Zhang Y. Nanoparticles in photodynamic therapy. Chem 
Rev. 2015; 115: 1990-2042. 

125. Yang Y, Guo Q, Chen H, Zhou Z, Guo Z, Shen Z. Thienopyrrole-expanded 
BODIPY as a potential NIR photosensitizer for photodynamic therapy. Chem 
Commun. 2013; 49: 3940-2. 

126. Mehraban N, Freeman HS. Developments in PDT sensitizers for increased 
selectivity and singlet oxygen production. Materials. 2015; 8: 4421-56. 

127. Mikkilä J, Anaya-Plaza E, Liljeström V, Caston JR, Torres T, Escosura Asdl, et 
al. Hierarchical organization of organic dyes and protein cages into 
photoactive crystals. ACS nano. 2015; 10: 1565-71. 

128. Yuan A, Tang X, Qiu X, Jiang K, Wu J, Hu Y. Activatable photodynamic 
destruction of cancer cells by NIR dye/photosensitizer loaded liposomes. 
Chem Commun. 2015; 51: 3340-2. 

129. Ding X, Han BH. Metallophthalocyanine-based conjugated microporous 
polymers as highly efficient photosensitizers for singlet oxygen generation. 
Angew Chem Int Ed. 2015; 54: 6536-9. 

130. Wang C, Cheng L, Liu Z. Upconversion nanoparticles for photodynamic 
therapy and other cancer therapeutics. Theranostics. 2013; 3: 317-30. 

131. Cheng Y, Doane TL, Chuang CH, Ziady A, Burda C. Near infrared 
light-triggered drug generation and release from gold nanoparticle carriers for 
photodynamic therapy. Small. 2014; 10: 1799-804. 

132. Ge J, Lan M, Zhou B, Liu W, Guo L, Wang H, et al. A graphene quantum dot 
photodynamic therapy agent with high singlet oxygen generation. Nat 
Commun. 2014; 5: 4596-5004. 

133. Zhang P, Steelant W, Kumar M, Scholfield M. Versatile photosensitizers for 
photodynamic therapy at infrared excitation. J Am Chem Soc. 2007; 129: 
4526-7. 

134. Idris NM, Gnanasammandhan MK, Zhang J, Ho PC, Mahendran R, Zhang Y. 
In vivo photodynamic therapy using upconversion nanoparticles as 
remote-controlled nanotransducers. Nat Med. 2012; 18: 1580-5. 

135. Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. Nat 
Rev Cancer. 2004; 4: 437-47. 

136. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. 
2011; 11: 393-410. 

137. Liu Y, Liu Y, Bu W, Cheng C, Zuo C, Xiao Q, et al. Hypoxia induced by 
upconversion-based photodynamic therapy: towards highly effective 
synergistic bioreductive therapy in tumors. Angew Chem Int Ed. 2015; 54: 
8105-9. 

138. Lu S, Tu D, Hu P, Xu J, Li R, Wang M, et al. Multifunctional nano-bioprobes 
based on rattle-structured upconverting luminescent nanoparticles. Angew 
Chem Int Ed Engl. 2015; 54: 7915-9. 



 Theranostics 2016, Vol. 6, Issue 13 

 
http://www.thno.org 

2456 

139. Wang YF, Liu GY, Sun LD, Xiao JW, Zhou JC, Yan CH. Nd3+-sensitized 
upconversion nanophosphors: efficient in vivo bioimaging probes with 
minimized heating effect. ACS Nano. 2013; 7: 7200-6. 

140. Zhong Y, Tian G, Gu Z, Yang Y, Gu L, Zhao Y, et al. Elimination of photon 
quenching by a transition layer to fabricate a quenching-shield sandwich 
structure for 800 nm excited upconversion luminescence of Nd3+-sensitized 
nanoparticles. Adv Mater. 2014; 26: 2831-7. 

141. Xie X, Gao N, Deng R, Sun Q, Xu QH, Liu X. Mechanistic investigation of 
photon upconversion in Nd3+-sensitized core-shell nanoparticles. J Am Chem 
Soc. 2013; 135: 12608-11. 

