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Abstract

Photothermal therapy (PTT) and photodynamic the(®&T) both utilize light to induce a

therapeutic effect. These therapies are rapidlyiggiimportance due to the non-invasiveness
of light and the limited adverse effect associatgith these treatments. However, most pre-
clinical studies show that complete eliminationtofmours is rarely observed. Combining

PDT and PTT with chemotherapy or radiotherapy caprove the therapeutic outcome and
simultaneously decrease side effects of these ctiowal treatments. Nano-carriers can help
to facilitate such a combined treatment. Here,tfust recent advancements in the field of

photochemotherapy and photoradiotherapy in whictorearriers are employed are reviewed.
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1. Introduction

Cancer is indisputably one of the main challengeseastern healthcare, leading to more than
8.8 million deaths per yedl. The top 5 cancer types contributing most to thehidity

numbers in order of decreasing occurrence are:, Iimgr, colorectal, stomach and breast



cancer?. The choice of treatment depends on the cance, igzation and staging, but
surgery is usually preferred followed by chemothgrand radiotherapy. Each of these
treatment options has its advantages but alsaatestis, i.e. surgery is not always capable of
removing all cancer cells or can even facilitate tspread of malignant cells while
chemotherapy and radiotherapy (RT) can both haverseside effects due to healthy tissue
toxicity and can induce resistance in cells. Irs tl@spect therapies relying on light are much
more advantageous since they hardly cause anyssalgéects, can be limited to the diseased
site, provoke nearly no cell resistance and candael as an external trigger for drug release
Bl However, these photo-based therapies are oftencapable of complete tumour
eradication and will greatly benefit from chemo-radiotherapy, meanwhile reducing their
adverse health effects. Combinational treatments rast a novel concept; nowadays
chemotherapy and radiotherapy are often combinat less been proven that the therapies
are more effective when co-appliéd This is most likely due to the radiosensitizirmlisies

of the chemotherapeutidd as well as the possibility to attack metastasizels. It is,
however, not common practice to combine photothesawith other therapeutic modalities
and this is where nanotechnology can make a diftereproviding numerous nano-systems
with different functionalities™ ©.

This review will describe the essential requirersantthe design of nano-carrier systems for
combined photodynamic and photothermal therapy witemotherapy or radiotherapy,
focusing on the most recent developments in tHd.filustrative examples of each therapy
combination will be provided and the paper will clude with a clinical perspective. Figure 1

shows schematically an overview of this review.
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Figure 1 An overview of combined phototherapies iaed through nanoparticles and

imaging possibilities

2 Different therapeutic modalities
2.1 Photother apies. photother mal therapy & photodynamic therapy

Two types of phototherapies exist: photothermal pimatodynamic therapy. While both need
a photosensitizer (i.e. a molecule sensitive totqis), their working mechanism is rather
different. Photothermal therapy (PTT) employs mateithat when absorbing light, usually in
the near-infrared (NIR) region as NIR is able tadte deeper situated tumours, produce heat
and can thermally ablate tumour célfs A good photothermal agent should have a strong
absorbance of NIR, efficient transfer of the abedrllight into heat and no toxicity. In
addition, the photosensitizer should accumulatesufficient amounts at the tumour site
preferably when systemically administered. This banachieved if either the photothermal
agent can function as a delivery system on its owif it can be encapsulated in a nano-
carrier. Examples include organic carriers ofteselolaon NIR-absorbing conjugated polymers

8] and different kinds of inorganic materials likeld)§' carbon*®, copper sulfide (CuSj*.



An excellent review by Cheng et al. describes ladl possible types of photothermal agents
b1 Despite the clear potential of preclinical stsd@mmplete elimination of the tumour is
often not observed due to the fact that heat ishembogenously distributed and it is not
possible to have a temperature reading allowindjusément of the treatmelit’. This is also
probably the reason for the existence of just tloteécal trials reported, two of which utilize
the same nanopatrticle. The nano-system in two eftimical studies consists of PEGylated
silica-cored Au nanoshells, known under the bramth@ AuroShell® particle$®. The other
clinically tested photothermal agent has also bmmnposed of silica and gold and does not

concern a cancer related treatment but cardiovastherapy™.

Photodynamic therapy (PDT) is used to generatdetimxygen and other reactive oxygen
species (ROS) from photosensitizers when exposetdight of certain wavelength. A

photosensitizer (PS) gets activated by light talpoe a short-lived excited singlet state which
can either decay back to its ground state emittungyescence or form a relatively long-lived

triplet state through intersystem crossftty In PDT the triplet state is of importance since i
can directly give its energy to a molecular oxygpmducing the highly reactive singlet

oxygen which can damage cell organelles. Alteredivthe triplet state can interact directly
with cells leading eventually to superoxide aniawlicals, hydroxyl radicals and hydrogen
peroxide, which in turn can induce cell damage. phdicular wavelength depends on the
absorbance of the photosensitizer, and the amdwinget oxygen produced is related to the
guantum yield. In the clinic, PDT is mainly applisatreat dermatological disorders, though
more and more photosensitizers for cancer treatmenteing developed. The most often
used clinical photosensitizer is sold under thendnaame Photofrin® and has been clinically
approved for the treatment of obstructing esophaggaacer, obstructing lung cancer, gastric
and papillary bladder cancer and cervical dyspla8ieDespite its potential PDT suffers from

several limitations such as the need of an oxygdgnenvironment, short tissue penetration



depth, lack of tumour selectivity and absence afepted light dosimetr{?™®. Similarly to
PTT inhomogeneous distribution of the photoseraitimay lead to areas that remain
untreated preventing full destruction of the tumdeurthermore, photosensitive molecules
being often hydrophobic tend to aggregate, whiclm casult in self-quenching and
significantly decrease their effectiven@8s Nanotechnology can help to overcome a few of
these problems. For instance, nano-carriers camp hel bring highly hydrophobic
photosensitizers to the tumolif! and considerably reduce their aggregation byzirij
interactions between the photosensitizer and théecanolecules (such asz stackind®),
while up-conversion particles can increase depthetration by converting light of a long

wavelength to light of a short wavelendftfi increasing the applicability of PDT.

2.2. Chemother apy

Chemotherapy employs cytotoxic drugs to attack pasliferating cells. It is usually the first
choice of treatment of metastases but it is alsenofiven as adjunct therapy to reduce the
risk of spreading the disease or the chance otctegoence. In addition, chemotherapy can be
given to increase quality of life and overall swali of patients who cannot be cured. The
main drawback of chemotherapy is that it also #&ffelgealthy cells that divide more
frequently, such as cells in the digestive tracig the bone marrow, which can result in side
effects that depend on the drug of choice, thegmsand the patiefft. The effectiveness of
chemotherapeutic drugs depends strongly on theirnpéicokinetics and biodistribution, i.e.
being often small molecules they can be excretgiiya by the kidneys decreasing their
tumour accumulation. Moreover, most of the avadadiugs are typically not very soluble in
agueous solutions, which limits the injected comraion, usually requiring several doses

before an effect is observed. The success of artegd strongly depends on the healthy tissue



toxicity versus tumour killing efficiency. While ¢ne is a large variety of chemotherapeutic
drugs, doxorubicin (DOX), docetaxel (DTX), cispra{iCDDP) and paclitaxel (PTX) are most
common in drug delivery.

The potential of nano-carriers in chemotherapy basn well recognized and several
formulations have been approved for clinical {78k The first nano-carrier to make it to the
clinic is a liposome encapsulating DOX, which, sinten has been accepted for several
indications and marked as DoXifCaelyX™. It has been shown to be safer and equally
efficient or even slightly better than the free gift’. Liposomes are currently the most

widely applied nano-carrier, but polymeric micelbgistems are gaining attention.

