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Cancer is a highly intelligent system of cells, that works together with the body to thrive and subsequently over-
whelm the host in order for its survival. Therefore, treatment regimens should be equally competent to outsmart
these cells. Unfortunately, it is not the case with current therapeutic practices, the reasonwhy it is still one of the
most deadly adversaries and an imposing challenge to healthcare practitioners and researchers alike.With rapid
nanotechnological interventions in the medical arena, the amalgamation of diagnostic and therapeutic function-
alities into a single platform, theranostics provides a never before experienced hope of enhancing diagnostic ac-
curacy and therapeutic efficiency. Additionally, the ability of these nanotheranostic agents to perform their
actions on-demand, i.e. can be controlled by external stimulus such as light, magnetic field, sound waves and ra-
diation has cemented their position as next generation anti-cancer candidates. Numerous reports exist of such
stimuli-responsive theranostic nanomaterials against cancer, but few have broken through to clinical trials,
let alone clinical practice. This review sheds light on the pros and cons of a few such theranostic nanomaterials,
especially inorganic nanomaterials which do not require any additional chemical moieties to initiate the stimu-
lus. The reviewwill primarily focus on preclinical and clinical trial approved theranostic agents alone, describing
their success or failure in the respective stages.
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Scheme 1. Multimodal applications of inorganic nanomaterials as stimuli-responsive
theranostic agents.
1. Introduction

Cancer ranks among the primary causes of death worldwide, with an
ever-increasing incidence andmortality rate. Extensive basic and clinical
investigations have portrayed cancer as a complex condition composed
ofmalignant and normal cell types,which is one reason for the limitation
of current single modality treatments against highly heterogenous early
stage and advanced tumors [1–4]. Therefore, the combination of surgery,
radio-, chemo- and immuno-therapies is inevitable under current clinical
scenario. Unfortunately, patient heterogeneity and cancer resistance to-
wards different modes of treatments results in poor therapeutic out-
comes, leaving the patients with severe side effects from the treatment
itself [5,6]. Thus, it is of prime importance to optimize patient-specific
therapeutic regimes to achieve highest efficiency and results.

Rapid nanotechnological advancement in medical sciences has
broadened our understanding with regard to subcellular and molecular
cancer pathologies, facilitating the development of a large trove of
custom-designed nanocarrier platforms including, but not limited to li-
posomal, dendrimeric, polymeric and inorganic nanoparticles (NPs)
composed of metals and their oxides, quantum materials and related
metal frameworks [7–10]. These nanomaterials have proven their po-
tential in delivery of therapeutic molecules and other desired cargo,
most of the time exactly to the target regions. Also, they have been
employed as depots and carriers for various payloads, including hydro-
phobic entities, thereby improving the pharmacokinetics and enhance
their stability and retention in blood, in addition to minimizing unde-
sired side effects by providing options for cell/tissue specific delivery
[11,12]. Such nano-theranostic (therapy + diagnosis) probes capable
of detecting and locating tumors that can monitor and regulate treat-
ment response have high appeal [13]. Interestingly, a special class of
highly promising stimuli-responsive ‘smart’ nano-theranostic probes
have recently emerged, distinguishing themselves from conventional
nanomaterials due to their signature trigger-responsive ability [14].
The ‘stimulus’ or ‘trigger’ is a force which initiates a cascade of events,
utilizing the nanomaterial’s intrinsic or other organic/inorganic moiety
assisted unique property, which in turn could be employed for applica-
tions as diagnostic imaging, therapeutics or both simultaneously. These
triggers could be part of the cell/tumormicroenvironment (intrinsic) or
externally generated physical stimulus, with the latter offering superior
spatiotemporal control of acquisition features and nanoprobe monitor
[15–20]. These unique materials have been gaining extensive attention
from the scientific research and medical community, especially owing
to their remote-controllable multifunctional abilities.

Though numerous examples of nanomaterial based therapeutic in-
terventions exist, here we discuss external stimuli-responsive multi-
functional inorganic nanomaterials, for cancer theranostics (Scheme
1). The term ‘external stimuli’ in this review deals with light, magnetic
field, ultrasound, radiofrequency and radiation (X-rays and gamma
rays). These materials integrate ‘controlled’ imaging and therapeutic
modules into a solitary platform, which is a revolutionary advancement
in the path towards highly safe and effective personalizedmedicine.We
provide a detailed account on external stimuli responsive
nanotheranostics that are currently in clinic or under clinical/pre-
clinical stages and aim for this review to be a collective archive of the
most recent progresses in the specified field.

2. Concept of stimuli responsive nanotheranostics

Although their clinical applications are still in the early stages, when
compared with conventional chemotherapy, numerous extensive pre-
clinical studies employing the stimulus-responsive strategies have
been shown to impart better therapeutic efficacy and limited side-
effects [21]. As earlier discussed, specific triggers/stimuli can be broadly
classified under intrinsic- and external-stimuli. ‘Intrinsic-stimuli’, are
restricted to inside body/organism system, with the tumor microenvi-
ronment being an apt example for inducing local stimuli such as pH or
interstitial pressure etc. Another set of parameters apart from the
host’s internal system, termed as ‘external-stimuli’ such as magnetic
field, ultrasound, light, etc. exist [22]. Such modules demonstrate the
ability to specifically initiate and control the therapeutic effects in the
target region (e.g. tumor) with no or minimal effects to adjacent cells/
tissues or organs. Also, certain physical stimuli such as appliedmagnetic
field can aid in enrichment of nanoprobes specifically in the tumor re-
gion resulting in enhanced and localized effects [23]. Most forms of
physical stimuli are able to control nanoprobe internalization and
drug release/distribution in the tumor, thereby greatly improving the
drug efficacy in addition to reducing their systemic toxicity. The effects
of thesematerials are not only limited todirect cancer cell death, but can
concomitantly trigger or boost other allied anti-cancer therapies
resulting in highly effective and multidimensional, synergistic effects
(e.g. by altering the tumor microenvironment). Utilizing such unique
features of these nanomaterials, a range of physical-stimuli activated
studies have been performed.

Photo-induced theranostics, employing photons or light to image/
kill cancer is an extensively explored theranostic module. In such
photo-stimuli strategies, conversion of light energy into either heat or
singlet oxygen (1O2)/reactive oxygen species (ROS) occurs by specific
wavelength light absorbing agents or photosensitizer molecules, re-
spectively. In addition, the stimuli can also serve in imaging of tissues,
viz. optical imaging [24]. Anotherwidely used physical trigger,magnetic
field (MF) is utilized to stimulate magnetic nanomaterials, which can
generate heat under an oscillatingMF, or bemagnetically directed to le-
sion sites. Additionally, a widely utilized application of MF stimuli is for
magnetic resonance imaging (MRI) of tumor tissue [25,26]. Ultrasound
(US) is another mode of stimulus which has been used to trigger site-
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specific therapeutic agent delivery, often utilizing the micro-bubble
(MB) technology [27,28]. Like MF, ultrasound has also been well
established as a mode of imaging under clinical scenario. Longer wave-
length radiofrequency (RF), and shorter wavelength X-rays, have also
been investigate as stimuli for cancer therapy as well as diagnosis
with help of specially designed nanoagents [29,30]. The general mode
of action of stimuli-responsive systems would include the intravenous
(I.V.) (or other administrationmode like intraperitoneal (I.P.)), injection
of the theranostic probe, which passively accumulates in the tumor re-
gion by neovascular leakage utilizing the enhanced permeability and re-
tention effect (EPR). On the other hand, active targeting based on the
receptor-ligand affinity principle, could also be used for more specific
and preferential tumor accumulation. Once target site is reached, pas-
sively/actively, the probes are activated with single or several external
triggers to induce desired theranostic outcomes, that can range from re-
lease of therapeutic agents (on-demand/controlled drug release), alter-
native therapies (thermal, ROS generation etc.) to imaging. Detailed
explanation with suitable examples for each mode of stimulus and re-
sponsive materials is provided herein.

3. Light responsive theranostics

The ease of control and utilization, apart from the spatiotemporal
control of nanoprobes, allows light to act as an effective external trig-
ger/stimulus [31]. Unfortunately, the major issue of finite tissue pene-
tration in this mode severely restricts the use against tumors that are
located deep in tissues. The NIR region (650 to 900 nm) is regarded as
the ‘biological window’ as most of the body components such as blood
and soft tissues are transparent (do not absorb or scatter light) in this
wavelength region, thus granting access to non-invasive, deep tissue
penetration for imaging and therapeutic purpose. Due to reasons such
as wide clinical application in tumor imaging, photosensitizers (PSs)
based cancer killing (local hyperthermia, ROS or 1O2) and features
such as high spatiotemporal precision, real-time dose control adjust-
ment along with the option for on demand switching on and off
modes, have generated high expectation for the light stimulus triggered
theranostics.

Heat and 1O2 generation are two of the most critical effectors in this
mode of therapy. Hyperthermia (HT) effectuated due to heat generated
by the PSs resulting in cell death is known as photothermal therapy
(PTT). Elevating the tumor microenvironment temperature to 42 °C
can not only induce cellular damage, but also render vulnerability to
cancer cells to allied treatments such as irradiation and chemotherapy.
A further temperature increase to 45 °C or above would exert immedi-
ate lethal effects on the cells, negating the need for additional thera-
pies. 1O2 is responsible for causing irreversible damage to
intracellular organelles, also known as photodynamic therapy (PDT).
Interestingly, the extremely short lifespan (b3.5 μs) and highly re-
stricted diffusion (~10 to 20 nm) of 1O2 can be exploited for localized
apoptosis, necrosis, or autophagy induced cell death [32–35]. Likewise,
light-triggered controlled and localized drug release can also be
achieved, leading to site-specific therapy [36]. Apart from these thera-
peutic aspects, the light-based imaging techniques as fluorescence,
photoacoustic (PA) signal and Surface Enhanced Raman Scattering
(SERS) are useful in live bioimaging [37–39]. This section will mainly
focus on the use of light-stimulated theranostic nanoprobes, currently
in pre-clinical and clinical stages.

3.1. Photothermal therapy

Lasers, continuous wave or pulsed, play a central role in PTT by irra-
diating the cancer cells/tissue with an electromagnetic radiation (e.g.
visible or NIR) causing a rapid temperature spike, wherein the incident
light energy is converted to heat (45-3000C), resulting in cell death via
varied mechanisms. In the case of continuous wave lasers, constant
blood perfusion in the target tissue causes notable heat loss, therefore
diluting the HT effect and necessitating the requirement for adequate
energy to compensate the loss in thermal efficiency. On the contrary,
pulsed lasers, with a shorter pulsewidth than the normal thermal relax-
ation time of tissues, can induce acute thermal confinement in the
targeted tissue, leading to severe necrosis. Tuning the laser parameters
and focusing on the target region allows for the sensitization of PSs
and execute the desired imaging or therapeutic effect precisely at the le-
sion, so as not to disrupt surrounding cells/tissues [40,41].

A vast array of inorganic NPs have been developed for theranostic
applications involving light which include gold (Au) nanostructures,
carbon nanomaterials, 2D nanomaterials, semiconductors etc. [42–49].
One example is of Polyethylene glycol (PEG)-tumor necrosis factor-α-
coated Au NPs (CYT-6091) which were able to decrease the interstitial
tumor fluid pressure in a 4T1 murine breast tumor model apart from
curbing the growth of tumors in a SCCVII head and neck tumor model
[42]. CYT-6091 from Cytimmune, a formulation of rhTNF functionalized
PEGylated AuNPs (27 nm) was the first clinical trial product for ad-
vanced solid tumors bearing patients (NCT00356980) [50]. 30 patients
were systemically administrated with CYT-6091 at a previously toxic
dose of rhTNF. Analysis revealed the localization of Au in breast tumor
tissue with absence in adjacent healthy tissue, highlighting the specific-
ity of this formulation. To understand the vascular leakmechanisms and
assess the safety and efficiency of CYT-6091, dynamic contrast-
enhancedMRI is being employed,while Phase II clinical trials are under-
way [51].