142. Li X, Wang R, Zhang F, Zhou L, Shen D, Yao C, et al. Nd3+ sensitized 
up/down converting dual-mode nanomaterials for efficient in-vitro and 
in-vivo bioimaging excited at 800 nm. Sci Rep. 2013; 3: 3536-43. 

143. Lai J, Zhang Y, Pasquale N, Lee KB. An upconversion nanoparticle with 
orthogonal emissions using dual NIR excitations for controlled two-way 
photoswitching. Angew Chem Int Ed Engl. 2014; 53: 14419-23. 

144. Ai X, Ho CJ, Aw J, Attia AB, Mu J, Wang Y, et al. In vivo covalent cross-linking 
of photon-converted rare-earth nanostructures for tumour localization and 
theranostics. Nat Commun. 2016; 7: 10432-41. 

145. Vijayaraghavan P, Liu CH, Vankayala R, Chiang CS, Hwang KC. Designing 
multi-branched gold nanoechinus for NIR light activated dual modal 
photodynamic and photothermal therapy in the second biological window. 
Adv Mater. 2014; 26: 6689-95. 

146. Wang X, Wang C, Cheng L, Lee ST, Liu Z. Noble metal coated single-walled 
carbon nanotubes for applications in surface enhanced Raman scattering 
imaging and photothermal therapy. J Am Chem Soc. 2012; 134: 7414-22. 

147. Melancon MP, Zhou M, Li C. Cancer theranostics with near-infrared 
light-activatable multimodal nanoparticles. Acc Chem Res. 2011; 44: 947-56. 

148. Ahmad R, Fu J, He N, Li S. Advanced gold nanomaterials for photothermal 
therapy of cancer. J Nanosci Nanotechno. 2016; 16: 67-80. 

149. Croissant J, Zink JI. Nanovalve-controlled cargo release activated by 
plasmonic heating. J Am Chem Soc. 2012; 134: 7628-31. 

150. Hu SH, Chen YW, Hung WT, Chen IW, Chen SY. Quantum-dot-tagged 
reduced graphene oxide nanocomposites for bright fluorescence bioimaging 
and photothermal therapy monitored in situ. Adv Mater. 2012; 24: 1748-54. 

151. Ding X, Liow CH, Zhang M, Huang R, Li C, Shen H, et al. Surface plasmon 
resonance enhanced light absorption and photothermal therapy in the second 
near-infrared window. J Am Chem Soc. 2014; 136: 15684-93. 

152. Zhang L, Chen Y, Li Z, Li L, Saint-Cricq P, Li C, et al. Tailored synthesis of 
octopus-type janus nanoparticles for synergistic actively-targeted and 
chemo-photothermal therapy. Angew Chem Int Ed Engl. 2016; 55: 2118-21. 

153. Yuan H, Fales AM, Vo-Dinh T. TAT peptide-functionalized gold nanostars: 
enhanced intracellular delivery and efficient NIR photothermal therapy using 
ultralow irradiance. J Am Chem Soc. 2012; 134: 11358-61. 

154. Zhu X, Feng W, Chang J, Tan YW, Li J, Chen M, et al. Temperature-feedback 
upconversion nanocomposite for accurate photothermal therapy at facile 
temperature. Nat Commun. 2016; 7: 10437-47. 

155. Robinson JT, Tabakman SM, Liang Y, Wang H, Casalongue HS, Vinh D, et al. 
Ultrasmall reduced graphene oxide with high near-infrared absorbance for 
photothermal therapy. J Am Chem Soc. 2011; 133: 6825-31. 

156. Lin J, Wang M, Hu H, Yang X, Wen B, Wang Z, et al. 
Multimodal-imaging-guided cancer phototherapy by versatile biomimetic 
theranostics with UV and γ-irradiation protection. Adv Mater. 2016; 28: 
3273-9. 