2.3. Radiation therapy

Radiation therapy is applied to approximately 7lioml patients each year and is typically
divided into external (beam) therapy, brachytherapg radionuclide therapy. Radiation can
lead to DNA (deoxyribonucleic acid) base damageglsi strand breaks and double strand
breaks, the last strongly depending on the radhiaiype. Direct DNA damage produced by
high linear energy transfer (LET) radiation is mgmne to induce double strand breaks
which are more difficult to repair. However, modietapies use low LET radiation.
Radionuclide therapy is a treatment usually appt@dreat metastases and often utilizes a
cancer cell targeting agent such as a peptide edupl a beta particle emitting radionuclide
241 several examples of radionuclides used in raditiches therapy are™®! (ty,= 8.04 d),

Y u (ty= 6.7 d),°°Y (ty= 64 h),**Cu (= 12.7 h) and’Cu (t>= 67.1 h). In brachytherapy
a radioactive source (usuafl¥Ar, t;,.= 73.8 d) is inserted in the close vicinity of tiuenour

or directly in it, delivering a high dose to malan tissue which rapidly falls off sparing
healthy tissué®. External beam therapy is a local treatment thatemploy X-rays, gamma

photons, electrons and heavier particles such a®ns all aiming at damaging the genetic



material of cells. It is often also applied as jpéiNe treatment. Oxygen dependence is one of
the major drawbacks of most radio-therapeutic tneats since it limits their efficacy in
hypoxic areas, which develop as the tumour groves. d@mbined applications mediated
through nanoparticles, beam therapies using X-aagsgamma photons are the most relevant.
In single therapy, the nanoparticles function pritgaas radiosensitizers, enhancing the
therapeutic effect of radiatio’®. The X-ray energy used in therapy varies from
approximately 50 kV to 20 MV, but megavolt therapymuch more common because it can
penetrate further into the tissue and reach moeplgesituated tumours. The most advanced
type of X-ray therapy is the so-called Intensityddtated Radiation Therapy, which is able to
deliver non-uniform dose distributions significantdiminishing damage to healthy tissue.
Therapy is typically given in small fractions of@y (J/kg) per day for a period of time,
depending on the cancer characterisfiésHowever, higher dose fractions are also delivered

when gamma knife treatment is appli&#

3. Theroleof nano-carriesin combined treatments

Combined therapies often have a better therapeafficiency and diminished therapy
resistance of the tumour cells built-up during tm@ent. In addition, when internal therapies
are combined with external triggers systemic tayics reduced, as lower amounts of the
chemotherapeutics need to be injected before @ttel observed. Nano-technology offers
the possibility to design multi-functional carrighat facilitate combined therapies.
Nano-carriers are materials having nano-dimensibasare capable of transporting various
drugs and imaging agents. These systems can beosechpof metal®, polymer§?,
lipidst®Y, and non-metals such as silféaand graphei®' and find applications in e.g. drug

(36]

and gene deliveR?!, photo- and radiosensitizattdt, and imaging®®. Some of these



formulations have made it to clinical trials. Farstance, micelles composed of PEG
(polyethylene glycol) and polyglutamate (PGlu) dampolymers conjugated with 7-ethyl-
10-hydroxy-campothecin (SN-38) have been appliatiéntreatment of breast can€ét. The
targeting mechanism of nano-entities relies oretifganced permeability and retention (EPR)
effect which is believed to occur when tumours heeertain size and force the formation of
blood vessels which often appear to be leaky. Huk lof lymphatic drainage in many
tumours further enhances the accumulation of |langlestances. The EPR effect is often
referred to as passive targeting in contrast tvac¢argeting which utilizes targeting vectors
such as peptides or antibodies to specifically diamyerexpressed tumour receptors. The
existence of the EPR effect has been proven in npaeglinical trials but whether it also
occurs in the human body has been widely dispuléé. heterogeneity of tumours, even
when of the same type, is one of the reasons &metltontroversies. Factors such as tumour
interstitial fluid pressure (IFP) and the degreanfiogenesis and lymphangiogenesis which
may differ per tumour, will result in rather difeart outcomes>¥. Similar conflicting
literature is found in relation to the active tamg of nanoparticles, as many groups report
better tumour uptake when applying targeting estitout fail to explain these resultd.
Naturally, whether targeted or not a nano-carrr@anarily relies on the EPR effect to reach
the tumour™®. Targeting may improve the retention at the tumsite as well as the cell
internalisation and possible further diffusion, aisdtherefore still worth considering in
particular applications.

Nano-carrier systems can serve as a platform #®rctimbination of therapeutic modalities
and imaging options. The main challenges that swaito-systems face are related to their
pharmacokinetics, biodistribution and toxicity. Fapst applications, a sufficient amount of
the nano-carriers needs to be accumulated at thmouiu what requires a long blood

circulation time. Furthermore, the majority of thenoparticles will be taken up by the liver



and spleen and can become toxic over time if thdy limes not dispose them. Particularly in
the field of drug delivery, additional challengesse such as preventing drug release during
circulation and controlled supply at the tumoue s#ince these are the main benefits of such a
system vs. the free drug. Through combinationataghies some of these challenges can be
solved. For instance it has been shown that raglialy can make malignant tissue more
permeable which can lead to better tumour uptdkeFurthermore, triggered release allows

for the design of ‘loss-free’ systems, which exhibmuch better release profifé.

4.Photother mal therapy and chemother apy

While photothermal therapy is usually insufficieiot cause complete tumour eradication,
combining it with chemotherapy can prove to be neffective than either therapy by itself.
Nano-carriers are great platforms, which allow dasy incorporation of both therapies. We
have divided the nano-carrier systems for phototlértherapy and chemotherapy into 4
categories: carbon materials, gold materials, oit@iganic materials and organic materials,
though there is some overlap between categoriesom®e materials, like silica, are used in
combination with various systems since they havstiptost-function. The general concept
behind these systems is that the photothermal agémdther it is main component of the
carrier or not, should lead to an improved drugiveéey rate of the chemotherapeutic

optimizing the synergistic effect of the two.
4.1 Carbon materials

A variety of carbon materials (fullerenes, carbatsg carbon nano-tubes (CNTS) etc.) have
been designed for biomedical applicatidfd. Among these, CNTs and nano-graphene
exhibit the highest absorption of NIR light and trerefore considered excellent materials for

photothermal therapy. However, in combinationaatimeents CNT* have been less widely



studied and research has focused primarily on nmapbgne oxide (NGOJ®. Just recently
mesoporous carbons have made an appearance, tth@yghave mainly been investigated in
vitro and will not be further discussed in thisig/*°!

CNTs are divided into two types: single-walled (SWK3) and multi-walled carbon
nanotubes (MWCNTS), and are characterized by thgir aspect ratio which has been shown
to lead to rather unexpected biodistribution efeand pharmacokinetics such as renal
excretion®”). CNTs, like other carbon materials, need to betionalized in order to improve
their solubility in aqueous media and enable attasft of targeting vectors and other entities.
A recent example of a CNT system has been presédmiptethang et al. who have prepared
quantum dots/DOX nanocomposites based on MWCRfTsThe CNT nanocomposites have
shown to heat effectively and release the drughen grocess, as well as to exhibit a pH
responsiveness. Tumour killing efficiency has béssted upon intratumoural injection in
A549 tumour-bearing nude mice, showing tumour iitlab for the combined treatment.
Nano-dimensioned graphene and graphene oxide werediately recognised as excellent
carriers for drug delivery being bio-inert matesialith high loading efficiency which can be
chemically functionalize*. Furthermore, NGO has shown to be an excellentophermal
agent, absorbing NIR light when in its reduced folmmost cases an 808 nm NIR laser is
applied for photo-activation while DOX is the drafjychoice since its release is enhanced by
a slightly acidic pH, additionally contributing temproved delivery in tumour cells.
PEGylation of the graphene patrticles is usuallyrddgo increase circulation time, enhancing
tumour uptake and drug delivery. Although most Esidely on the EPR-effect for tumour
uptake, in some cases targeting agents have b@dredpuch as in the study by Dong et al.
4% They have used transferrin coated NGO to crossbthod brain barrier and attack
glioblastoma tumours. Although no quantitative datatumour uptake has been given the

results have shown that when chemotherapy is cadbaith photothermal heating mediated
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by the carrier, the survival is significantly impem as compared to non-targeted NGOs. This
indicates that transferrin has facilitated the s@ort of particles through the blood-brain
barrier (BBB). A rather different approach has bdellowed by Song et al. who have
prepared vesicles encapsulating graphene and D@¥ddy golden nano-rods instead of
targeting agent$®. This system has a much better photothermal &ctthian just gold
and/or graphene. The improved photothermal behawhas been ascribed to the plasmonic
coupling of the golden rods conjugated on the Vesiarface and the interaction of the NGO
with the plasmonic coating. Furthermore, it hasnbsleown that the DOX is released upon
photoheating, thus providing means of triggeredgdralease. Very promising tumour
inhibition and overall survival (i.e. 100 % surviva 40 days) have been found in UB7TMG
tumour bearing mice upon single intravenous ingggtiheated with a NIR laser (808 nm).
Combining NGO with gold has also been investigatedhen et al**¥ who have prepared
dual-therapy particles. In this case, however, dditemnal conducting polymer (polyaniline,
PANI) has been employed which has tremendouslyongat the photothermal behaviour of
the composite (Figure 2). Assembled gold nanopart{@uNP) core polyaniline shell
particles have been added to polyvinylpyrrolidotedbs#ized graphene oxide, after which the
high surface area of graphene has been exploite@@X loading. DOX release has been
shown to be greatly enhanced when the nano-conepeséxposed to a NIR laser (808 nm)
and at the same time the cell killing efficiencysl@een determined to be much higher when
PANI had been introduced to the particles. The iro vesults have shown that the nano-
composites with and without DOX have been ablectueve total tumour elimination in 4T1
xenografted mice models, but the DOX containingopanticles have realized faster tumour-

volume reduction.
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Figure 2 The TEM images of Au@PANI A) and GO-Au@PAmth different resolutions B)
and C), the UV-vis-NIR absorbance spectra D) amdRABman spectra of the nanostructures
E). Reproduced with permission from réf%. Copyright 2016 Ivyspring International

Publisher.