An FDA-approved pilot study of AuroLase®, (silica-Au nanoshells
coated with (PEG)) that can thermally ablate solid tumors on stimula-
tion with NIR laser, for PTT (NCT00848042, NCT01679470) was con-
ducted [52,53]. The Au shell performs the NIR-triggered thermal
ablationwhile Si serves as the dielectric core, and PEG imparting overall
particle stability and biocompatibility. The principle findings of this
work, the technology for which was first reported 10 years back,
showed that AuroLase® could induce irreversible thermal damage to
tumors in mice. Furthermore, AuroLase®was tested for brain and pros-
tate cancer treatment, with the latter succumbing to efficient and com-
plete thermal ablation [54–56]. These studies paved way for two
independent clinical trials, first of which (NCT00848042), was report-
edly completed for patients with refractory and/or recurrent head and
neck tumors [52]. The second trial, tested AuroLase® against primary
ormetastatic cancer derived advanced lung tumors, where additionally,
the airway is obstructed. Though the trials are completed, results are as
of yet awaited [53]. AuroLase® is concurrently being investigated as an
allied therapy with RT [57] and imaging along with US-triggered focal
ablation of prostrate lesions at the preclinical level [58]. With respect
to the latter, AuroShell® particles were administered as single I. V. infu-
sion, 12-36 hr prior to US-directed laser irradiation. Negative biopsies
post therapy confirmed the efficient focal ablation of clinically signifi-
cant prostate lesions with minimal healthy tissue damage
(NCT02680535). NANOM FIM, another phase I\II clinical trial
(NCT01270139) completed nanoplatform, based on Si-AuNPs (core-
shell Si-AuNP and core-shell Si-AuNP iron), were recently revealed
[59] that utilize plasmon photothermal strategy to treat atheroma. In
another work, the efficacy of interventional PTT was investigated
against clinical iodine-125 interstitial brachytherapy (IBT) in an
orthotopic xenograft model of human pancreatic cancer. An anti-
urokinase plasminogen activator receptor antibody, PEG, and indocya-
nine green (ICG)modified gold nanoshell system (uIGNs)was adminis-
tered via local injection, followed byPTT (Fig. 1). Each treated lesionwas
monitored at 3-day intervals using bioluminescence imaging (BLI). Final
observations revealed complete ablation of tumors in IPTT uIGN group,
while all other groups had residual tumors.When compared to IBT-125-
I, a 25% higher median survival rate was recorded in IPTT, where com-
plete ablation of tumors was achieved by one-time intervention. This
nanosystem based IPTT competently challenges the conventional treat-
ment strategies and could be developed for translation to potential clin-
ical setting as well [60].



Fig. 1. Evaluation of the therapeutic effects. a) BLI was utilized to continuously monitor the treated lesions at 3 d interval in different groups. b) Photo images of the resected tumors in
different treatment groups at 3 d interval. c) The mice in different groups were monitored for 60 d following treatment and percent survival was calculated. d,e) Tumor tissues treated
by uIGN-mediated IPTT and IBT-125-I were resected post-treatment and H&E stain assay was performed. Large area of necrosis was observed in tumor tissues from both treatment
groups, but residual live tumor cells were only observed in IBT-125-I treated tissues (circled by the dashed line and indicated by red arrow). Reproduced with permission [60].
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One notable application of PTT was against the microscopic residual
disease (MRD), which is responsible for the post-surgery tumor resur-
gence and metastases. A photomechanical product of photothermal
triggering, Au based plasmonic nanobubbles (PNBs), have shownprom-
ise in in vivo, real-time intraoperative detection of MRD. The
endocytosed AuNPs, induce transient, photomechanical vapor NBs
when exposed to a short laser pulse. Here, rather than using the
photothermal application for inducing cell death, it is employed for
the production of PNBs, which in turn are used forMRDdetection by re-
leasing an acoustically recordable pressure pulse specifically from can-
cer cells which differs from normal tissues. Post resection of primary
tumor mass, PNBs can locate MRD in real time, allowing for its removal
till the signal persists. All of the animals (100%) in this treatment regime
had no tumor relapse. However, neither false-positive nor -negative sig-
nals were recorded on PNBs application to Au pretreated head and neck
squamous cell carcinoma (HNSCC). Interestingly, in such cases as
unresectable MRD, the mechanical pulse created by PNBs is sufficient
to destroy cancer cells. This phenomenon is dependent on the PNBs
size which needs to be lethal enough, determined by the incident
laser parameters, otherwise the method remains a diagnostic [61,62].
Hybrid structures like, Au nanorods (AuNRs) coated with a Pt nanodots
shell, enhanced the photothermal effect than the free nanorods. This
was primarily due to prevention of AuNRs aggregation by the Pt shell
in the endosomal/lysosomal compartments, thus conserving the origi-
nal sharp localized surface plasmon resonance (LSPR) of AuNRs [63].
Liu group used GO for the first time for in vivo PTT, subsequently im-
proving the PTT effect further by using reduced GO (rGO), which ex-
hibits a 7-fold increase of NIR absorbance than GO [64]. In certain
cases, as Jiang et al. reported, hybrid structures as Au-Cu9S5 core/shell
NPs can have higher PCE (37%), due to combination of Au and Cu in a
single NP [65]. Similarly, Liu et al. fabricated hybrid, sub-10 nm
Fe3O4@Cu2–xS core-shell NPs with maximum absorption at ~ 960 nm,
and accurate control of PCE by simply tuning the concentration of Cu
[66].

3.2. Photodynamic therapy

PDT is fast emerging as a highly promising cancer treatment option,
with organic/inorganic photosensitizers being its fundamental tools.
PSs, upon laser exposure, transfer the absorbed energy to adjacent mo-
lecular oxygen, causing formation of ROS (e.g. 1O2) or free radicals,
which initiate apoptosis resulting in death of diseased tissue. While
PTT requires higher laser power intensity to induce hyperthermia, PDT
uses much lower light intensity for cell death. Other highlights of PDT
are its negligible invasiveness, lower damage to hemopoietic and im-
mune system and lower toxicity incidences culminating in safer treat-
ment option for patients. An ideal PS is expected to possess negligible
dark-toxicity, high quantum yield of triplet state formation with rele-
vant triplet lifetime for interaction with ground state oxygen for the
generation of ROS. However, many PSs, especially organic PSs, suffer
from lack of tumor selectivity, toxicity, photodegradation/sensitivity
and a maxima absorption above 700 nm. Recent years have seen a
steady emergence of inorganic nanomaterials serving as PSs, which
claim to overcome the drawbacks of conventional organic PSs [67–72].

Upconversion NPs (UCNPs) owing to their large anti-Stokes shifts,
deep tissue penetration, narrow band emission, and high
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spatiotemporal resolution, have found extensive use in imaging and
PDT [73,74]. Conventional UCNPs have excitation at 980 nm, similar
to where water has significant absorption, raising concerns that the
cell killing could be due to overheating effect. Alternatively, NaYbF4:
Nd@NaGdF4:Yb/Er@NaGdF4 core-shell-shell NPs loaded with Chlorin
e6 and folic acid was synthesized for synchronous imaging and PDT.
The excitation wavelength of 808 nm for the NPs negates the absorp-
tion of water thus facilitating high energy transfer efficiency and gen-
eration of cytotoxic 1O2. Moreover, the efficient 1O2 generation
beneath 15-mm thick muscle tissue highlighted the higher penetra-
tion depth of this system, implying its ability to effectively terminate
intrinsic tumors or core of larger tumors through PDT [75]. Another
potential PDT candidate is titanium dioxide (TiO2) which exhibits
minimal dark cytotoxicity complemented by its excellent responsive-
ness to ultraviolet (UV) light for inducing cytotoxicity, however suffers
from the conventional drawback of restricted tissue penetration of UV
light. Therefore, an NIR light activated core/shell nanocomposite of
UCNP and TiO2 nanocrystals (UCNPs@TiO2 NCs) were designed
where, NaYF4:Yb3+,Tm3+@NaGdF4:Yb3+ core/shell UCNPs compe-
tently generate UV emission from NIR light by converting the latter
to shorter wavelength light, correlating with the absorption of TiO2

shell. These UCNPs@TiO2 NCs, upon NIR light trigger, are able to gen-
erate intracellular ROS resulting in disrupted mitochondrial mem-
brane potential that sequentially induces apoptosis. Utilization of NIR
light for the activation of UCNPs@TiO2 provides better tissue penetra-
tion than UV irradiation and better PDT of tumor-bearing mice [76]. In
another work, folic acid (FA)-modified NaGdF4:Yb/Tm@SiO2@TiO2

nanocomposites (FA-Gd-Si-Ti NPs) were developed for MRI and NIR-
responsive inorganic PDT, where NIR light could excite TiO2 thanks
to the upconversion light (UCL) performance of NaGdF4:Yb/Tm
which convert NIR to UV light. These nanocomposites showed good
biocompatibility and were efficient T1-weighted MRI (T1-W MRI)
contrast agents with bright signals at xenografted tumor site in nude
mice (longitudinal relaxivity (r1)=4.53 mm-1s-1). Furthermore, PDT
of MCF-7 breast cancer tumor-bearing mice showed nearly 88.6%
tumor inhibition after a 2-week treatment regime [77]. Meanwhile,
another class of biocompatible UCNPs was developed with highly am-
plified red-emissions, a 15-fold stronger absolute upconversion quan-
tum yield (3.2%) than conventional β-phase core/shell UCNPs.
Significant PDT effect in deep-tissue (N1.2 cm) tumors was experi-
enced, on conjugating aminolevulinic acid (5-ALA), a clinically ap-
proved PDT prodrug that requires red light excitation, to the UCNPs.
Furthermore, the NIR based UCNP-PDT system clearly outperformed
the clinically used red light irradiation, thus signifying the utilization
of UCNPs to effectively access and induce PDT in deep seated tumors
when compared to excitation of conventional PS alone. These findings
reveal the potential for a wider application of UCNPs in upconverting
red radiation in photonics and biophotonics [78]. Subsequently, a dual
therapeutic nanocomposite, doxorubicin (DOX)-loaded NaYF4:Yb/Tm-
TiO2 (FA-NPs-DOX) was synthesized for NIR-stimulated PDT and DOX-
mediated chemotherapy against multidrug resistant (MDR) breast
cancers. FA-mediated targeting alleviated cellular uptake of NPs
followed by ROS generation from TiO2 inorganic PSs under 980 nm
laser irradiation, utilizing the UCL performance of NaYF4:Yb/Tm. Accel-
erated release of DOX was achieved resulting in an inhibition rate of
90.33% in the drug-resistant MCF-7/ADR tumors, compared to free
DOX, highlighting the dual mode therapeutic efficiency of augmented
chemotherapy and NIR-mediated inorganic PDT by the nanocompos-
ites [79]. Another example of NIR light triggered PDT based on a hy-
brid multifunctional nanoconstruct comprising of UCNPs and a PS
zinc(II) phthalocyanine (ZnPc) was reported. ZnPc were anchored
close to the UCNPs by a folate-modified amphiphilic chitosan coating
on the latter, to facilitate resonance energy transfer from UCNPs to
ZnPc. Higher ROS generation, under a 1cm tissue, was observed on
980 nm light excitation of UCNPs than with 660 nm irradiation of
ZnPc. In vivo NIR-PDT of deep-seated tumors demonstrated a 50%
tumor inhibition ratio compared to conventional visible light-
triggered PDT (tumor inhibition ratio of 18%) [80].