157. Huang P, Rong P, Lin J, Li W, Yan X, Zhang MG, et al. Triphase interface 
synthesis of plasmonic gold bellflowers as near-infrared light mediated 
acoustic and thermal theranostics. J Am Chem Soc. 2014; 136: 8307-13. 

158. Huang P, Bao L, Zhang C, Lin J, Luo T, Yang D, et al. Folic acid-conjugated 
silica-modified gold nanorods for X-ray/CT imaging-guided dual-mode 
radiation and photo-thermal therapy. Biomaterials. 2011; 32: 9796-809. 

159. Leung SJ, Kachur XM, Bobnick MC, Romanowski M. Wavelength-selective 
light-induced release from plasmon resonant liposomes. Adv Funct Mater. 
2011; 21: 1113-21. 

160. Huang P, Lin J, Li W, Rong P, Wang Z, Wang S, et al. Biodegradable gold 
nanovesicles with an ultrastrong plasmonic coupling effect for photoacoustic 
imaging and photothermal therapy. Angew Chem Int Ed. 2013; 52: 13958-64. 

161. Liu T, Shi S, Liang C, Shen S, Cheng L, Wang C, et al. Iron oxide decorated 
MoS2 nanosheets with double pegylation for chelator-free radiolabeling and 
multimodal imaging guided photothermal therapy. ACS Nano. 2015; 9: 
950-60. 

162. Song X, Chen Q, Liu Z. Recent advances in the development of organic 
photothermal nano-agents. Nano Research. 2015; 8: 340-54. 

163. Huang P, Gao Y, Lin J, Hu H, Liao H-S, Yan X, et al. Tumor-specific formation 
of enzyme-instructed supramolecular self-assemblies as cancer theranostics. 
ACS nano. 2015; 9: 9517-27. 

164. Huang P, Rong P, Jin A, Yan X, Zhang MG, Lin J, et al. Dye-Loaded Ferritin 
Nanocages for Multimodal Imaging and Photothermal Therapy. Adv Mater. 
2014; 26: 6401-8. 

165. Xu L, Cheng L, Wang C, Peng R, Liu Z. Conjugated polymers for 
photothermal therapy of cancer. Polym Chem. 2014; 5: 1573-80. 

166. Lovell JF, Jin CS, Huynh E, MacDonald TD, Cao W, Zheng G. Enzymatic 
regioselection for the synthesis and biodegradation of porphysome 
nanovesicles. Angew Chem Int Ed. 2012; 51: 2429-33. 

167. Yue C, Liu P, Zheng M, Zhao P, Wang Y, Ma Y, et al. IR-780 dye loaded tumor 
targeting theranostic nanoparticles for NIR imaging and photothermal 
therapy. Biomaterials. 2013; 34: 6853-61. 

168. Wang Z, Huang P, Jacobson O, Wang Z, Liu Y, Lin L, et al. 
Biomineralization-Inspired Synthesis of Copper Sulfide–Ferritin Nanocages as 
Cancer Theranostics. ACS nano. 2016; 10: 3453-60. 

169. Chen Q, Liang C, Wang C, Liu Z. An imagable and photothermal 
"Abraxane-like" nanodrug for combination cancer therapy to treat 
subcutaneous and metastatic breast tumors. Adv Mater. 2015; 27: 903-10. 

170. Lovell JF, Jin CS, Huynh E, Jin H, Kim C, Rubinstein JL, et al. Porphysome 
nanovesicles generated by porphyrin bilayers for use as multimodal 
biophotonic contrast agents. Nature Mater. 2011; 10: 324-32. 

171. Chen Q, Ke H, Dai Z, Liu Z. Nanoscale theranostics for physical 
stimulus-responsive cancer therapies. Biomaterials. 2015; 73: 214-30. 

172. Kim H, Chung K, Lee S, Kim DH, Lee H. Near-infrared light-responsive 
nanomaterials for cancer theranostics. WIREs Nanomed Nanobiotechnol. 
2016; 8: 23-45. 

173. Kim C, Favazza C, Wang LV. In vivo photoacoustic tomography of chemicals: 
high-resolution functional and molecular optical imaging at new depths. 
Chem Rev. 2010; 110: 2756-82. 