4.2 Gold based materials

Nano-dimensioned gold has been applied as a platfor various biomedical applications
due to its biocompatibility and the possibility &ynthesise a versatile library of nano-
structures. Many of the applications of gold inrbadicine take advantage of the optical
phenomenon called localised surface plasmon resendhSPR). Due to this optical
characteristic, the light absorbance of gold pkesican be shifted to the desired wavelength.
Gold nanoparticles usually have two LSPR differemtission modes, one originating from
the transverse mode (around 520 nm) and one frertotigitudinal, the position that depends
on the aspect ratio and can be shifted in the Nd§on 8. Particularly in the field of
phototherapy light absorption around 800 nm isrédsbecause of deeper tissue penetration.
Part of the absorbed energy is dissipated into, g#th is utilized in photothermal therapy.

Different structures and compositions can be foumthe literature to facilitate combined

12



phototherapy and chemotherdfy.

Mesoporous silica as a coating is one of the prefleplatforms as it allows for high drug
loading and can easily be functionalized with térgeagents or PEG®. Wang et al. have
deviated from the commonly used spherical shapepasplared nano-rods composed of gold
nanoparticles and mesoporous silica relying on ipusv reports showing that elongated
particles are more efficient in cell killifg??. The authors have studied three different aspect
ratios and in all cases DTX has been encapsulatétei PEGylated silica matrix. The small,
medium and large rods (I x w: 125 x 95 nm, 207 % héh and 385 x 155 nm respectively)
have been studied in vitro, where medium rods hadest uptake. The therapeutic effect has
been evaluated through intravenous injection inemidgth highly aggressive melanoma
tumours, where all aspect ratios have shown goedapeutic potential though only the
medium sized rods eliminated tumour reoccurrenceeng@ et al. have also used gold
nanoparticles in combination with mesoporous sillmat in this case the gold nanoparticles
have been used as gate keepers of the chemothticapelgs°®. Gold capping has been
shown to not only reduce the DOX release but agstuaiable controlled drug release, as
discharge is almost immediate upon NIR irradiatemch nearly stops when the laser is
switched off, allowing for repetitive drug supplyhe biodistribution of these particles has
been determined in vivo by conjugating DOTA (1,40/etraazacyclododecane-1,4,7,10-
tetraacetic acid) to the particles and chelatingitih the PET (positron emission tomography)
isotope®Cu, revealing good tumour uptake. Unfortunately tmerapeutic studies have been
reported thus far.

Polymer-based coatings have been widely appliecbt@r gold nanostructures and provide
means for drug encapsulation and the introductibrotber functionalities®®® °t! An
emerging nature-inspired polymer is polydopamin®AP which has gained tremendous

interest due to its various different functionabgps allowing the implementation of several
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functionalities. This polymer has been utilized Ztyang et al. who have coated small gold
nano-rods with PDA to prepare particles for combitteerapies and SPECT (single photon
emission computed tomography) imagffi. In this particular case, the particles have been
PEGylated and the RGD (arginine-glycine-aspartid)ageptide has been conjugated to the
surface. Cisplatin has been added to the PDA srfaxssibly by the coordination of
[Pt(H20)2(NH2)2]2+ with 5,6-dihydroxyl groups integhol (Figure 3). In addition, the PDA
surface allowed for chelator-free lodin&) labelling which has facilitated preclinical
SPECT imaging. Cisplatin has been demonstratee teeleased at low pH as desired, while
the 1* labelling remained intact. RGD targeting has shdw lead to higher tumour uptake
and the therapeutic studies in lung carcinoma tumbave revealed that the best results are
obtained when both treatments are combined. Pretotd therapy by itself led to relapse of

the tumour.
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Figure 3 A schematic overview of the synthesis @figods coated with PDA. Reproduced

with permission from referen¢&?. Copyright 2016 American Chemical Society.

A rather different approach has been proposed bgnghet al.®*¥ who has applied a
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liposome co-assembled with a pH and thermo-respemmlymer to serve as gate keeper of a
chemotherapeutic drug encapsulated in porous gofusticles. The polymer, poly(N-
isopropylacrylamide—methacrylic acid—1,4-dioxan&tadecyl acrylate) (p(NIPAM-MAA-
ODA)), has served as the dual responsive macromlele€he surface of the liposomes has
been further functionalized with aptamers for tumtargeting. The idea behind this design
has been that upon NIR laser irradiation a tempegahcrease is induced which causes phase
transitions of the NIPAM and forces the phosphdliphains to stand perpendicularly as to
open the gate. At the same time, the low pH chatigesonfirmation of the polymer also
leading to release of the drug. In vitro studiegeheonfirmed the enhanced release of a model
drug (DOX) at low pH and upon NIR irradiation. Ttieerapeutic studies have shown that
combined treatment with DOX-containing nanoparicend NIR irradiation gave superior
results than any of the individual treatments. Mosportantly, these experiments have
indicated that sufficient amounts of the chemotpeusic drug can reach the tumour site to
induce a synergistic effect, which is often the deide of such constructs when administered

systemically.

4.3 Other inorganic materials

There are numerous inorganic nano-systems besidis that have been proposed for
combined photothermal- and chemotherapy, but takity account the most recent studies
three main groups can be identified: PTT agentsosad in porous silica, Prussian blue (PB)
and CuS based systems. Unlike PB and CuS, silgsfibhas not been utilized as a
photothermal agent but simply as a carrier allovhigh loading due to its high surface area
and easy functionalization due to its robustnesdar8e variety of silica coated systems
designed for combined photo- and chemotherapy @aifiobnd in the literature, even in

combination with PB or Cu8?. A nice illustration of the advantages of silisahe work by
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Zhao et al. who have developed small silica-polymgdarids of approximately 30 nm, which
high porosity and pore volume has been utilizedawoy the photothermal agent palladium
phthalocyanine and PTX3. The release of PTX has found to be higher at drigh
temperatures, probably due to faster diffusion,clwhcould nicely be combined with the
photo-thermal activation of the palladium compou@dod tumour uptake has been observed
upon intravenous injection, and although liver upthas been the most pronounced it has
been found to decrease within a few days. Therapeutluation in a sarcoma xenografted
mouse model has revealed that the particles hawd goti-cancer potential even when not
loaded with PTX, although the best survival and&occurrence has only been observed for
the combined treatment. A different porous silicarpmology has been prepared by Deng et
al., who have conjugated the photothermal agenateypo silica nano-tubes encapsulating
DOX P4, Here, the narrow pores of the silica have forttedcypate to aggregate in a J-type
which has resulted in much better photo-activaBsncompared to the free photosensitizer.
This enhanced photothermal activity in combinatiath DOX has shown complete tumour
elimination in 4T1 tumour bearing mice upon intrawes administration. The authors have
also demonstrated that the nano-carriers are abtkeliver higher amounts of cypate to the
tumour than the free administration of the phototte agent which explains the excellent
therapeutic outcome of the study.