Other inorganic nanomaterials, apart from UCNPs have also recently
been reported for PDT. Copper sulfide (Cu2–xS) NCs, due to their plas-
monic nature have gained considerable attention as materials for PTT.
Earlier reports have linked the photoinduced cell death to photothermal
heat generation by these NCs, with lack of any direct proof of their pho-
todynamic properties. Interestingly, it was observed that apart from the
high PTT efficacy, these Cu2–xS NCs could also generate high levels of
ROS on NIR-activation, which were observed under both in vitro and
in vivo scenarios [81]. Similarly, Au nanoshells, whichhave been studied
for their NIR-induced thermal competency were also observed to per-
form PDT, apart from fluorescence emission and sensitizing formation
of 1O2. Fluorescence emission spectra and DPBF quenching studies con-
firmed NIR photoirradiation induced 1O2 generation. It was observed
that Au nanoshells mostly exert PDT upon low dose (∼150 mW/cm2)
980 nm irradiation to suppress B16F0 melanoma tumors and demon-
strating the nanoconstructs’s multi-functional theranostic potential
(fluorescence imaging/PDT/PTT) [82]. Similarly, poly(acrylic acid)
(PAA)-coated Cu2(OH)PO4 quantum dots (QDs), exhibiting strong NIR
photoabsorption and excellent PCE were developed, which could in-
duce the photoactivated formation of ROS (PDT) and PTT as well. In
vivo phototherapeutic analysis of solid tumors demonstrated significant
antitumor effects of Cu2(OH)PO4@PAA upon 1064-nm laser excitation,
without any adverse effects on normal tissues and organs. Cu2(OH)
PO4@PAA additionally provides NIR irradiated photoacoustic tomogra-
phy (PAT) imaging contrats to visualize tumors and thus serve as mul-
tifunctional theranostic platform [83].

3.3. Light-triggered drug delivery

Apart from the two strategies mentioned above (PTT/PDT), light-
sensitive materials are being widely acknowledged as on-demand
drug delivery and release agents. Light-responsive drug release systems
have been fabricated employing such mechanisms as, photo-
isomerization, photocrosslinking/decrosslinking, photosensitized oxi-
dation, light-triggered polarity switching, photo- or photodegradation
of the polymer backbone [84]. As explained earlier, the limited tissue
penetration of 600-700 nm light, which is the working range of most
PSs used for PDT, is a major drawback. Also, as previously mentioned,
UCNPs can absorb light greater than 800 nm but emit visible or NIR
lightwith narrowbandwidth. Utilizing this phenomenon in chemother-
apy, a multifunctional UCNPs system with mPEG-COOH, PS Ce6 and
ROS-cleavable thioketal-conjugated camptothecin (CPT) was formu-
lated. UCNPs, at 980 nm laser irradiation convert light to 645–675 nm
region, thus exciting the PS Ce6 and inducing ROS generation for PDT,
while simultaneously cleaving the thioketal-CPT linker for effectuating
chemotherapy. Also, the activated Ce6 can be used for imaging based
on its fluorescence emission. Unlike smaller organic dye candidates,
the conjugated polyelectrolytes’ (CPEs) backbone can harbor enough
light absorbing units, responsible for laser-stimulated high absorption
coefficient resultantfluorescence. The combination of CPEs that can pro-
duce ROS and cleave thioketal groups releasing the anticancer drugDOX
simultaneously, form an efficient controllable light-stimulated ROS re-
sponsive drug delivery/PDT system [85]. Cholesteryl succinyl silane
(CSS) nanomicelles encapsulating DOX, Fe3O4 magnetic NPs, and Au
nanoshells were fabricated as a multi-component/functional drug-
delivery system. These composite nanomicelles exhibit an 808 nm NIR
laser-induced temperature increase which also results in gradual DOX
release. The Tm value of these CSS nanomicelles is high, thus requiring
high temperature for its destabilization. This is particularly beneficial
when considering the on-demand release of DOX only upon NIR irradi-
ation of theAu nanoshellswhich in turnwould elevate the local temper-
ature, loosening the micelles and effecting drug release, thereby
minimizing undesired leakage of drug during circulation [86]. In an-
other work, DOX loaded, PEGylated mesoporous Si (MS) coated
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single-walled carbon nanotubes (SWNTs), SWNT@MS-PEG were
employed for NIR-triggered PTT and associated DOX release to create
a synergistic dual-mode anti-cancer therapy [87]. Au-basedNPs that ab-
sorb NIR light have shown the potential to selectively target and treat
cancer through highly efficient light-to-heat conversion. In another ex-
ample, NIR light-triggered release of docetaxel from an Au nanoshell-
based DNA host complex, and lapatinib from nanoshell-based DNA
and human serum albumin host complexes, was demonstrated. Localiz-
ing drug delivery, both spatially and temporally by combining Au
nanoshell-based complexes and pulsed-laser irradiation was proven in
this work leading to highly controlled drug delivery that can apply to
a myriad of therapeutic applications [88].

3.4. Optical imaging

Optical imaging is a significant, convenient and powerful technique
that relies on fluorescent probes to record information of biological en-
tities ranging from individual cells to tissues and organs.With hallmarks
as obvious image contrast, fast response, high sensitivity, controllable
targeting and minimal damage to healthy tissues, it has been under ex-
tensive use for diagnosingmalignancies or drugdistribution andmetab-
olism monitoring. Taking into consideration that some biological
entities as blood show visible region auto/self-fluorescence, fluorescent
probes are designedwith strongNIR region (700–1400 nm) absorbance
to avoid any overlap. Compared with NIR fluorescent organic dyes (cy-
anine, rhodamine, squarain etc.), NIR-light-emitting inorganic NPs are
endowedwith considerably higher colloidal and photo stability in addi-
tion to superior blood longevity [89,90]. Among these, UCNPs due to
their NIR-triggered non-blinking visible emission and excellent
photostability exhibit high resolution UCL imaging. A range of UCNPs
have been manufactured for application in UCL optical image-guided
cancer therapy [91]. For example, NaYbF4:Er UCNPs were developed
for similar purpose. Apart from the fluorescence imaging and cancer
therapy potential, due to the presence of Yb, the NPs also have strong
X-ray attenuation ability and thus function as a multimodal theranostic
system[92]. Few metallic NPs such as Au nanocrystals (AuNCs) have
drawn great interest recently due to their excellent fluorescence prop-
erty. Small AuNCs (b2 nm) have displayed ultrabright fluorescence,
low toxicity, and high photostability, features which could be exploited
in in vivo imaging. Feng et al., developed advanced theranostic micelles
by incorporating transferrin (tumor targeting), docetaxel (therapy) and
AuNCs resulting in significant tumor accumulation, excellent tumor kill-
ing accompanied with enhanced fluorescence imaging [93].

QDs have also been extensively investigated as potential bioimaging
agents. Conventional II-VI type semiconductor crystalline QDs (i. e.
CdSe), despite their bright fluorescence, have shown toxic tendencies
due to the present of heavy metals. Meanwhile, certain fluorescent
QDs devoid of heavy metals such as fluorescent CDs, have exhibited
wavelength-dependent luminescence, commendable biocompatibility
and low toxicity profile making for promising theranostic agents [94].
Similarly, another member of carbonaceous nanomaterial family,
graphene QDs (GQDs), with excellent photoluminescence properties,
have also been investigated as a PSs for PDT in recent years [95]. Usually,
IR based fluorescence imaging was performed in the 1st NIR window
(NIR-I, 700–1000 nm), with weak sensitivity and signal to-noise ratio
and more importantly shallow tissue penetration. Incidentally, QDs
with emission in the 2nd NIR window (NIR-II, 1000–1400 nm) have
been recently explored as alternatives. Ag2S QDs are a good example
of NIR-II QDs, with high tissue invasion, bright fluorescence, good spa-
tiotemporal resolution and blood longevity. Wang et al. designed
PEGylated Ag2S QDs for the real-time detection and visualization of
early-stage tumors (Fig. 2) where the tumor contour and vascular mi-
crostructures were precisely recorded, along with monitoring real-
time drug release and tumor therapy [96]. Another prospective high
sensitivity imaging modality, SERS, derives significantly enhanced
Raman signals from biomolecules adsorbed on some noble metals.
Owing to their strong LSPR, remarkable physico-chemical stability, fac-
ile surface modification and good biocompatibility, Au nanostructures
arewidely investigated and applied as SERS substrates [97]. A colloidally
stable, high drug load yolk-shell Au-based nanoplatform (AuNR@void@
mTiO2 NPs) was designed by Zhang et al., for real-time SERS imaging-
based theranostics. Compared to spherical AuNPs, differently shaped
AuNPs provided better imaging due to their strong SPR in the NIR re-
gion, having great potential in deep tissue applications [98].

3.5. Photoacoustic imaging

PAI utilizes the acoustic wave signals generated by the transient
thermoelastic expansion of target tissues due to absorption of non-
ionizing laser pulse. It can detect the hemoglobin oxygenation state, as
the ultrasonic emission intensity and the signature optical absorption
contrasts for different biological tissues are proportional. High absorp-
tion of PAI agents is directly proportional to the thermal generation,
which can be used for high specificity tumor ablation [99,100]. Au
nanomaterials have been favorites as PAI agents for their tunable optical
properties and acceptable signal-to-noise ratio [101]. Ye et al. demon-
strated the excellent enhancement of PA signals from AuNTs
(300–700 nm) under high efficiency NIR-SPRmode excitation, facilitat-
ing the easy observation of AuNTs’ EPR mediated accumulation in tu-
mors [102]. Another work utilized red emitting CDs (500 to 800 nm
with peak at 640 nm) with high PCE (η = 38.5%) for multimodal fluo-
rescence/PAI and thermal (PTT) theranostics [103]. Song et al., devel-
oped novel AuNR vesicles (~60 nm) from small AuNRs (~8 × 2 nm)
functionalized with PEG and PLGA for image-guided PTT of cancer.
The AuNR@PEG/PLGA vesicles degrade into small hydrophilic AuNR@
PEG due to hydrolysis of PLGA. The robust interparticle plasmonic cou-
pling greatly enhances the PCE and PA signal of AuNR vesicles in com-
parison with AuNRs. Prominent tumor uptake of I.V. injected AuNR
vesicles to U87MG tumor mice was observed with strong PA signals
from the target site, confirmed by continuous enhancement of 2D and
3D PA images and intensities over time [104]. A major obstacle towards
better brain tumor therapy in patients is the delineating of tumor mar-
gins from normal tissue, aided by the weak sensitivity, specificity, and
spatial resolution of current imaging methods. To address this issue,
Kircher et al., synthesized unique triple-modality picomolar sensitivity
MRI-PA-SERS NPs (MPR) that could accurately delineate the brain
tumor boundaries in mice both pre- and intra-operatively (Fig. 3). I.V.
injection of MPRs to glioblastoma (GBM)-bearing mice caused the
MPRs to specifically accumulate in the tumors, facilitating for MRI-PA-
SERS modalities mediated non-invasive tumor demarcation through
the intact skull. Raman imaging assisted intra-operative tumor resec-
tion, and subsequent histological observations validated the accuracy
of SERS in delineating brain tumor margins [105]. In another work,
CuS loaded Cy5.5-conjugated hyaluronic acid NPs (HANP) was devel-
oped for theranostic purpose. Degradation of the tumor-internalized
composite by hyaluronidase leads to bright Cy5.5 fluorescence, delin-
eating the tumor from surrounding tissue. Post I.V. administration to
SCC7 tumor-bearing mice, prominent fluorescence and PA signals
were recorded from the tumor over time, with a signal maxima at 6 h
with tumor-to-normal tissue ratio of 3.25 for optical and 3.8 for PA im-
aging. Tumor irradiationwith anNIR laser resulted in highly efficient in-
hibition (89.74% on day 5) [106].