174. Fried NM, Burnett AL. Novel methods for mapping the cavernous nerves 
during radical prostatectomy. Nat Rev Urol. 2015; 12: 451-60. 

175. Rozycki GS. Surgeon-performed ultrasound: its use in clinical practice. Ann 
Surg. 1998; 228: 16-28. 

176. Egan G, Healy D, O'Neill H, Clarke-Moloney M, Grace PA, Walsh SR. 
Ultrasound guidance for difficult peripheral venous access: systematic review 
and meta-analysis. Emerg Med J. 2013; 30: 521-6. 

177. Wang LV, Gao L. Photoacoustic microscopy and computed tomography: from 
bench to bedside. Annu Rev Biomed Eng. 2014; 16: 155-85. 

178. Kim J, Lee D, Jung U, Kim C. Photoacoustic imaging platforms for multimodal 
imaging. Ultrasonography. 2015; 34: 88-97. 

179. Nie L, Chen X. Structural and functional photoacoustic molecular tomography 
aided by emerging contrast agents. Chem Soc Rev. 2014; 43: 7132-70. 

180. Akers WJ, Kim C, Berezin M, Guo K, Fuhrhop R, Lanza GM, et al. Noninvasive 
photoacoustic and fluorescence sentinel lymph node identification using 
dye-loaded perfluorocarbon nanoparticles. ACS nano. 2010; 5: 173-82. 

181. Dragulescu-Andrasi A, Kothapalli SR, Tikhomirov GA, Rao J, Gambhir SS. 
Activatable oligomerizable imaging agents for photoacoustic imaging of 
furin-like activity in living subjects. J Am Chem Soc. 2013; 135: 11015-22. 

182. Ke H, Wang J, Dai Z, Jin Y, Qu E, Xing Z, et al. Gold-nanoshelled 
microcapsules: a theranostic agent for ultrasound contrast imaging and 
photothermal therapy. Angew Chem Int Ed. 2011; 50: 3017-21. 

183. Li K, Liu B. Polymer-encapsulated organic nanoparticles for fluorescence and 
photoacoustic imaging. Chem Soc Rev. 2014; 43: 6570-97. 

184. Ho CJ, Balasundaram G, Driessen W, McLaren R, Wong CL, Dinish US, et al. 
Multifunctional photosensitizer-based contrast agents for photoacoustic 
imaging. Sci Rep. 2014; 4: 5342-8. 

185. Pu K, Shuhendler AJ, Jokerst JV, Mei J, Gambhir SS, Bao Z, et al. 
Semiconducting polymer nanoparticles as photoacoustic molecular imaging 
probes in living mice. Nature Nanotech. 2014; 9: 233-9. 

186. Fan Q, Cheng K, Hu X, Ma X, Zhang R, Yang M, et al. Transferring biomarker 
into molecular probe: melanin nanoparticle as a naturally active platform for 
multimodality imaging. J Am Chem Soc. 2014; 136: 15185-94. 

187. Zhou Y, Wang D, Zhang Y, Chitgupi U, Geng J, Wang Y, et al. A phosphorus 
phthalocyanine formulation with intense absorbance at 1000 nm for deep 
optical imaging. Theranostics. 2016; 6: 688-97. 

188. Liu Y, Ai K, Lu L. Nanoparticulate X-ray computed tomography contrast 
agents: from design validation to in vivo applications. Acc Chem Res. 2012; 45: 
1817-27. 

189. Seegenschmiedt MH, Makoski HB, Trott KR, and Brady LW. Radiotherapy for 
non-malignant disorders. In: Brady LW, Combs SE, Lu JJ, ed. Medical 
radiology-radiation oncology. New York: Springer; 2008, 147-59.  

190. Liu Y, Ai K, Liu J, Yuan Q, He Y, Lu L. A high-performance ytterbium-based 
nanoparticulate contrast agent for in vivo X-ray computed tomography 
imaging. Angew Chem Int Ed. 2012; 51: 1437-42. 