PB is a dark blue pigment known from ancient tinvdsich consists of mixed-valence
transition metal hexacyanoferrates. This dye hasnbproven to have a very strong
absorbance in the NIR region and has been apprbyetthe FDA for clinical use which
consequently has resulted in the synthesis of variiructures and combinatiofid. The
combination of chemotherapy and phototherapy ha® ldemonstrated by Tian et al. who
have covered PB particles by a mesoporous siliger lanclosing DOX*®®, The silica has

been further modified to contain thiol groups toiaeth Cy-5.5 (cyanine-5.5) has been
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conjugated for optical imaging. The particles h&een tested in vivo through intravenous
injection, not only focussing on the therapy butoabn the magnetic resonance imaging
(MRI) possibilities of PB. MRI capabilities have dye confirmed and the therapeutic
evaluation has shown beneficial effects of the doedb treatment. However, complete
regression of the tumour has not been observed;hwiki most likely due to lower tumour
uptake compared to studies where intratumoural midtration has been carried out. A way to
improve tumour uptake has been suggested by Chaln who have designed hollow porous
PB nanoparticles covered by a red blood cell (RB@mbrane for simultaneous delivery of
DOX and phototherapy (Figure #£7%. The red blood cell membrane has been applied to
mislead the immune system thereby increasing bto@dilation time and achieving a better
biodistribution. A common problem of nano-carriexsgheir fast clearance from the body and
accumulation in organs such as the liver and spMeoh prevents sufficient tumour uptake.
With this approach the authors have tried to mékb@ body’s immune system and increase
blood circulation. The in vivo studies have provhis idea to be successful as 14 % of the
nanoparticles have been still found in the bloodutation after 24 hours which is more than
twice as much as the uncoated particles. This higlseumulation together with the high
loading efficiency of DOX and the NIR stimulatedea&se have led to 98 % tumour inhibition

in mice bearing 4T1 tumours.
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potassium phosphotungstate staining (scale bar G= riifl). D) Surface charge of RBC

vesicles, PB NPs, and PB@RBC NPs.

CusS has been widely investigated in phototherapyrious dimensions and interesting nano-
structures such as flowers due to its low costwia range of NIR absorptidff® *! Their
NIR absorption arises from d-d intra-band transii@f Cd* ions, with transition peaks at
~900 nm. Unlike gold-based materials, where the Idborption stems from LSPR, the
absorption wavelength in CuS nanopatrticles is mibienced by the surrounding environment
or nanoparticle size or shape, resulting in a béftermal stability and higher photothermal
conversion efficiency’”.. Before it can be successfully applied in the limeal setting, the
CusS surface needs to be modified to reduce cytaitgxand improve biocompatibility, and
should be designed as a platform for drug deliveext to photothermal heating. This has
been demonstrated by Wang et al. who have synéetiira-small CuS particles (d = 3.5
nm) conjugated to poly-acrylic acid (PAAPY. These conjugates have been loaded with

DOX by electrostatic interaction and eventually @@d by poly(allylamine hydrochloride)
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(PAH) to minimize DOX release. The particles hawerb tested intratumourally in a 4T1
murine model showing complete removal of tumour. iAteresting prodrug combination
based on Pt (platinum) and CuS have been repoytdl bt al.!**®. In this study small CuS
particles have been conjugated to the cisplatimdgsodrug (Pt IV) which can be reduced
producing the cytotoxic Pt(ll) ions when internalizin the cell and in the presence of
glutathione (GSH). The particles have been PEGylated functionalized with folic acid for
improved tumour accumulation leading to Pt amoanthe tumour site above 1@ per gram

of tumour. The combination of the CuS prodrug pét and NIR have given the best tumour

killing efficiency revealing a positive synergisgéfect.

4.4 Organic particles

Although inorganic particles often exhibit superadysorption of NIR light, they are in most
cases not degradable and can accumulate in diffesaithy organs, causing inflammations
even if they are not toxic®. In this respect, organic particles are much nagkeantageous as
they are usually biocompatible, degradable and lmammore easily modified to facilitate
combined treatment€”. The majority of the organic nano-systems are wedarriers of
photothermal dyes and chemotherapeutic enftiéd. A good example is a combination of
the liposome, a well-known and clinically accepsaétem, with a photothermal agent as
investigated by Yan et al. In this work temperatseasitive liposomes have been loaded with
IR-780 in the lipid bilayer and DOX in the aquemawity ®*. The idea behind this design has
been to use NIR lasers to excite the IR-780 andym® heat which will force the temperature
sensitive liposomes to release the drug. The teetapefficacy has been investigated in mice
having mammary carcinoma xenografted tumours. Upslease of the drug from the

liposomes using the NIR laser the tumour has beemptetely eliminated in 100 % of the
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tested animals. Important to mention is that thedomes were injected intravenously and can
therefore be used for the treatment of a varietyuofours exhibiting the EPR effect. Su et al.
have prepared polymer-based amphiphilic systemthenform of micelles composed of
methoxy polyethylene glycol (MPEG) and poly(D,Ltldeco-glycolide) (PLGA) conjugated

to porphyrin [

. It has to be mentioned that although the autmefer to micelles, the
transmission electron microscope (TEM) images aedability of the particles to encapsulate
both the hydrophilic drug (DOX) and the hydrophobitig (PTX) indicate that the nano-
assemblies are, in fact, vesicles. The nano-carhaeve been shown to heat up upon laser
irradiation due to the porphyrin, which resultedsomewhat enhanced release of both drugs.
Intravenous injection has been used in the thetapstudies, demonstrating much more

pronounced tumour reduction or even complete ehtion of the combined treatment with

no adverse side effects (Figure 5).
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orthotopic triple-negative breast cancer model &LB/c nude mice. Mice bearing MDA-
MB-231 tumors £100mn7) were treated with different formulations (n =ré&tment group).

The treatment schedule was indicated by black arfowintravenous injection of drugs and
red arrows for the laser irradiation. PM, porphyseif-assembled micelle; PM-DOX-TAX,

PM simultaneously loaded with DOX and TAX. (B) lafed thermo-graphic maps of tumors
after near-infrared laser irradiation for 8 min. abted with permission from referen®.

Copyright 2016 Elsevier.

5. Photother mal therapy and radiother apy

The combination of photothermal therapy and radi@tpy is relatively new, however, the
number of publications is steadily increasing. Thain advantage in combining these two
treatment options is the PTT driven possibilityinduce intratumoural hyperthermia which
can increase the blood flow in tumour cells, impngvoxygenation and subsequently causing
the cells to be more sensitive to radiatibfi. Nano-materials used for this combination
present high NIR absorbance and can produce aloealized increase in temperature while
having a radiosensitizing effect. They are compaseithorganic materials commonly based
on copper sulphidéd”, quantum dot®®, or gold®® or bismuth®”! containing compounds.
In the following section the application of thesetarials has been divided into PTT

combined with either external radiotherapy or (iné) radionuclide therapy.

5.1 PTT and external radiotherapy
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Gold is a well-known photothermal agent as desdribe section 4.2, but also a
radiosensitizer capable of producing photo- and esejectrons®® and therefore a very
logical choice for this combined therapy. One oé fiirst studies in this field has been
published by Diagaradjaret al. who have prepared gold nano-shells congistira 120 nm
silica core surrounded by a 12-15 nm gold codfifigin vivo studies have been performed by
intravenously injecting the gold nanoparticles inceninoculated with human colorectal
cancer cells (HCT 116). NIR irradiation has beembimed with X-ray therapy using a 125
kV X-ray given in a single 10 Gy dose, resultinganmore than twofold increase of the
tumour doubling time when compared with the sirthlerapies. Gold-nanospikes have been
developed by Ma et al. having a 50 nm diameter exmllent stability in PBS (phosphate
buffered saline)f®®. In vitro tests have revealed that cell survialgreatly reduced when
phototherapy is combined with 6 MV X-rays, and h#@ to in vivo studies in which the
benefit of the combinational treatment has beemlesti resulting in pronounced tumour
reduction in comparison to the individual treatnsetdnfortunately, the in vivo studies have
been based on intratumoural injection, and it erdéfore not evident if the particles will
perform well upon intravenous administration, watifficient tumour uptake and low toxicity
to healthy organs, to be able to serve as antitmnagents. A similar approach has been
followed by Liu et al. who have designed Au nantipls having Pt spikes which they called
nanodendrited’®. The addition of Pt to the gold entities resultada broadening of the
absorption spectrum of the particles, allowing &tmn with NIR light. Cell viability has
been determined upon NIR irradiation in combinatrath X-rays, yielding a higher killing
efficiency than simply based on additive results. iN vivo studies have been reported for
this study.