4. Magnetic responsive theranostics

Magnetic NPs (MNPs), due to their unique intrinsic properties, have
been receiving much attention for their magnetic responsive enhanced
applications in the biomedical field, most renowned being MRI. Unlike
optical modules, magnetic fields at frequencies below 400 Hz, are not
readily absorbed by tissues, granting remote monitoring/manipulation
without physical contact. MNPs, on stimulation with permanent or



Fig. 2. In vivo real-time visualization of tumor-induced angiogenesis. NIR-II fluorescence images of the 4T1 mammary tumor-bearing mouse. Fluorescence images were acquired after
30 min post I.V. injection of PEGylated Ag2S QDs (1 mg/mL, 200 mL) on day 5, 8, 15 (a) and 21 (b) after 4T1 tumor transplantation, respectively. Red arrow unambiguously visualized
the tumor-induced angiogenesis in vivo with the help of NIR-II PEGylated Ag2S QDs, whereas the white arrow located the 4T1 tumor. (c) Daylight image of the tumor extracted from
mouse. (d) NIR-II fluorescence image of the tumor. (e) Color photo of U87MG tumor-bearing mouse. (f) Amplified fluorescent image of the selected region in (e). (g) A cross-sectional
intensity profile measured along the red-dashed line in (f) with its peak fitted to Gaussian functions. Reproduced with permission [96].
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alternating magnetic fields (PMF/AMF) can be employed for remotely-
controlled drug delivery, HT and imaging-guided therapy [107,108].

4.1. Magnetic hyperthermia (MHT)

Thermal ablation is emerging as one of the most reported types of
therapy for solid tumors and super paramagnetic iron oxide NPs
(SPIONs) have been extensively researched in this regard. HT therapy
applying iron oxide NPs (IONPs) involves administration of an IONPs
fluid to the tumor, with subsequent AMF application, which effectuates
NPs heating and consequent ablation. A temperature rise of 41- 46 °C
can impart severe effects to both cells and tissues, as a result of heat
stress induced higher heat-shock protein expression, protein denatur-
ation/folding and apoptosis. Specifically in tissues, the temperature
spike promotes pH change, perfusion and oxygenation of the tumormi-
croenvironment, with persistent higher temperature leading to necrosis
[109–111].

Clinical studies on HT using IONPs for prostate cancer and GBM pa-
tients were commenced in 2007 (NCT02033447 and DRKS00005476)
[112,113]. Johannsen et al. transperineally administered IONPs fluid
into the prostate of 10 patients followed by 6 thermal therapies of
60 min duration at weekly intervals. A maximum temperature of 55°C
was achieved in the prostate, median tumor temperature being 40.7°C
and 40.2°C in peritumoral zones. Eventually, another clinical study ex-
plained the concept of interstitial heating of IONPs which was well tol-
erated in locally recurrent prostate cancer patients. The study also
revealed the highly durable deposition of NPs in the prostate [114].
Parallelly, Maier-Hauff et al. investigated the effects and tolerant levels
of thermotherapy in recurrent GBM patients. 4 - 10 thermotherapy cy-
cles were conducted, with a 44.6 °Cmedian intratumoural temperature
(Fig. 4) and it was concluded that IONPs-thermotherapy was well-
tolerated by individuals with minimal to no side effects. A clinical
study conducted few years later revealed a median overall survival of
13.4months post-diagnosis of first tumor recurrence,whichwas a com-
mendable enhancement to the 6.2 months in other reference studies
and the median overall survival after primary tumor diagnosis was
23.2 months, compared with just 14.6 in the reference groups [115].

More recently, HT was employed by Matsumine et al. in metastatic
bone tumor patients. A composition of ‘Bare’magnetite NPs and calcium
phosphate cement, a biocompatible bone substitute, were implanted
following initial surgical intervention. A 15 min therapy was given to
patients every alternate day, beginning on the 8th day post-surgery. Re-
sults indicated a lesion reduction of 32% with visible bone formation,
while 64% were devoid of any progressive lesions for a period beyond
3 months and only 4% had negative therapeutic response [116]. Al-
though promising, development of MHT therapies are still in infancy
and extensive research at the preclinical and clinical level need to be
performed for its approval as a standard of care treatment. Also, ques-
tions regarding the distribution of IONPs with MHT, and peritumoural
tissue damage, need to be thoroughly assessed. To answer these issues,
a phase 0 clinical trial regarding the MNP thermo-ablation-retention
and maintenance in the prostate was carried out by University College
London Hospitals (NCT02033447). The study is to govern the actual lo-
cation of MNPs and track them from the injected site through to sensi-
tive regions surrounding the prostate. Meanwhile, a new open-label,
randomized clinical trial is being conducted by MagForce, employing
MHT to treat GBM patients (DRKS00005476). The trial, proposed to en-
roll ~285 patients, is being conducted to assess the practicability and
safety of MHT as an independent or combination (RT) therapy
employing NanoTherm®, commercial IONPs. Recently, PEGylated mag-
netite NPs, intratumorally injected into epidermoid carcinoma xeno-
graft mice were able to restrict tumor growth via MHT. The different
timepoint thermographic IR data taken duringMHT exhibited increased
temperatures in the tumor site injectedwith NPs whereas no such tem-
perature risewere recorded from other regions. An interesting observa-
tion was that the heating capacity of these NPs was considerably



Fig. 3. Triple-modality detection of brain tumors in live mice with MPRs. Three weeks after orthotopic inoculation, tumor-bearingmice (n= 4)were injected I.V. withMPRs (16 nM, 170
μl). PA, Raman andMRI of the brain (skin and skull intact) were acquired before and 2 h, 3 h and 4 h after injection, respectively. (a) 2D axialMRI, PA and Raman images. The post-injection
images of all threemodalities demonstrated clear tumor visualization. The PA and Raman imageswere co-registeredwith theMR image, demonstrating good co-localization between the
threemodalities. (b) 3D-rendering ofMR imageswith the tumor segmented (red; top); overlay of 3D PA images (green) overMRI (middle); and overlay ofMRI, segmented tumor and PA
image (bottom) showing good co-localization of the PA signalwith the tumor. c. Quantification of signal in the tumor shows significant increase inMRI, PA and Raman signals before versus
after the injection (“***” indicates P b 0.001, “**” indicates P b 0.01). Error bars represent s.e.m. AU, arbitrary units. Reproduced with permission [105].
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diminished upon cellular internalization but had good effect in the in-
terstitial extracellular space. Besides, the MHT-induced extracellular
matrix destruction increased the drug penetration as was documented
by the excellent curb on tumor progresssion [117].

4.2. Magnetic resonance imaging

MRI is an indispensable medical diagnostics tool, offering non-
invasive, detailed real-time spatial resolution and soft tissue contrast
without use of potentially harmful ionizing radiation or radiotracers.
MRI works as a result of the magnetic moment alignment of protons
within a sample on application of a large external MF. In the case of
MRI using SPIONs, coupling of their magnetic moment with those of
nearby protons causes spin dephasing and the proton relaxation time
shortening. To improve the sensitivity of MR signals from the back-
ground, various T1-W and T2-W contrast agents are continuously
being developed. T1-W contrast NPs based on Fe, Gd and Mn are apt
for documentingmorphological information,while T2-W contrast is ap-
plicable for edema and inflammation detection, where IONPs are often
employed [118–121]. The United States Food and Drug Administration
(FDA) in December 1996, approved GastroMARK (AMAG Pharmaceuti-
cals), an aqueous suspension MRI contrast medium of silicone coated,
SPIONs, for oral administration for enhanced delineation of the bowel
from adjacent organs and tissues. The approval of SPIONs based
GastroMARK was considered a landmark moment in clinical
nanomedicine that spurred research interest in this field [122]. Conse-
quently, a slew of novel SPION-derivatives were developed, few were
approved by the FDA and the European Commission (EC) as well for
clinical use. On the other hand, the clinical trials employing SPIONs con-
siderably increased, broadening their prospective biomedical applica-
tions. However, 16 years on, only GastroMARK and ferumoxytol are
available commercially. Ferumoxytol are ultra-small SPIONs (USPIONs),



Fig. 4. Preoperative MRI with glioblastoma multiforme infiltrating the right posterior horn of the ventricle (left). The postoperative CT shows the MNPs as hyperdense areas within the
tumor tissue (right). Three-dimensional reconstruction (MagForce NanoPlan software) of a skull with a frontal GBM after MRI and CT. Calculated 42 °C treatment isotherm surface
(transparently red) enclosing the whole tumor (brown), thermometry catheter (green), ventricle (light blue). Reproduced with permission [115].
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(~17–31 nm), coated with polyglucose sorbitol carboxymethylether
[123]. Early clinical trials, demonstrated the superiority of ferumoxytol
over traditional I.V. iron treatments, which had several safety concerns
including inadequate dosage and systemic side effects, that were over-
come with improved pharmacokinetics and facile administration
modes. Another application of Ferumoxytol in several clinical trials is
for imaging of diseases, ranging from multiple sclerosis to various can-
cers (e.g. prostate, bladder, breast, lung, ovarian, etc.) to heart condi-
tions and type 1 diabetes [124]. In one of the study, a commonly used
MRI contrast agent gadoteridol is directly compared with ferumoxytol,
in a patient with GBM [125]. Gadoteridol agents are connected to
nephrogenic systemic fibrosis, thereby limiting its use in patients with
low glomerular filtration rates. Ferumoxytol, is projected as an attrac-
tive candidate to address this issue. T1-W and T2-W images of a pa-
tient’s brain tumor for gadoteridol (background precontrast) and
ferumoxytol (24-hour lag) were recorded and was found that
ferumoxytol enhanced contrast in areas where gadoteridol could not.
This enrichment of contrastwas attributed to the presence of inflamma-
tory cells, as ferumoxytol is a NP and is engulfed by macrophages. In
2003, Harisinghani et al. documented high-resolution MRI in patients
with prostate cancer using IONPs where small and otherwise undetect-
able lymph-node metastases could be monitored, projecting the excel-
lent sensitivity and specificity of the technique [126]. These results
and the like prompted an increase in the number of clinical trials
using IONP-enhanced MRI for the detection of sentinel lymph nodes
in prostate cancer,with bladder, breast, and renal cancers, amongothers
also being investigated (see Table 2). Clinically, Gd-chelates are the fre-
quently employed I.V. T1-W MRI contrast agents owing to their high
contrast and biocompatibility. For instance, a Gd-based T1-WMRI con-
trastmedia with high realxivity value (21.89mM-1s-1) was synthesized
by Chen et al. This value is significantly higher to that of Omniscan (4.64
mM-1 s-1), a commercially available agent, demonstrating the former’s
broad prospect for clinical application [127]. Lin et al. developed com-
plexes based onGd (MSN-Gd) for better performance inMRI guided im-
aging and therapy [128]. Mn-based complexes have also been studied
for T1 contrast ability as they display excellent paramagnetism, com-
mendable contrast and better biocompatibility than Gd complexes. Sig-
nificantly enhanced T1-W MR signals and long tumor persistence time
were obtained with Mnmetalloporphyrins such as all-round porphyrin
dyad NPs (TPD NPs) with inner metal free porphyrin (PS) and exterior
Mn-porphyrin (T1 MRI contrast agent), which was responsible for the
signal enrichment in tumor, and additionally facilitated uptake of NPs
by tumor cells, thus resulting in good MRI contrast. Similarly, T2-W
MRI has also been widely practiced with SPIONs as the preferred con-
trast media [129]. Another example is of RGD modified Fe3O4 NPs (2.7
nm), with relatively high r1 relaxivity (r1=1.4 mM-1s-1) for tumor
MRI [130]. SPIONs have generally been a negative contrast enhance-
ment agent, by darkening T2-W images, but could be tailored for posi-
tive contrast enhancement in T1-W scans as well, conventionally
provided by relatively toxic Gd chelates. For example, a SPION formula-
tion exhibited twofold T1 contrast improvement as against commercial
Gd-based clinical standard [131]. Further, deimmunized mouse mono-
clonal antibody (muJ591)were conjugated to SPIONs to specifically tar-
get a prostate biomarker for tumor targeted diagnostic agent [132].
Despite several advantages discussed herewith, MRI suffers from de-
layed imaging rate, weak accuracy and sensitivity, along with systemic
toxicity of few commonly used contrast media. More attention and ef-
forts are required to fashion safer and improved MRI contrast agents
for biomedical applications.