191. Rabin O, Manuel Perez J, Grimm J, Wojtkiewicz G, Weissleder R. An X-ray 
computed tomography imaging agent based on long-circulating bismuth 
sulphide nanoparticles. Nature Mater. 2006; 5: 118-22. 

192. Sun X, Cai W, Chen X. Positron emission tomography imaging using 
radiolabeled inorganic nanomaterials. Acc Chem Res. 2015; 48: 286-94. 

193. Shen B, Jeon J, Palner M, Ye D, Shuhendler A, Chin FT, et al. Positron emission 
tomography imaging of drug-induced tumor apoptosis with a 
caspase-triggered nanoaggregation probe. Angew Chem Int Ed. 2013; 52: 
10511-4. 

194. Cornelissen B, Able S, Kersemans V, Waghorn PA, Myhra S, Jurkshat K, et al. 
Nanographene oxide-based radioimmunoconstructs for in vivo targeting and 
SPECT imaging of HER2-positive tumors. Biomaterials. 2013; 34: 1146-54. 

195. Wu Y, Sun Y, Zhu X, Liu Q, Cao T, Peng J, et al. Lanthanide-based 
nanocrystals as dual-modal probes for SPECT and X-ray CT imaging. 
Biomaterials. 2014; 35: 4699-705. 

196. Rieffel J, Chen F, Kim J, Chen G, Shao W, Shao S, et al. Hexamodal imaging 
with porphyrin-phospholipid-coated upconversion nanoparticles. Adv Mater. 
2015; 27: 1785-90. 

197. Fan W, Shen B, Bu W, Chen F, Zhao K, Zhang S, et al. Rattle-structured 
multifunctional nanotheranostics for synergetic chemo-/radiotherapy and 



 Theranostics 2016, Vol. 6, Issue 13 

 
http://www.thno.org 

2457 

simultaneous magnetic/luminescent dual-mode imaging. J Am Chem Soc. 
2013; 135: 6494-503. 

198. Mieszawska AJ, Mulder WJ, Fayad ZA, Cormode DP. Multifunctional gold 
nanoparticles for diagnosis and therapy of disease. Mol Pharm. 2013; 10: 
831-47. 

199. Boschi F, Calderan L, D'Ambrosio D, Marengo M, Fenzi A, Calandrino R, et al. 
In vivo 18F-FDG tumour uptake measurements in small animals using 
Cerenkov radiation. Eur J Nucl Med Mol Imaging. 2011; 38: 120-7. 

200. Zhang R, D'Souza A V, Gunn JR, Esipova TV, Vinogradov SA, Glaser AK, et al. 
Cherenkov-excited luminescence scanned imaging. Opt Lett. 2015; 40: 827-30. 

201. Glaser AK, Zhang R, Gladstone DJ, Pogue BW. Optical dosimetry of 
radiotherapy beams using Cherenkov radiation: the relationship between light 
emission and dose. Phys Med Biol. 2014; 59: 3789-811. 

202. Roussakis Y, Zhang R, Heyes G, Webster G, Mason S, Green S, et al. Real-time 
Cherenkov emission portal imaging during CyberKnife(R) radiotherapy. Phys 
Med Biol. 2015; 60: 19-25. 

203. Thorek DL, Das S, Grimm J. Molecular imaging using nanoparticle quenchers 
of Cerenkov luminescence. Small. 2014; 10: 3729-34. 

204. Chan EM, Han G, Goldberg JD, Gargas DJ, Ostrowski AD, Schuck PJ, et al. 
Combinatorial discovery of lanthanide-doped nanocrystals with spectrally 
pure upconverted emission. Nano Lett. 2012; 12: 3839-45. 

205. Liu C, Hou Y, Gao M. Are rare-earth nanoparticles suitable for in vivo 
applications? Adv Mater. 2014; 26: 6922-32. 

206. Sun Y, Feng W, Yang P, Huang C, Li F. The biosafety of lanthanide 
upconversion nanomaterials. Chem Soc Rev. 2015; 44: 1509-25. 