Bismuth-based nanoparticles, having comparable epties as gold, have also made an

appearance in this combined therapy. The first fpoboadiosensitization due to Bi has been

22



demonstrated only recently by Yu et al., who happliad ultra-small (3.6 nm) PEGylated
bismuth nanoparticles labelled with a cyclic pepttCGNKRTRGC, LyP-1) for enhanced
tumour uptake and retention (Figure ). This peptide specifically targets p32 proteins
expressed by 4T1 murine breast cancer cells. Adld7increase in tumour retention has been
observed for the targeted nanoparticles and complaihour eradication has only been
obtained for the combined therapy, leading to $icgmt cell apoptosis and angiogenesis
suppression in the tumour. Similarly, Du et al. dnaesigned GiBiS; nanocrystals which
have been functionalized with amphiphilico®ocopherol PEG 1000 succinate (TPGS) for

improved stability!™

. The nanoparticles have shown complete tumour tramhibition
upon intratumoural injection only for the combined@T and RT. The presence of copper in
the particles has allowed for catalysation of twaations; the reaction of endogenigChl
inside the tumour microenvironment as well as-Ogenerated from photoelectrons via the

copper-catalysed Haber—Weiss reaction to yieldlhigkactive HOe, which has increased the

level of oxygen radicals further destroying theazrcells.
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Figure 6 Scheme and characterization. (a) Schemmufifunctional Bi NPs. (b) TEM
images and HRTEM images of as-synthesized Bi Ni&etlhistogram shows the measured

diameters of as-synthesized Bi NPs. (c) XRD pattefnas-synthesized Bi NPs. (d)
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Absorbance spectrum of PEGylated Bi NPs. (e) Teatpex changes of PEGylated Bi NPs at
different concentrations under a 5 min irradiativom a 1064 nm laser at 1W ¢
Reproduced with permission from referen€8 . Copyright 2017 American Chemical

Society.

Quantum dots (QDs) are mostly known for their fesment properties due to their high
quantum yield and have been applied in biomedia;ron-invasive imaging agef3. Still,
part of the absorbed energy of quantum dots is@ded to heat which makes them potential
photothermal agents. QDs often contain heavy medals can therefore also exhibit a
radiosensitizing effect. The potential of thesetips in combined PTT and RT has been
demonstrated by Young et al. who have prepared 3y8nQDs!®® and tested them in vivo
through intratumoural administration. The WQDs have exhibited good biocompatibility,
good X-ray computed tomography (CT) and photoadoustaging (PAI) capabilities, and
the combined therapy has shown a remarkable synerdlye eradication of the tumour.
Intravenous administration of QDs has been tesyad/ang et al. who have synthesised MoS
quantum dots covered with polyanilif€!. Despite the size increase by the addition of
polyaniline, their circulation half-life has beemproved from 0.85 h (bare M@Sto 5.02 h
(MoS;@polyaniline) facilitating better tumour accumutetti Furthermore, the in vivo results
have shown enhanced tumour reduction when combitlreg treatments. However, no
biodistribution data has been given and it is tfeeeenot clear whether uptake in healthy
organs might be an issue. It needs to be mentitredhe particle toxicity has been studied
in murine breast tumour cells as well as human licabivein endothelial cells revealing

minor toxic effects.
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5.2 PTT and (internal) radionuclide ther apy

CuS is the most often applied nanopatrticle in mdaeradionuclide therapy combined with
PTT, prepared either by directly substituting a f@fwhe Cu atoms for the radioisotof€u

or by adding an additional radiolabel. A seriespoiblications of the same group have
appeared in which’fCu]CuS nanoparticles have been proposed as plaffarsimultaneous
photothermal, radiotherapy, and PET imagfitfg’®. ®/Cu, a great theranostic radionuclide
which decays via positron emission, beta minus yleca electron capture, has been applied
as a structural component of the nanoparticles/ito studies in different tumour models
(breast, glioblastoma and thyroid) have been peréol, showing no systemic toxic effects
and good tumour reduction. PET imaging has furthkowed for quantification of the
biodistribution and subsequent dose calculatitts

Yi et al. have used a different approach in utiligthe same type of nanoparticles, i.e. they
have doped them with™i for combined image-guided PTT and RT treatmentrohary and
metastatic tumour§®. ! has been incorporated in the NPs during synthesisr which
they have been PEGylated and tested in vitro with shurine breast cancer cells. Subsequent
in vivo experiments have been carried out in th@eesétumour model, monitoring both the
primary tumour and lymph nodes. The nano-partitiage been shown to migrate to the
lymph nodes which, if also exposed to NIR, couldph® prevent metastases. Figure 7
demonstrates how the combined treatment has decraas tumour volume offering an
evident synergistic effect, where in all other tne@nt options the tumour volume has

continued to increase.
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Figure 7 In vivo combined internal RT and PTT fiwatment of subcutaneous tumours. A) IR
imaging of mice injected with CuS/I-PEG or PBS untee 808 nm laser irradiation at 0.25
W cm?for 20 min. B) The temperature changes of the tumbased on IR thermal imaging
date in (A). C) Tumour growth curves of mice witlrius treatments including PBS control,
free ™ injection, CuS/I-PEG injection without or with der irradiation, as well as
CuS/[*]I-PEG injection without or with laser irradiatiorD) Representative photos of

tumours collected from mice at day 14 after differieeatments.

Other examples of internal RT combined with PTTlude different metal nanosheets. For
instance, Cheng et al. have decorategb&i nanosheets with FeSaanoparticles labelled
with ®*Cu"®. The BiSe; nanosheets have been formed by the addition M@ to pre-
made FeSenanoparticles via cation exchange, after whicly trese been functionalized with
PEG. The composite material has been labelled $#@h without the need of any additional
chelating agent. Due to the properties of the tBfie elements present, it has been possible to
perform multimodal imaging including MRI, CT, PAhd PET. In vivo experiments have
been carried out in 4T1 tumour-bearing mice upotmawenous injection, showing the

combined therapy to be superior to the treatmegitgated separately.
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6 Photodynamic therapy and chemother apy

Nano-carriers have been widely investigated incthrabination of photodynamic therapy and

chemotherapy and can function as carriers or eneogyerters. It needs to be emphasised
that many photo-responsive systems exist whiclused for triggered drug release. However,
in this review only particles taking advantage bffPare reviewed. These systems are divided

into three main groups; up-conversion particldg;asparticles and organic particles.
6.1 Up-conversion particles

Up-conversion nanoparticles (UCNPs) are materiaéd are able to convert light of low
energy (high wavelength) to light of high energgwl wavelength) due to anti-Stokes
emission. UCNPs that find application in photo-cbémerapy widely vary synthetically but
often consist of a ceramic material serving ashbst doped with transition- or rare-earth
metals, such as Yh Ti** Er, etc. NaYF is the most commonly applied host although many
materials classify as hosts as long as their drgstacture and cationic size do not influence
the conversion process and allow for sufficientidgp’”. The dopant ions are the actual
energy converters and their type and concentratidinnfluence the conversion efficiency.
Typically at least two kinds of dopants are necgssa sensitizer (e.g. Y and activator
(e.g. EF") "8 Up-conversion particles usually have an addificcating to which the
photosensitizer and the chemotherapeutic drugitrer@dsorbed or conjugated.

Dong et al. have encapsulated DOX, inorganic UCNK& Z&n-Phtalocyanine (Zn-PCN) in
bovine serum albumin—-pok{caprolactone) block copolymers which have alsonbee
modified to contain folic acid (FA) for targetingiposes’®. This resulted in two types of
self-assembled structures, one with and anothérowitFA. The up-conversion nanoparticles

have served to convert near-infra red light of 880to visible light and activate the Zn-PCN
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to produce ROS particles of a size range betweeto &3 nm depending on the amount of
encapsulated photosensitizer. The presence ofdoitthas improved cell uptake as expected
but it had hardly any influence on the performaatéhe irradiated particles as compared to
the ones having no targeting moiety. However, inthbeases the combination of
chemotherapeutic drug and photodynamic therapy hesddted in much better tumour cell
killing efficiency. In vivo studies have not beeerfprmed as of yet. In somewhat similar
approach Yang et al. have synthesised UCNP dopttd Mi?* ions as MRI contrast agent
20 The particles have been covered with mesoporitioa 8 which a photosensitizer could
be stored. Leakage has been prevented throughsthe@fucomposites with an amphiphilic
copolymer having 9,10-di-alkoxyanthracene groupBe TRuthors have proposed that the
amphiphilic polymer forms micelles in which the UBNan be encapsulated resulting in
core-shell particles (Figure 8). In this formulatiDOX (or similar drugs) can also be loaded
during the self-assembly. Chlorin e6 has been eadty NIR light, which has been converted
to match the spectrum of the photosensitizer. Tinglet oxygen produced by chlorin €6 has
subsequently been used to break the amphiphilignpei and release the drug. The nano-
composites have also been tested intratumourahlgreva positive effect has been found for