4.3. Magnetic guided drug delivery

IONPs have been recently employed as nanocarriers for various bio-
active molecules, some even under clinical settings. Several prominent
chemotherapeutics have been delivered by SPIONs to cancer tissue
[133]. Liu et al. designed a magnetically controlled drug release system
composed of a collapsible iron oxide core immersed in a H2O-vitamin
B12 solution and a fast-breathing nanosized two-layer shell of thermo-
labile polymer (PEO-PPO-PEO), and a stabilizing cross-linked outer
shell. An externally magnetic field heated the nanocapsule causing vol-
ume change and eventually, disruption of outer shell will effectuate
drug release. On exposure to high frequency AMF (HAMF), heat is gen-
erated in the superparamagnetic cores of nanocarriers which boosts
drug release, a phenomenon termed as the MHT effect [134]. Once
again, DOX (hydrophillic) and IONPs were encapsulated in a poly
(vinyl alcohol) (PVA) coat, with hydrophobic PTX. Switching ON and
OFF a 50 kHz external magnetic field, regulated the release rate of
both drugs which increased (ON) and decreased (OFF), respectively,
showcasing the potential of SPIONs as on-demanddrug releasemodula-
tors by merely regulating the AMF intensity and duration [135]. In an-
other study, DOX was conjugated to MNPs (fluidMAG-CMX) and
under an OMF the magnetically triggered release studies were per-
formed. Significantly higher DOX release (70%) was recorded under
the OMF. Additionally, in vivo experiments revealed that the tumor-
curbing efficiency of CMX–DOX NPs was significantly higher under a
magnetic field, than controls [136]. In a different setting, magnetic
polymerosomes loaded with DOX was shown to exhibit regulated
drug release under RF magnetic stimuli, leading to dual therapy:
chemo as well magnetic hyperthermia. The HT effect of USPIOs was at
work here, inducing polymersomes' membrane permeability, which
melts the semicrystalline polycarbonate block leading to controlled
drug release pattern [137].
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5. Ultrasound responsive theranostics

In US imaging, which is an established clinical medical imaging tool,
the image is created by tissue-reflected US waves which have density
difference from the surrounding medium. However, a major issue is
the compressibility of vasculature or other blood containing tissues
due towhich the obtained contrastmay not be obvious enough, the rea-
son why contrast enhancement agents are indispensable. US, as with
the othermodes of imaging discussed so far, is also non-invasive, and al-
lows for spatiotemporal control with millimeter precision [138–140].
Apart from imaging, a focused US beam can induce drug release via lo-
calized heating due to the accumulation of acoustic energy at the fo-
cused region [141]. To overcome the inferior image resolution of US as
compared to MRI or X-ray CT, US imaging contrast agents (UCAs) are
widely employed in clinical examinations. UCAs are acoustically active
to externally applied US energy, thereby amplifying echo signals and
in turn enhancing image resolution based on differential echogenicity
[142]. The larger acoustic impedance difference between solid phase
and soft tissues implies that compared to softer UCAs, inorganic NPs
with rigid structure can provide better US imaging resolution. Shklyar
et al. emphasized that the aggregates of nano metal oxides (Al2O3,
FexOy and ZrO2) in aqueous media could efficiently contribute to the
Fig. 5. TEM images of GNMs at different stages of the fabrication route; in vitro US contrast imag
kidney before (f) and after (g) administration of GNMs. Reproduced with permission [152].
US image brightness, though theoretically, individual NPs (~50 nm)
seem acoustically inactive, which implied that the acoustic signal inten-
sity and aggregation degree were directly correlated. These observa-
tions have inspired a new aggregation-modulated image
intensification mechanism, wherein target cells are treated with large
NP aggregates, for real-time US imaging [143]. Among the varied inor-
ganic nanomaterial UCAs, SiNPs due to their low toxicity, low hemolytic
activity and relatively higher biodegradability have found special atten-
tion and FDA approval as well. Chiriaco et al. studied Si nanospheres for
enhancing US imaging utilizing conventional diagnostic frequencies
(7.5 to 10MHz), with an emphasis on the size-effect of SiNPs on US im-
aging backscatter. It was determined that b50 nm NPs at lower concen-
trations could hardly be detected; whereas, prominent peaks of US
backscattering were recorded with ~330 nmNP aggregates at relatively
higher frequencies (3.5 and 4.5 MHz) [144]. Jokerst et al. developed a
300 nm SiNPs based tri-modal imaging (fluorescent, MRI and US) sys-
tem for stem cells. It was revealed that intracellular SiNPs aggregation
amplified the US backscattering by a magnitude seven times higher as
compared to controls [145]. Foroutan et al. constructed biodegradable
P2O5-CaO-Na2O glass nanosphere (PGN)-based UCAs. These PGNs,
owing to their phosphate-based composition and glassy nature, exhib-
ited superior biodegradability than pure Si-based UCAs. Results showed
es of control (d) and GNMs (e) in a latex tube, in vivo US contrast images in the rabbit right
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persistent PGN-US signals for 4 h post-immersion in a standard phos-
phate buffered saline (PBS) solution, underlining its continuous US im-
aging capability [146]. Zhang et al. designed rattle-type SiNPs to
elucidate the ‘multi-scattering/reflection’ concept. The structure’s
acoustic property was evaluated against solid and hollow SiNPs with
rattle structure’s linear scattering contribution (ISC) to be 44 % and 47
% higher than other structures, respectively. Also, a 39 % increase in re-
flection contribution percentage (IRC) was recorded for rattle structure
when compared to other types. These rattle-type SiNPs demonstrated
efficient US imaging in VX2 solid liver tumormodel. The results describe
the multilayer design to efficiently boost the US imaging quality in line
with the ‘multi-scattering/reflection’ concept [147]. Gas-generating in-
organic NPs are being increasingly exploredwith respect to applications
in US imaging. For example, commercially available Prussian blue NPs
(PBNPs) were developed by Yang et al. for US guided-detection of in-
flammatory regions, as the hydrogen peroxide (H2O2) in the inflamma-
tory region could, by a chemical catalytic process, produce O2

microbubbles (MBs) in the presence of PBNPs. A mean gray scale of
US image had 80 % enhancement in 15 min of PBNPs injection in an
in vivo inflammatorymodel, which could determine quantitative evalu-
ation of inflammatory degree [148]. Similarly, another O2 generating
nanosystem is manganese dioxide (MnO2). Gordijo et al. affirmed that
polyelectrolyte-coated (PMD) MnO2 NPs could generate O2 on reaction
Fig. 6. MR images of (A) control and (B) DOX-TSMLs-AuNSs-PEG in vivo. X-ray images of (C)
(A) Changes of relative tumor volume and (B) body weight of tumor-bearing mice in differen
with H&E staining (400 ×): (C) NS, (D) TSMLs-AuNSs-PEG, (E) TSMLs-AuNSs-PEG+RF, (F)
TSMLs-AuNSs-PEG, (J) DOX-TSMLs-AuNSs-PEG+RF, (K) DOX-TSMLs-AuNSs-PEG+Magnet,
irradiation with RF (mice were wrapped with copper net, and the tumor sites were uncovered
with H2O2. Though the advantage of MnO2 NPs against hypoxic tumor
was described, additionally, this O2 generation property of MnO2 NPs
can be extended to US contrast imaging as well [149]. Min et al. formu-
lated DOX-loaded calciummineralized NPs (DOX-CaCO3-MNPs) for ap-
plication in US imaging. Strong US backscattering was achieved from
this inorganic nanosystem, due to CO2 MBs production in acidic envi-
ronment of tumors. The integrated PA and US imaging fuses pros of
both techniques, with US imaging providing morphological details
while, PA imaging offers more functional aspects about hemoglobin
andO2 saturation. Therefore, conferring functions of PAI to conventional
UCAs, a bimodal contrast agent is fabricated, with advantages of both
techniques while overcoming individual limitations [150]. Au NRs are
themost widely investigated PAI agents due to their higher NIR absorp-
tion efficiency and PCE. Recently, much interest has been shown on the
AuNR-incorporated UCAs. Wang et al. designed PA/US CAs by compris-
ing albumin shelledMBs encapsulatedwith cystamine surface-modified
AuNRs (AuMBs). The resultant AuMBs had significant effects in both US
and PA (760 nm excitation). Additionally, the cystamine on AuNRs
could be utilized for antibody modification for targeted delivery as
well [151]. Ke et al. developed a Au-nanoshell-microcapsule (GNM)
exhibiting a wide absorption range (650 and 900 nm), apt for NIR-
PTT. Meanwhile, GNM assisted remarkable brightness enrichment of
image in pulse-inversed harmonic imaging (PIHI) could be seen in
control (31 HU) and (D) DOX-TSMLs-AuNSs-PEG (185 HU) in vivo (4 h after injection).
t groups during treatment (Mean ± SD, n = 6). Histologic assessments of tumor tissues
TSMLs-AuNSs-PEG+Magnet, (G) TSMLs-AuNSs-PEG+Magnet+RF, (H) DOX, (I) DOX

and (L) DOX-TSMLs-AuNSs-PEG+Magnet+RF. Photos of (M) tumor-bearing mice after
) and (N) tumor-bearing mice treated with a magnet. Reproduced with permission [159].
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latex tubes. On the other hand,within few seconds of GNM I.V. injection,
significant enhancement in image of rabbit kidney was observed,
confirming the excellent contrast enhancement ability of the GNMs in
US imaging, with additional dual function as imaging-guided PTT
(Fig. 5) [152]. Similarly, an on-demand drug release system of Au
Nanocages (AuNcg), based on high-intensity focused ultrasound
(HIFU) was developed, where the hollow AuNcgs were filled with 1-
tetradecanol (PCM) with a melting point of 38-39 °C. On direct heating
or HIFU, PCM quickly melts and escapes, along with encapsulated mol-
ecules (dye), from the AuNcgs interior into surroundingmedium. It was
concluded that the dye release from AuNcgs can be regulated by con-
trolled the temperature or HIFU power. Meanwhile, when thermo-
responsive pNIPAAm surface functionalized AuNcgs were exposed to
HIFU, the polymer chains collapsed as temperature increased beyond
the LCST, resulting in drug release. Switching off the HIFU, caused relax-
ation of the polymer chains back to their extended state, stopping the
release, once again highlighting the on-demand features of these tech-
niques. Also, as HIFU is deep tissue penetrative, this system can be
used for monitored release at depths of up to 30 mm [153].

6. Radiofrequency Responsive Theranostics

Longer wavelength RF (10 kHz to 900MHz) can also be explored for
cancer cell ablation by the HT effect. RF has superior tissue penetration
than NIR light, enabling treatment of deep seated tumors [154]. Inter-
estingly, RF ablation for hepatic carcinoma therapy has already recieved
FDA approval. However, current RF ablation faces many limitations as
non-specific and invasive heating etc. a reason why nanomaterials are
Fig. 7. In vivo CD105 targeted PET imaging, tumor uptake comparison and histology studies. I
group), 64Cu-CuS@MSN (b, nontargeted group) and 64Cu-CuS@MSN-TRC105 with a large dose
time points postinjection. (d) Tumor uptake comparison among 3 different groups. The d
statistically significant (**P b 0.01). (e) Ex vivo histology analysis of the tumor tissue slices
TRC105 from 64Cu-CuS@MSN-TRC105 as the primary antibody). Muscle slices were also provid
being explored for the enhancement of RF ablation cancer therapy
[155]. Raoof et al., post cellular internalization of antibody-conjugated
AuNPs (AuNPs), exposed them to an external RF field, resulting in the
absorption of RF by AuNPs and dissipation of heat energy to kill cancer
cells [156]. SWNTs have also been found to enhanceRF ablation therapy,
which was explained by Curley et. al. in 2007 [157]. Another study by
Elsherbini et al. employed Au-coated magnetic for dual-mode HT, by
laser and RF irradiation against subcutaneous Ehrlich carcinoma in
mice. Analysis of results revealed more than 50% of the tumors disap-
peared completely on light/RF irradiation [158]. Wang and co-workers
deployed Au coated magneto-liposomes for multiple actions as RF trig-
gered release, chemo-HT, as well as MRI and X-ray CT (Fig. 6). These
nanocomposites showed potential as drug delivery vehicles and effec-
tive imaging agents [159]. Though X-ray induced ionizing radiation
and RF triggered HT combined with imaging modalities are examples
of remotely triggered treatments with potential in theranostics plat-
forms, the nanomaterials based RF ablation therapy is not yet fully
deciphered, requiring extensive research and trials.

7. Radiation Responsive Theranostics

Positron Emission Tomography (PET) is an imaging modality in the
field of nuclear medicine, providing real-time 3-D images of biological
functional progress. Detection of pairs of γ rays emitted from a tracer
(positron-emitting radionuclide) in conjugationwith biologically active
molecule can be utilized to develop 3-D images. Superior sensitivity and
less background noise warrants PET as an excellent tool for bio-
distribution and pharmacokinetic studies. Radioisotopes 11C, 18F and
n vivo serial coronal PET images of 64Cu-CuS@MSN-TRC105 nanoconjugates (a, targeted
of free TRC105 (c, blocking group) in 4T1 murine breast tumor-bearing mice at different
ifference between 4T1 tumor uptake in targeted group and two control groups were
with CD31 (red, with antimouse CD31 primary antibody) and CD105 (green, using the
ed. Tumors were marked with yellow arrows. Reproduced with permission [163].



Table 1
List of few external stimuli responsive multifunctional nanoparticles in cancer theranostics.

Nanoparticle Therapeutic Diagnostic Cancer Pre-clinical(PC)/In
vitro (IV)

Ref

Carbon-based
Carbon Dots PTT FI, PA HeLa PC [184]
Graphene QD PDT FI MDA MB-231 PC [185]
Graphene PTT Fl 4T1 PC [186]
CNTs PTT - KB PC [187]
SWCNT PTT Fl, MRI, Raman 4T1 PC [188]
Carbon Nanotubes PTT Fl 4T1 PC [189]
ICG-Graphene Oxide PTT - KB PC [190]
Dox-Graphene Oxide-Gd complex Ch MRI HepG2 IV [191]
Methylene blue-Graphene Oxide PTT, PDT - HeLa PC [192]

Gold-based
Gold Nanostar PTT CT, TPL, SERS Sarcoma PC [193]
Gold Nanovesicles PTT PA MDA MB-435 PC [194]
Gold Nanorod-Photosensitizer PDT, PTT Fl SCC7 PC [195]
Gold Nanoshell Micelle PTT, LT-Ch MRI HeLa IV [86]
Gold shell-radiolabeled core nanoballs - PET, CT, CLI 4T1 PC [196]
Gold Nanorods PTT PET, PA U87MG PC [104]
Gold core with RAMAN tag - MRI, PA, Raman U87MG PC [105]
Gold Nanoparticles Ch Fl-DF MCF-7 IV [197]
Gold Nanomicelles PTT, Ch CT MCF-7 PC [198]
Gold Bellflowers PTT PA 4T1 PC [199]
Au NPs PTT, Ch - Gl-1 IV [200]
Ce6 Loaded Gold Vesicles PTT, PDT Fl MDA MB-435 PC [201]

Copper based
64Cu-CuS Nanoparticles PTT PET, CT U87 PC [202]
Co9Se8 Nanoplates PTT, Ch PA, MRI HepG2 PC [203]
CuS Nanoparticles - PA - PC [204]
CuS Nanocrystals PTT PET, CT 4T1 PC [205]
CuS@MSN PTT PET 4T1 PC [163]
Cu2−xSe Nanoparticles PTT, LT-Ch, PDT - MCF-7 PC [206]
Polymer-Microsphere-Encapsulated CuS Nanoparticles PTT, Ch MRI 4T1 PC [207]
Dox-CuS Nanocrystals PTT, Ch - 4T1 PC [208]
CuS Nanodots PTT PA, MRI 4T1 PC [209]
Cu5FeS4 Nanoparticles PTT MRI, PA 4T1 PC [210]
Copper Bismuth Sulfide Nanoparticles PTT, PDT CT MCF-7 PC [211]
CuS nanodots (CuSNDs) on doxorubicin ladened mesoporous
silica nanoparticles

PTT PA, PET MDA MB-231, HepG2 PC [212]

Cu2S NCs PTT, Ch, LT-Ch PA, CT, Fl Gl-1 IV [213]
Copper sulfide doped periodic mesoporous organosilica
nanoparticles (CuS@PMOs) loaded with DOX

PTT, LT-Ch Fl U87MG PC [214]

CuS Nanotriangles - PA, MRI U87 PC [215]
Cu2Te PTT, Ch CT, PA MDA-MB 435 IV [216]
64CuS nanoparticles - PET Melanoma PC [217]
Cu9S5 Nanocrystals PTT - PC3 PC [218]
Hollow Mesoporous Cu2S PTT, Ch, LT-Ph Fl MCF-7 PC [219]

Other nanomaterials
MoS2 Nanosheets PTT, LT-Ch CT PANC-1 PC [46]
Mo154-core Nanocomposite PTT, Ch - 4T1 PC [220]
MoS2 Nanoflakes PTT - 4T1 PC [221]
MoS2 PTT - HeLa IV [222]
MoS2 Nanoflakes PTT - 4T1 PC [223]
UC Nanophosphor - UCLu, MRI - PC [224]
UCNPs PDT UCLu LLC PC [225]
UCNPs PTT UCLu HeLa PC [226]
WS2 Nanosheets PTT CT, PA 4T1 PC [227]
TiS2 Nanosheets PTT PA 4T1 PC [228]
Doxorubicin Loaded Magnetic Polymersomes Ch, MT-Ch, MHT MRI - - [137]
Hollow structured polymer–silica nanohybrid PTT, Ch - S180 PC [229]
Bi2S3 Nano-urchins PTT CT, PA HeLa PC [230]
Bi2S3-embedded mesoporous silica nanoparticles RT, Ch - PC3 PC [176]
Bismuth Sulfide PTT MSOT, CT 4T1 PC [231]
Ag Nanodots PTT CT 4T1 PC [232]
Ag2S Nanodots PTT Fl, PA 4T1 PC [233]

Hybrid nanomaterials
MoS2/Bi2S3 PTT, RT CT, PA 4T1 PC [234]
GdOF:Ln@SiO2-ZnPc PTT UCL, CT, MRI H22 PC [235]
Cy5.5-HANP/CuS Nanoparticle PTT Fl, PA SCC7 tumor PC [106]
Graphene oxide coated Gold Nanorods PTT PA - PC [236]
64Cu-Gold NPs PTT PET U87MG PC [97]
MnSe@Bi2Se3 PTT, RT CT, MRI 4T1 PC [48]
Fe3O4 Core@hybrid@Au Shell PTT MRI MCF-7 PC [237]
Metal doped WS2 Nanoflakes PTT PA, CT, MRI 4T1 PC [238]
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Table 1 (continued)

Nanoparticle Therapeutic Diagnostic Cancer Pre-clinical(PC)/In
vitro (IV)

Ref

Fe3O4@Cu2−xS Core−Shell PTT MRI HeLa PC [239]
Lanthanide-Doped Nanoparticles PDT UCLu, MRI U87MG PC [240]
Graphene- Magnetic Nanocomposite PTT MRI, CT 4T1 PC [241]
131Iodine-Doped Copper Sulfide Nanoparticles PTT, RT CT 4T1 PC [242]
Fe3O4@SiO2@gold nanorods@mesoporous SiO2 PTT MRI KB IV [243]
Gold-Coated Fe3O4 Nanoroses PTT, Ch OI, MRI CCL-119 T-cell, Ramos IV [244]
Graphene oxide-UCNP PTT, PDT Fl - PC [245]
Iron Oxide Decorated MoS2 Nanosheets PTT PET, PA, MRI 4T1 PC [246]
Manganese (II) Chelate Functionalized Copper Sulfide Nanoparticles PTT MRI, PA MDA MB-231 PC [247]
MSN coated CNT PTT, LT-Ch PA, MRI 4T1 PC [87]
Graphene Nanosheets-Magnetic NPs PTT Fl, MRI 4T1 PC [248]
Noble metal coated SWCNT PTT SERS KB IV [249]
(DOX)-loaded hollow mesoporous CuS nanoparticles (HMCuS NPs)
with superparamagnetic iron oxide nanoparticles

PTT, Ch MRI MCF-7 PC [250]

CdSe/Cu2S PTT Fl, CT, PA Gl-1 IV [251]
QD-Reduced Graphene Oxide PTT Fl MCF-7 IV [252]
γFe2O3 @Au MagneticGold Nanoflowers PTT MRI, PA, SERS 4T1 PC [253]
Fe3O4@CuS Nanoparticles PTT MRI HeLa PC [254]
Graphene oxide loaded Gold Nanorod Vesicles PTT, LT-Ch PA, PET U87MG PC [255]
MoS2/Fe3O4 PTT MRI, PA PANC1 PC [256]
Au−Cu9S5 Nanoparticles PTT CT CT26 PC [65]
WS2@Fe3O4 nanocomposite with mesoporous silica coating PTT, LT-Ch Fl, MRI, CT 4T1 PC [257]
Pt(IV) conjugated nano-graphene oxide PTT, Ch - 4T1 PC [258]
Carbon Nanosphere with Patchy Gold PTT - MCF-7 PC [259]
Copper Sulfide Perfluorocarbon Nanodroplets - PA, US - PC [260]
Core–Shell Pd@Au Nanoplates PTT PA, CT 4T1 PC [261]
Fe3O4 /Ag Complexed Cores in Hollow Gold Nanoshells PTT MRI Melanoma PC [262]
Fe@Bi2S3 Nanocomposites PTT, RT MRI, CT 4T1 PC [263]
FeS Nanoplates PTT MRI 4T1 PC [264]
Pt-UCNPs LT-Ch, UCLu, MRI, CT H22 PC [265]
Cu–Ag2S nanoparticles PTT PA 4T1 PC [266]
CuInS/ZnS Quantum Dots PDT Fl, MSOT, PET 4T1 PC [267]
Graphene Oxide Loaded with Gold Nanostars and Doxorubicin PTT, Ch - 4T1 PC [268]
68Ga-radiolabeled AGuIX nanoparticles RT PET, MRI U87MG PC [269]
Gold-Silica Quantum Rattles PTT Fl, PA LS174T PC [270]