both the DOX containing as well as the drug-frediglas.
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A complete investigation of UCNPs has been camwigichy Wang et al. who have synthetized
NaYF4:Yb/Er engulfed in DSPE-PEG (1,2-distearoygbycero-3-phosphoethanolamine-
polyethylene glycol) to improve solubili§®. DOX has been conjugated to PEG through a
singlet oxygen-sensitive linkage (a thioketal ligka and the photosensitizer merocyanine
540 (MC540) has been added in the formulation. itlea behind this design is to use the
UCNPs to convert 980 nm light into 540 nm photorgchy excite the photosensitizer, which
in turn produces singlet oxygen resulting in theaghge of the thioketals and the release of
DOX. The results demonstrate good DOX release ulamination and subsequently
enhanced tumour reduction in in vivo experimentarddver, the authors have shown that
folic acid conjugated UCNPs gave the best resuéimahstrating that targeting can be

beneficial, contrary to recent opinions on the Hi¢ioé targeting!”.

6.2 Silica based particles
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High surface area silica is the preferred choicehast material due to its versatility,

biocompatibility and the possibility to encapsulateconjugate high amounts of drugs and
photosensitizers. This has been demonstrated bygZétaal. who have employed mesoporous
silica particles to simultaneously encapsulate riidoe6 and function as a platform for the

conjugation of cisplatin®

. The authors have investigated their system onlyvitro
indicating that at high concentrations of cisplatiere is no additive effect of PDT but at
lower amounts the combined therapy has yielded rmpotent anti-cancer activity. Yang et al.
have investigated the effect of the mesoporousasparticles’ shape in the delivery of DOX
and chlorin e6%2. For this purpose chlorine e6 has been conjugatéde silica compound,
which has been employed along with the tetraetitylosilicate (TEOS) in the preparation of
the inorganic particles. The amount of chlorin &8 Influenced the shape of the particles
going from spherical to ellipsoid and eventually rmds, where the rod-shaped particles
exhibited the highest tumour uptake. DOX has alsenbloaded into the particles and has
been released at a pH of 5.5, most likely due ¢éopitotonation of the amino groups of the
drug. The particles have not exhibited any toxicitythe dark. These particles have been
intratumourally administered in mice and the infloe of laser irradiation as well as the
presence of DOX has been examined, again proviagbt#nefit of combined treatment.
Unfortunately no in vivo data of intravenously icied particles has been presented, making it
difficult to properly assess the potential of theseriers for tumours that are not easily
accessible. Mesoporous hollow silica particles hawen further investigated as carriers for
fullerenes (C-60) and DOX?. For this purpose, a selective etching methodbeas used to
produce hollow particles of around 50 nm contain@go0 in their shell and allowing for the
encapsulation of drugs in the cavity. The fulleserive been used as photosensitizers

allowing both chemotherapeutic treatment as wePR3, which indeed have shown the best

tumour cell killing efficiency when compared to gi@ treatments using the same carriers.
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Yao et al. has also investigated silica particesdrug release and PD¥. In this paper,
PEGylated tetraphenylporphyrin zinc (Zn-POR-CA-PH@} been used as gate-keeper to
lock to pores of the mesoporous silica particled lemit the release of encapsulated chemo-
drugs. For this purpose the silica has been matifigh histidine facilitating an interaction
with the Zn-Por-CA-PEG, which is pH sensitive aadds to the release of both the porphyrin
as well as the chemotherapeutic drug. Similar & dther studies the combined treatment

induced the highest cytotoxicity.

6.3 Organic nano-carriers

A variety of different organic nano-materials hdeen synthesised and tested. These organic
platforms can either just act as a carrier forghetosensitizer and the drug or be composed
of the photo-reactive substance itseff’ 3% 8 A few examples of each system will be

discussed below.

6.3.1 Self-assemblies composed of photosensitizers

One of the most simple and yet efficient self-adserg systems of photosensitizers has been
developed by Zhang et al. who have self-assemb(@X @ith the photosensitizer chlorin e6
based on electrostatic interactionsy stacking and hydrophobic forcB&”. The size of the
self-assemblies has depended on the ratio of tbeebmpounds, allowing for the preparation
of small 70 nm particles, which under dialysis haxéibited a delayed release of DOX and
chlorine e6 as compared to the pure compounds.elh aultures the combination of
chemotherapy and photodynamic therapy has beeneladsnt in contrast to the in vivo
studies where the joint therapy has led to totatiehtion of the tumour. The increased effect

in vivo can be ascribed to the better tumour acdatimn of the NPs in comparison to free
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chlorin e6, which has been found to be eliminatedhfthe animals in less than 12 hours. The
fate of DOX in vivo could not be followed but thédistribution is likely similar to that of
chlorin e6. In subsequent studies, the same grasprhproved the particles by conjugating
DOX to PEG via a Schiff base bond, introducing anedponse to the system. The tumour
penetrating peptide arginylglycylaspartic acid (RGias also been attached for improved
tumour targeting®®. The in vivo results have revealed better tumoptake and drug
retention than the original particles and consetiyesuperior therapy response. A somewhat
similar approach has been followed by Zhang etvab have prepared supramolecular self-
assemblies of the platinum(lV) prodrug bridged b-@iBher and a porphyrin photosensitizer
3% The size of these aggregates has been aroundiriGénd they have been utilized to
deliver both compounds very efficiently to cellspecially in comparison to CDDP or its
prodrug. Interestingly, neither the prodrug nor gifetosensitizer had a large cytotoxicity
under the absorption of light when applied on theam. However, when combined they
reduced the IC50 values of Pt by almost 15 timespared to cisplatin controls.

Analogously Chen et al. have modified human serllmonain (HSA) to either conjugate
chlorin e6 or RGD™®®. Subsequently, they have used the mixture of lmothjugates to
encapsulate PTX or first enclose PTX in the HSAodhl e6 assemblies before adding the
HSA-RGD. Although the self-assemblies have diffenecsize they have exhibited similar
pharmacokinetics and biodistribution when admimesie intravenously. The therapeutic
efficiency of the first self-assembly has been eatdd and indicated very good tumour
response, especially when compared to controlsar@iining RGD, due to the lower tumour
uptake of the latter. Interestingly, the authorsehalso explored the ability of chlorin e6 to
chelate MA" ions, introducing MRI capabilities

A series of publications has been dedicated taléségn of metal containing supramolecular

nanogels (SNG) based on porphyrins for the deligdrghemotherapeutic drud¥!. Yao et
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al. have examined the in vivo potential of onehase systems, the self-assembled dextran-g-
histidine (DH) copolymers with tetraphenylporphyamc (Zn-Por) for combined PDT and
chemotherapy. pH responsiveness of this systermisded by the histidine, which binds to
Zn-Por at neutral pH while at higher acidity it g@rotonated initiating the dissociation of the
SNG. The size of the ‘self-assemblies’ has beemwslto depend on the concentration of Zn-
Por. Both dextran-g-histidine self-assemblies dmel $NGs have been loaded with DOX.
While the loading efficiency of the SNGs is not wdrigh, they have a favourable release
profile showing less than 20 % loss at neutral ptd anore than 80 % at a pH of 5.3.
Subsequent in vivo studies have demonstrated tleaBNGs loaded with DOX had the same
tumour reduction potential as free DOX, but wheadrated with wavelengths ranging from
400 to 700 nm the SNG loaded with DOX outperfornadidcontrols including the SNG
without the drug, clearly indicating that combingtemotherapy and PDT is more effective.
Wang et al. have also explored supramolecular cexegl consisting of histidine and iron-
tetraphenylporphyrins (Fe-TPP) to prepare micelldsch have served to transport a
chemotherapeutic dru§®. Here, again pH responsiveness has been obserbich w
facilitated drug release at acidic pH. The effemtiess of this system has unfortunately only

been verified in in vitro studies.