PTT: Photothermal therapy; PDT: Photodynamic therapy; Ch: Chemotherapy; LT-Ch: Light Triggered Chemotherapy, MHT: Magnetic Hyperthermia; RT: Radiation therapy, MT-Ch: Mag-
netic Triggered Chemotherapy; PA: Photoacoustic imaging, MRI:Magnetic Resonance Imaging, CT: X-ray Contrast Imaging, Fl: Fluorescence, UCLu: Upconversion Luminescence, PET: Pos-
itron Emission Tomography, SERS: Surface Enhanced Raman Scattering, OI: Optical Imaging, TPL: Two Photon Luminescence, MSOT: Multispectral Optoacoustic Tomography
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15O (for drugs), heavymetal isotopes 64Cu, 68Ga, 99Tc and 111 In (for an-
tibodies/peptides), and functional molecules as DOTA (1,4,7,10-
tetraazacyclclododecane-1,4,7,10-tetraacetic acid) and TETA (1,4,8,11-
tetraazacyclotetradecane-1,4,8,11- tetraacetic acid) represent common
PET agents [160]. 124I labeled cRGDY silica nanomolecular particle tracer
employing clinical trial pilot study is currently underway to analyze PET
imaging of patients with malignant brain tumor and melanoma
(NCT01266096) [161]. A PET active radioimmunoconjugate composed
of a zirconium (Zr89) labelled colloidal human serum albumin (HSA)
wasdeveloped. Post in vivo administration, the Zr89 nanocolloidal albu-
min travels the bloodstream into the lymphatic system. PET enables
clear visualization of the lymph node draining pattern alongwith the
lymph node status, including the sentinel lymph node (SLN), which is
facilitated by the smaller particle size of nanocolloidal albumin
(NCT02850783) [162]. Time-dependent uptake of CuS@MSN by 4T1
tumor was evaluated by Chen et al. employing PET, and was found to
be 4.9% ID/g (4 h post-injection) peaking at 24 h post-injection
(Fig. 7). Higher CuS@MSN-TRC uptake than CuS@MSN was revealed
by serial PET scans, indicating the enhancement efficiency of TRC 105
[163]. Likewise, Rodriguez et al. developed theranostic radiopharma-
ceutical 66Ga-DOTA-E(c(RGDfK)) 2 to assess distribution and pharma-
cokinetics by PET. On other hand, CT is a widely employed clinical
imaging module known for its high resolution, deep tissue penetration,
low cost, and informative post-processing [164]. Similarly Liu et al.
tested tungsten-based nanomaterials, PEGylatedWO3–x NPs, for CT con-
trast and CT-guided PTT. The PEGylated WO3–x NPs clearly delineated
the tumor during CT imaging due to its strong X-ray absorption.
Importantly, there was no evident collateral damage to normal tissues
due to this CT agent but significant NIR-triggered tumor ablation was
achieved, proposing its potential in CT-guided cancer therapy [165].

Radiation therapy (RT) is commonly used in clinical cancer treat-
ment employing high-energy radiations such as X-rays and γ-rays.
Though predominantly used for sarcoma therapy, RT is acceptable for
other cancer types as well, as radiation causes direct damage to nuclear
DNA, resulting in curb on cellular proliferation. Indirectlymitochondrial
DNA and other cellular components may also be damaged by radiation,
by generation of ROS. Prolonged survival has been reported by RT fol-
lowing surgical resection. However, the systemic side-effects due to
continuous high dose X-ray exposure, and radiation-resistance are
prominent drawbacks of RT. Metal NPs with strong photoelectric absor-
bance could particularly improve RT sensitivity, acting as radiation
dose-enhancing agents. For instance, AuNPs could mediate
radiosensitization due to the greater absorption and deposition of en-
ergy in surrounding tissues from Auger electrons, photoelectrons and
characteristic X-rays [166,167]. The novel radio enhancer NBTXR3, de-
veloped by Nanobiotix, utilizes a high e- density metal oxide (HfO2)
NP to boost RT efficacy without increasing dose to the surrounding tis-
sue. Incorporation of such novel materials increases X-ray interactions
resulting in a larger number of excited e- generating more reactive rad-
ical species. NBTXR3 showed similar antitumor effects as with conven-
tional RT in preclinical trials, and a good safety profile in humans as
well as encouraging antitumor results (early clinical trials) [168].
Phase I clinical trials for NBTXR3 began in 2011 and have since reached
phase II/III for soft tissue sarcoma treatment, due for completion soon



Table 2
List of external stimuli responsive multifunctional nanoparticles for cancer theranostics in clinical trials.

Commercial Name Cancer Type Function Status CTI Ref

MAGNABLATE I: Magnetic NP Prostate Cancer Thermoablation; Retention and Maintenance C NCT02033447 [112]
Glioblastoma Efficacy and safety of thermoablation monotherapy and in

combination with radiotherapy
R DRKS00005476 [113]

Ferumoxytol: Iron Oxide NPs Pediatric Brain Tumors MRI – Tumor vasculature imaging in pediatric brain tumors A NCT00978562 [273]
Malignant Brain Tumors MRI-Imaging biomarkers of malignant brain tumors A NCT00103038 [274]
Adult/Pedi Sarcomas MRI of lymph node WD NCT01663090 [275]
Brain Tumors MRI of tumor & tumor vasculature R NCT03234309 [276]
Malignant Brain Tumors MRI of macrophages R NCT03179449 [277]
Stage IIB-IIIC Esophageal
Cancer

MRI of Lymph Nodes R NCT02857218 [278]

Non-small Cell Lung Cancer
& Brain Metastases

MRI- in predicting true vs pseudoprogression after stereotactic
radiosurgery

R NCT03325166 [279]

Bone Sarcoma MRI – Imaging bone sarcomas and osteomyelitis R NCT01336803 [280]
Rectal Cancer MRI of Lymph Nodes R NCT03280277 [281]
Brain Tumors MRI - Measure Tumor Associated Macrophages and to Predict

Patient Response to Treatment
A NCT01770353 [282]

Primary/Metastatic Brain
Tumor

MRI - Blood brain barrier permeability to ferumoxytol; evaluate
tumor microvascularity; microscopic distribution of
ferumoxytol particles in tissue removed from subjects
undergoing surgery

R NCT00659126 [283]

Esophageal Cancer MRI-To identify metastatic lymph nodes NCT02689401 [284]
Locally Advanced Head &
Neck Squamous Cell
Carcinoma

MRI for Primary and Nodal Tumor Imaging A NCT01895829 [285]

Lymph Node Cancers MRI to "see" cancerous lymph nodes on an MRI scan A NCT01815333 [286]
Prostate, Bladder & Kidney
Cancers

MRI-Detecting Lymph Node Metastases R NCT02141490 [287]

Thyroid Cancer MRI-Pre-Operative Nodal Staging C NCT01927887 [288]
Esophageal Neoplasms MRI- Improve Treatment Stratification of Patients R NCT02253602 [289]
Pediatric Cancer MRI- Comparison of sensitivity, specificity and accuracy R NCT01542879 [290]
Glioblastoma MRI- Steady State Blood Volume Maps R NCT02359097 [291]
Glioblastoma MRI-Assessing early response post therapy C NCT00660543 [292]
Primary Prostate, Breast
Cancer

MRI- Imaging of Lymph Nodes C NCT00087347 [293]

Melanoma & Glioblastoma MRI in Assessing Response to Pembrolizumab in Patients R NCT03347617 [294]
Prostate Cancer MRI for detection of lymph node involvement C NCT01296139 [295]
Colorectal cancer MRI for Detecting Lymph Node

Metastases
WD NCT01983371 [296]

High Grade Glioma MRI to quantitatively image brain tumor vascularity T NCT00769093 [297]
Glioblastoma MRI based targeted biopsies C NCT02466828 [298]

Ferumoxtran-10: Iron oxide NPs Locally Advanced Cervical
Cancer or high-risk
Endometrial Cancer

MRI- Lymph Node Metastasis A NCT00416455 [299]

Bladder, Genitourinary,
Prostate Cancer

MRI to detect pelvic cancers T NCT00147238 [300]

Rectal & Breast Cancer MRI to detect lymph node metastases R NCT02751606 [301]
Prostate Cancer MRI-Lymph Node Imaging R NCT03223064 [302]
Breast Cancer MRI to identify metastases to axillary lymph nodes C NCT00107484 [303]
Brain Neoplasms MRI-To aid biopsies T NCT00659334 [304]
Uterine, Cervix, Bladder,
Prostatic Neoplasms

MRI to image pelvic lymph nodes C NCT00188695 [305]

SPION Pancreatic Cancer MRI for pre-operative cancer staging C NCT00920023 [306]
AuroLase: Auroshell Head & Neck Cancer PTT- Photothermal ablation of target lesions C NCT00848042 [52]

Primary and/or Metastatic
Lung Tumors

PTT- Photothermal ablation of target lesions T NCT01679470 [53]

Neoplasms of Prostate Focal ablation of lesion; MRI/US fusion imaging R NCT02680535 [58]
CYT-6091: TNF bound Colloidal Gold Adult Solid Tumor Tolerated dose study C NCT00356980 [50]

Adrenocortical Carcinoma
Breast Cancer
Colorectal Cancer
Gastrointestinal Cancer
Kidney Cancer
Liver Cancer
Melanoma (Skin)
Ovarian Cancer
Pancreatic Cancer
Sarcoma

To determine the tumor tissue and normal tissue distribution of
colloidal gold-bound tumor necrosis factor in patients

C NCT00436410 [307]

NANOM-FIM Atherosclerosis Plasmonic Nanophotothermal Therapy C NCT01270139 [59]
Cornell Dots: Silica nanoparticles with a NIR
fluorophore, PEG coating, and a 124I
radiolabeled cRGDY targeting peptide.

Melanoma and Malignant
Brain Tumors.

PET- To characterize biodistribution, pharmacokinetics, and
metabolic stability

A NCT01266096 [161]

Head and Neck Melanoma,
Gynecologic Malignancies,
Breast Cancer

Real-Time Image-Guided Intraoperative Mapping of Nodal
Metastases

R NCT02106598 [308]

Sienna+: Sentimag Breast Cancer Identification of sentinel lymph node U NCT01790399 [309]
SENTINAC-01: Superparamagnetic Iron Breast Cancer Sentinel Lymph Node Biopsy in Patients with Node-Positive U NCT02249208 [310]
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Table 2 (continued)

Commercial Name Cancer Type Function Status CTI Ref

Oxide Breast Cancer
NBTXR3 Crystalline Nanoparticles: Hafnium
Oxide

Soft Tissue Sarcoma Radiation Therapy activated by external beam radiation C NCT01433068 [168]
Locally Advanced Squamous
Cell Carcinoma of the Oral
Cavity or Oropharynx

Intensity Modulated Radiation Therapy R NCT01946867 [171]

Soft Tissue Sarcoma Radiation therapy A NCT02379845 [169]
Liver Cancers Radiation therapy R NCT02721056 [172]
Head and Neck cancer Radiation therapy with concurrent Chemotherapy R NCT02901483 [170]
Rectal Cancer Radiation and Chemotherapy R NCT02465593 [311]
Prostate Adenocarcinoma Radiation therapy R NCT02805894 [312]

AGuIX: Polysiloxane Gd-Chelate NP Gynecologic Cancer Chemoradiation NYR NCT03308604 [173]
Colon Cancer Sentinel Lymph Node Imaging C NCT02850783 [162]

C: Completed, NYR: Not Yet Recruiting, R: Recruiting, A: Active, U: Unknown, T: Terminated; WD: Withdrawn
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[169]. Phase I trials for head and neck cancer have begun and have been
completed for rectal cancer in conjunction with PharmaEngine under
the name, PEP503 [170]. Another clinical trial currently recruiting, uti-
lizing the same particles against advanced squamous cell carcinoma of
the oral cavity or oropharynx [171]. NBTXR3 is also being investigated
at Phase I/II to assess their safety and efficacy by intralesional (IL) or
intraarterial (IA) injection, activated by stereotactic body RT for liver
cancer treatment [172]. Another nanocomposite, AGuIX-NP
(Polysiloxane Gd-Chelates based NPs) is now in phase I clinical trial
for safety evaluation and escalating dose/radiation combination tolera-
bility in patients with locally advanced cervical cancer (NCT03308604)
[173]. Meanwhile, polyethylene glycosylation modified AuNPs (P-
GNPs) have shown ~1.61-fold increase in γ-H2AX foci density when
compared to RT alone with improved tumor regression and overall sur-
vival [174]. Separately, AuNPs/SPIONs-loaded polymeric micelles have
also demonstrated excellent RT outcomes with a 90-day survival of
71% mice using the nanoformulation RT, while only 25% for RT-treated
mice [175]. Bi-based NPs have also exhibited strong X-ray radiation in-
duced photoelectric absorbance and are able to generatemultiple short-
range secondary e-, thereby elevating X-ray deposition in tumor tissues
and accelerating DNA damage. For instance, Bi2S3 NPs were coated with
MSNs which resulted in significant tumor eradication on radiation ex-
posure [176].

Zhang et al., used different sized PEGylated AuNPs to enhance RT.
NPs of 12.1 nm and 27.3 nm size displayed high radiosensitivity,
which could be used to enhance RT efficacy induced by γ-radiation
[177]. Such enhancement can be supplemented with allied therapies
(e.g. PTT) for better treatment outcomes, as demonstrated by Shi and
co-workers with their CuS coated UCNPs [178]. In addition to the X-
ray absorbing NPs enhanced RT, another exciting strategy, utilizing X-
ray luminescent NPs for X-ray triggered PDT is available. Liu et al., syn-
thesized LaF3:Tb3+–meso-tetra(4-carboxyphenyl) porphine (MTCP)
NPs for X-ray induced PDT. Upon X-ray exposure, PS MTCP is activated
by visible light emitted from X-ray luminescent NPs, and generate 1O2

or ROS to induce PDT. Such a strategy could also be employed for deep
tumor treatment as X-rays are deep tissue penetrative [179]. Shi
group, synthesized core-shell CeIII-doped LiYF4@SiO2@ZnO (SZNPs) for
synergistic RT and ionizing-radiation induced PDT. The nanoscintillators
would emit UV light, triggering e–-hole pairs in the ZnO shell, leading to
toxic hydroxyl radicals generation. In vivo experiments revealed much
better therapeutic efficacy while using the nanoconjugate when com-
pared to simple X-ray induced RT [180]. CeF3 NPs conjugated with the
PS verteporfin were used for ROS generation upon 8 keV X-ray irradia-
tion and results revealing similar 1O2 molecules per cell as PDT [181].
Additional reports focusing on X-ray induced PSs exist, including one
with hypericin (PS) encapsulated lanthanide micelles [182]. Wei and
Zhang demonstrated a RT/PDT combinatorial strategy for cancer treat-
ment named self-lighting PDT (SLPDT). Upon exposure to X-rays, scin-
tillation luminescence from the NPs, would activate the PSs and 1O2
generation causes cancer cells destruction. Combining conventional RT
with PDT would allow for lower dose radiation requirement to realize
the desired effects [183]. For patients with terminal cancer, RT could re-
lieve the symptoms and prolong their lives to an extent. However, RT
has many short and long-term side effects even causing loss of organ
functions. Hopefully, with advancements in techniques as radiation
wave knife (gamma knife radiosurgery), the tumors may be dealt with
more accurately for better clinical outcome.
8. Conclusions: Challenges and Future Directions

Nanotheranostics has rapidly progressed over the past decade and
diversified its approach by incorporating multifunctional, biocompati-
ble and biodegradable, systems that encapsulate drugs and diagnostic
agents. Applications of this remarkable technology include, but are not
limited to chemo-, radio-, biologic-, immuno- or gene therapies, or var-
ious compatible combinations of these [7–14]. An account of some
highly relevant externally triggered nanotheranostics for the regulation
of cancer are presented in this review and few more multimodal
theranostics are tabulated in Table 1. Considerable attention has been
attracted by the external stimuli-responsive, remotely triggered
theranostic agents. The most exciting aspect of these trigger responsive
modules is the non-invasive control that can be exercised over them,
resulting in on-demand therapy/diagnosis. These remotely triggered
nanoconstructs would allow clinicians to diagnose, plan and initiate
therapy, and finally evaluate treatment outcomes while monitoring
the NPs’ pharmacokinetics in real-time [21–23].

However lucrative, all nanosystems-smart, theranostic or otherwise,
are challenged by numerous deterrents that determine their overall ap-
plication and fate. It is well established that the physicochemical prop-
erties of NPs can tremendously impact their behavior and
performance. Numerous challenges exist with the primary concerns
being identification of the choice of stimuli for the particular applica-
tion, to fabricatematerials that are responsive to certain specific ormul-
tiple stimuli to address a particular or group of issues, followed by
biocompatibility analysis, where the ideal material should be
nonimmunogenic and biodegradable.

For instance, in the case of light-triggeredmaterials, the wavelength
of light plays amajor role in deciding the application region, as only par-
ticular regions of the spectrum can be utilized for clinical use. This is due
to the fact that the penetration depth of light is dependent on its wave-
length, as most of the incident light is either absorbed or scattered by
skin, soft tissues and blood. Therefore the wavelength of light directly
correlates to the operational depth of the nanoconstructs which have
to be precisely positioned at the appropriate depth for activation,
which is a challenging task. Owing to these reasons, the UV region has
a maximum penetration limit of only 10mm, restricting the UV-based
phototherapies to treatment of superficial tumors (e.g. melanoma) or
such tumors accessible using endoscopy procedures (e.g. cancers of
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throat, esophagus, stomach etc.), the latter also for treatment of smaller
remnant tumors after a surgical resection of themajor tumormass [22].
Apart from the wavelength dependent penetration restrictions,
light-based therapies are also governed by laser power density values.
Increasing the laser power dose could increase the effectiveness of a
material, however, it has been established that a laser power density be-
yond 1 W/cm2 is significantly harmful to biological systems. These
hurdles can be overcome to a great extentwhen usingmaterials that re-
spond to higher wavelength light, such as NIR which exhibit less ab-
sorption/scattering by body tissues accompanied by much deeper
penetration abilities (~1cm) and minimal photo-toxicity. Apart from
this, two-photon technology can be readily applied for converting
the UV light source to NIR region [271]. Certain light-triggered nanosys-
tems have an additional issue of low PCE, which directly translates in
weak response like blinking luminescene, diminished signal intensities,
poor thermal or ROS generation resulting in poor therapeutic outcomes
etc.

Unlike light-triggered therapies, MF is not limited by penetration
depth, with both MHT and magnetic tumor targeting entering clinical
trials, while imaging techniques as MRI is already well established.
Still, in order to effectuate sufficient heat generation for MHT, high con-
centrations of magnetic nanoparticles are injected directly into the
tumor [22]. Also, issues related to degradation of noble-metal contrast
agents in MF-dependent imaging, not only decrease the image quality
but also pose critical toxicity issues and are partially responsible for in-
creasing the operational costs [271]. Therefore, stable nanomaterials
which respond to MF in a more efficient manner, without significant
degradation and higher heat generation at relatively less concentrations
with abilities to be manipulated towards tumors via systemic adminis-
tration are required. Additionally, development of instrumentation ca-
pable of generating enhanced and precisely controlled MF would
greatly augment the nanomaterial-based MF applications. Other issues
related to MHT may be the AMF tuning which should be complemen-
tary to the responsive material or vice versa, any adverse change to
this scenario would result in poor heating or overall magnetic response.

In the case of radiation therapies, themajor issue still remains the ra-
diation burden, as none of the radiation are specific to tumors alone and
inadvertently cause critical damage to organs and tissues adjacent to the
tumor or those in the path of irradiation. One solution could be the
targeted delivery of the corresponding responsive nanomaterial to the
desired area of irradiation, which are expected to minimize the off-site
effects considerably, while developing nanomaterials requiring lower
radiation dose for activation remains priority.

Ultrasound based applications are currently in use worldwide for
various biomedical conditions mainly for deep tissue imaging. The in-
troduction of US-responsive inorganic nanomaterials is expected to sig-
nificantly enhance the application potential of US to not only diagnostic
but theranostics as well. Knowledge of spatial and temporal characteris-
tics is essential for developing novel nanomaterials which would effi-
ciently work as US-responsive theranostic candidates [271].

Apart from the issues with treatment methods, the unpredictable
behavior of nanomaterials promoted from the in vivo to clinical trial
scenario with regards to exposure to the human body (i.e.
biodistribution, toxicity, and degradation) remains elusive. Although a
nanomaterial may have been proven safe and effective in multiple
in vivo cases, the samemay not be necessarily emulated in clinical trials.
This is the primary reason why numerous prospective nanomedicine
candidates get rejected at the early clinical stages whereas still many
fail even after reaching III/IV level trial stages. One major concern is
the complexity of tumor tissues,which differs vastly from in vivo exper-
imental animalmodels to the human body, especiallywhen considering
EPR dependent nanomaterial administration. Active tumor targeting by
specific ligands or exogenous stimulus could prove to be a viable solu-
tion, with the latter predicted to assist inmore precise nanomaterial de-
livery, minimizing or completely eliminating premature leakage of
drugs during blood circulation [272].
These are a few imminent issues that need to be addressed for the
externally triggered nanotheranostic candidates, especially for inor-
ganic nanomaterials, to be employed in clinical scenario. To summarize,
choosing the appropriate external stimuli for the specific investigation
is of prime importance. Further, designing biocompatible materials,
targeted more or less precisely to the site of ailment/interest, and re-
sponsive to the respective stimulus at low doses and acceptable concen-
trations to elicit maximum effects is extremely crucial. Valuable lessons
should be learnt from the failure/success of other researchers so as to
implement and improve the positive aspects and steer clear of ormodify
the negative ones. Though few inorganic external stimuli responsive
nanotheranostics have already passed pre-clinical stage and reached
clinical trials (tabulated in Table 2), further investigations and testing
is essential so as to cement the safety and efficacy profile of these
nanotheranostic materials which definitely have the potential to revo-
lutionize the waymedical care is provided by giving an all new exciting
dimension to it.
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