6.3.2 Organic systems as carriers

A variety of organic materials such as liposorf&s block copolymer micelle§?, lipid
particles®® have been tested as vehicles. The advantaggsosbtines as compared to other
systems are their ability to deliver hydrophilicdaimydrophobic substanc&€d! % as well
as the fact that they have clinical acceptance. é¥ew the large variety of building blocks of

polymer and lipid-based micelles allows for finaitng of their size and composition which
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can also serve to reach much higher loading effates than liposomes. An advantage of all
carriers is that in principle they can be utilizedthe field of photochemical internalisation
(PCI) and improve the effectivity of biotherapeutimigs tremendousl@‘”. It is well known
that the largest obstacle in efficient deliverybadtherapeutics is overcoming the barrier of
endocytic vesicles engulfing foreign entifiéd *°!. The general working principle of PCI is
the uptake of the photosensitizer in the endo-lyses, preferably in the membrane, which
upon light excitation produces singlet oxygen tbah destroy the organelles, freeing the
imprisoned molecules or carriéfe. PCI mediated by nano-carriers is especially @tévor

the delivery of large molecules such as in geneafhe Here on the one hand the
encapsulation of biomolecules in nano-carriers owps their cellular uptake while
photochemical destruction of the endosomes all@wghieir escapéA nice example of such a
system is the work by Pasparakis et al. who haepgred a block copolymer composed of
polyacetal and polyethylene oxide although in t@ase somewhat smaller molecule has been
used as a model drd§®. The polyacetal unit can be triggered by both gstand light as
shown in Figure 9, which allows for drug releaseewlexposed to either ultraviolet/visible
photolysis at single photon (365 nm), double phdq&82 nm), and even multi-photon (1,064
nm) excitation, as well as at slightly acidic pHagpfproximately 5.2. These block-copolymer
self-assembles into roughly 190 nm diameter narigpes which can encapsulate a
hydrophobic drug of choice. Camptothecin (CPT) basn chosen as a model drug and its
release and cytotoxicity in combination with henpatighyrin (HP) has been investigated
under different conditions such as laser irradratising either a continuous wave or pulses.
The type of laser irradiation has influenced therapeutic potential of the nanoparticles,
where a pulsed laser has resulted in an increabied lefficiency. As a possible mechanism,
the authors have proposed that the NPs disintegrate located in the endosomes due to both

the local low pH as well as laser irradiation. THE can further damage the endosomal
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membrane due to the production of ROS upon irremiahnd subsequently result in the
release of CPT. Remarkably, when both drugs ard usthout being encapsulated in the
micelles, the cytotoxicity is much less pronouncéldis might be due to a different cellular

fate, indicating the added value of the carrier.

;ﬁhh Ek‘i\:‘ i J'\L

110 100 90 80 70 6.0 50 40 30 20 10 00

p.p.m.
b [+ —=— pH 7.4, Non-irradiated
—a— pH 7.4, Irradiated Non-exposed
1004 pH 5.2, Non-irradiated . Exposed
v— pH 5.2, Irradiated LA S, o |
80 - T l

e §

G

60 - T -
._;qo‘:"'
11

% CPT Release

I .4
40 1 .

5. L

] PeuSBSETL
T

0 40 80 120 160 200 240

Time (min)

Figure 9 A)*H NMR spectra of the initial polymer solution inctoroform (non-exposed) (in
black) with the corresponding spectrum (in red)tloé¢ laser-irradiated sample showing
characteristic diminution of the acetal proton {pea and the appearance of acetaldehyde
(peaks i and f) and 2-nitroresorcinol (peak k) pnst B) TEM microphotograph of polyacetal
nanoparticles and C) % CPT release from NPs ardift pH and laser irradiation conditions
(the green stripe represents the irradiation imi@¢nand digital photograph of laser-exposed

and non-exposed polymer solution. Scale bar, 00 Reproduced from referené&®.

Copyright 2014 Nature Publishing Group.

Their biocompatibility and versatile loading capdigis make liposomes ideal agents for
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combined photodynamic- and chemotherapy. Recewbng et al. have demonstrated the
encapsulation of PTX and the photosensitizer sirgpgin sodium (DVDMS) in liposomes
for the treatment of a MCF-7 (breast cancer) xeafvgd model®®?. In vitro studies have
shown that the dual-loaded liposomes mainly accatauin the cytoplasm. The ROS
produced upon laser irradiation have caused mitodh@ dysfunction and thus have
sensitized cell apoptosis by PTX, showing again hew different therapeutic modalities can
enhance one another. The pharmacokinetics andshibdition of the vesicles have been
found to be similar to normal liposome systems, neh@aximum tumour uptake has been
achieved 12 hours after administration at whichetil@ser irradiation has been applied. As
expected the best tumour reduction has been olusdorethe combined PTX/DVDMS
treatment with no significant side effects. Howeveneeds to be mentioned that the tumour
has not been entirely destroyed probably due tdating low PTX concentration.

Besides PCI, organic carriers are used to indude death in various other ways. A
particularly innovative approach has been suggebte®Vang et al. who have developed
lipid-PLGA particles coupled to RGD to co-delivdret photosensitizer indocyanine green
(ICG) and the hypoxia-activated prodrug tirapazamifiPZ) to tumour cell€”. The idea
behind this construct is that the photosensitizersames the oxygen present in the cells
which can trigger the action of TPZ. 3D spherotgahour cell studies have first been carried
out. They have shown a two-fold increase in uptkeompared to non-targeted particles and
suggested that upon illumination (and subsequer® R€neration) the TPZ effect is more
pronounced. Targeting the carriers with RGD hasls®wn to result in the best tumour-to-
liver ratio, though also a somewhat higher kidngyake. Therapeutic experiments have
compared RGD conjugated particles containing ohly photosensitizer or the hypoxia-
activated drug with those carrying both entitieenfarkably, even upon simultaneous

injection of the nanoparticles containing eitherZTé&r ICG, they still have not managed to
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compete with the dual-loaded carriers, which hagktb almost complete elimination of the
orthotopic tumour. Similar tactics have been fokalvby Chen et al. who have also
encapsulated TPZ in organic-inorganic composfés TPZ has been first added to
mesoporous silica, on which layers of per-O-metivglyclo-dextrin-grafted-hyaluronic acid
(HA-CD) and tetraphenyl porphine tetrasulfonic a€itPPS4) have been accumulated using
layer-by-layer deposition resulting in supramolacuhssembled photosensitizers (SupraPS)
which have served to protect the TPZ from leavimg particles. In addition, Gd ions have
been added to the TPPS4 to allow for MR imaginge particles appear to target the CD44
receptor of cancer cells and respond to hyalureseid@ddAase), which is up-regulated in
tumours and can release TPZ and supraPS from thielgm (Figure 10). The particles have
exhibited a remarkably good tumour uptake and tumgrewth reduction compared to
controls not containing TPZ or not exposed to unéd light to trigger the production of

singlet oxygen.

A TPZ@MS- TPZ@MS-
Ms TPZ@MS (HA-CD, Sa)

A5y APTES o ~ £
TPZ loading HA-CD G

TPZ@MCMS

MRI

NIR Fluorescence

Diagnosis

Figure 10 A) Layer-by-layer assembly of HA-CD andPS4 on TPZ loaded MSN to prepare
the theranostic nano-platform B) Schematic illustra of tumour-targeted versatile

theranostic nano-platform to achieve superior amdr efficacy by the collaboration of
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supraPSs-based photodynamic therapy and bio-reduchemotherapy. Reproduced with

permission from referend®. Copyright 2017 Elsevier.

A different strategy of using organic vehicles he tstudy of He et al. who have developed
assemblies composed of nano-scale coordinationmawk/ (NCP) designed to evoke an anti-
tumour response by combining chemotherapy with BB TThese NCP particles have been
utilized to carry the chemotherapeutic drug oxalipl and the photosensitizer pyrolipid.
Oxaliplatin itself has been used to form the cdréhe particles and has been covered with a
monolayer of 1,2-dioleoyl-sn-glycero-3-phosphate OfA) and pyrolipid based on
hydrophobic interactions. The outer lipid layermat®ntained PEG to reduce interactions with
the mononuclear phagocyte system (MPS) and inciglasel circulation when administered
intravenously. The drug release has been foune famourably decreased when the NCP has
been protected by the pyrolipid. Although the itravistudies have not shown an additional
immunogenic response when pyrolipid is co-applikd,in vivo results have clearly indicated
that the immune system has been stimulated. Turgoawth-regression of the primary
tumours and, more importantly, decrease in disargtastasised) tumours in two bilateral
syngeneic mouse models of colorectal cancer hage éemonstrated as clear evidence of an
immune response. The same group has also investitfagse particles loaded with cisplatin,
but in this case only focussed on the synergy otgynamic therapy and chemotherapy in a
human head and neck cancer (SQ20B) xenograft mmael ®?®, The best tumour
reduction has been obtained upon irradiation here/all, when both cisplatin and pyrolipid

are present.

7. Photodynamic therapy and radiother apy
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Photodynamic therapy combination with radiotherepg rather new field and the number of
publications is still limited, but fast growing® °® The main rationale behind this
combination is based on the ability of wide-bandtemals to transform X-rays into light
photons in the UV/VIS region. The ionizing radiatimteracts with these scintillators through
the photo-electric or Compton effect dependingtenX-ray energy and the Z of the material,
creating in the process many electron-hole pausiihescence occurs when the hole and the
electron are consecutively trapped at the lumimeseeentre and recombine. The produced
luminescent light is then used to activate a plestsgizer and produce singlet oxygen. The
first demonstration of this concept has been adraet by Chen et al. who have applied a
rare-earth based nano-scintillatd’®. Rare-earth materials are the preferred choicehfer
realization of this concept since they have exoeltopping power and produce good photon
yields depending on their structural defét&- 100d. 100e. 1009, 103445\yever, other metals such
as Zn'%" non-metal based scintillatoF¥? and even quantum dot®®! have also been
studied. In all approaches the photosensitizer ediner be encapsulated in a coating
combined with the scintillator or conjugated dihgedn the particles. For instance, Clement et
al. have used small Cglparticles (d = 9 =+ 2 nm) as scintillator conjugatedh the
photosensitizer verteporfii®. This study has revealed singlet oxygen productidren
irradiated with 8 KeV X-rays. The experimental leshave been used to calculate the singlet
oxygen production when using both the typical thetdic beams of 6 MeV X-ray energy as
well as the 30 keV used in brachytherapy. As exqiedower X-ray energies have yielded
better results as the photons deposit more of @margy into the nanoparticles. Nevertheless,
significant cytotoxicity has been reported in calbility studies even when using 6 MeV
beams although the effect is relatively low (32 %gveral other rare-earth nano-scintillators
have been investigated in vivo. Chen et al., fatance, have developed SB4EU*

nanoparticles which they have coated with solitaifollowed by a mesoporous silica layer
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[100b] The solid silica simply acts to protect the iremig scintillator, while the mesoporous
silica has facilitated the loading of the photosterey merocyanine 540 (MC540). After
showing that the scintillator is capable of conwertthe X-rays into light, which via the
photosensitizer produces singlet oxygen, the astihawve carried out a therapeutic study
based on intratumoural injection. The tumour stagk of the nanoparticles has been several
times better than the controls showing without alddhe co-action of the scintillator and the
MC540. Zhang et al. used a similar approach buéatsof a typical photosensitizer they have
employed a semi-conductor to generate R&% They first prepared octahedral Ce(lll)-
doped LiYR seeds which they covered with silica functionalizath thiol groups which in
turn have been used to encapsulate ultrafine Zn@peaticles. The in vivo studies have
shown that tumours upon injection of nanopartieled exposure to 8 Gy radiation exhibited
near complete tumour growth inhibition.

From the non-rare earth metal-based materialssahealled afterglow particles composed of
copper and cobalt co-doped ZnS (ZnS:Cu,Co) conmgagato the photosensitizer
tetrabromorhodamine-123 (TBrRh123) need to be rarat!*®*". This study has investigated
both singlet oxygen production upon X-ray exposageavell as cytotoxicity effects comparing
X-ray treated and non-treated cells. The long aftew of the particles has provided a more
efficient light source for PDT after X-ray therapgvealing a significant difference in cell
viability when radiation was applied in the preseo€the nanoparticles.

Non-metal based converters are much less commonaimdvivo studies have been reported
so far. A nice example in this category is the gthy Rossi et al., who have shown highly
reduced cell survival as compared to controls wignosing their particles in lung cancer
cells to 2 Gy radiation at a therapeutically retevd-ray energy (6 MVJ°?. Their particles
consist of SIiC/SiQ core-shell nano-wires conjugated with tetra(N-proj-

aminocarbonylphenyl)porphyrin (H2TPACPP).
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Although nearly all studies use rare-earth elementsetals for the conversion of X-rays to
light, there are also those who report a synewistfect based on combined radio- and
photosensitization. In this respect the work of ktual. needs recognition as it reports the
intravenous injection of PEGylated nanometric metglnic frameworks (NMOF) composed
of Hafnium (Hf") and tetrakis (4-carboxyphenyl) porphyrin (TCPPhe Hf ions interact
with X-rays and produce photons and Auger electi@hgh can serve as radiosensitizers in
external beam therapy, while TCPP is a photosesrsgmducing singlet oxygen upon light
exposurel’®. The synthesised particles had a somewhat wideedigy with an average
diameter of 130 nm. After promising in vitro resultheir behaviour has been further
investigated in vivo focusing on toxicity issuedasodistribution. The particles have been
found to have good tumour uptake and typical higflention in organs of the MPS (i.e. liver
and spleen), which, however, strongly decreas&Didays showing that the particles do not
remain in the healthy organs and therefore are exqiected to cause inflammation.
Subsequently, their tumour killing efficacy has héested in breast tumour models applying
X-rays, laser irradiation at 661 nm, or both. X-tagatment has been found to have better
tumour reduction than laser irradiation, but thenbmed treatment has clearly given the best

results (Figure 11).
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Figure 11: In vivo combination therapy. (a) Repréave immunofluorescence images of
tumor slices at different time post RT. The nucldpod vessels and hypoxia areas were
stained with DAPI (blue), anti-CD31 antibody (redid anti-pimonidazole antibody (green),
respectively. The scale bar: 1hfh.(b) The relative fluorescence intensity of hygoare as
recorded from more than 10 micrographs for eachumrdc) Tumor growth curves of
different groups after various treatments indicatgcduntreated control, (ii) i.v. injection with
NMOF-PEG, (iii) X-ray irradiation, (iv) i.v. injeadn with NMOF-PEG + Laser, (v) i.v.
injection with NMOF-PEG+X-ray, (vi) i.v. injectionvith NMOF-PEG+X-ray+Laser. Error
bars were based on SD of five mice per group. Begalere calculated by Tukey's post-test
(**p < 0.001, **p < 0.01, or *p < 0.05).(d)Photogph of tumors from mice after receiving
various treatments collected at day 14. Reprodweighl permission from*4. Copyright

2016 Elsevier.

8 Imaging advantages
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Molecular imaging is used to non-invasively obtaformation about biological processes at
the molecular level. It is applied in disease d#tecand staging, as well as monitoring the
response to treatment. The role of molecular in@gmPTT and PDT mediated by nano-
carriers is primarily associated with the biodlsiition of the nano-entities, including
pharmacokinetics and ex-vivo analysis. In suchiappbns, it is imperative that the imaging
probe is strongly bound to the nano-carrier or,neletter, if the nanoparticle is the actual
imaging entity. Photoacoustic imaging (PAI) is tadly linked to PTT, while optical imaging
is commonly associated with both PTT and PDT dugaéooften inherent fluorescence of the
nano-carriers. In some reports the addition of &Rl Montrast agent or a PET or SPECT
radionuclide are mentioned. A few examples of eaitlbe reviewed below.

PAI has gained tremendous popularity in biomediamine last decade due to its high spatial
resolution (up to mm) and relatively long penetration depth (a fewticeatres) in tissué®!,
The main principle behind this technique is theogison of NIR laser light by a suitable
absorber, inducing heat formation and in turn caysthermo-elastic expansion and
subsequent generation of mechanical pressure veavegasonic frequencies. This combined
optical and ultrasound imaging takes advantagd@fhigh contrast of the first and the high
spatial resolution of the second. Photoacoustigintarequires a strong NIR light absorber at
the imaging site as well as a pressure transduose ¢o the tissue to detect the outgoing
waves. As discussed in section 4, there are atyarfenorganic particles (e.g. gold, PB, CuS
etc) and organic nano-entities, either containimgls dye molecules or being composed of
semiconducting polymers which absorb NIR light aah in principle be used in PAIL A
recent example of PAI combined with PTT triggeradigddelivery are the DOX-loaded
golden nano-shells developed by Lee et'3i. In this study, the authors have explored the
possibility to use the inherent fluorescence of D@Xollow the drug release with optical

imaging, and at the same time used PAI to monéorperature increase upon photothermal
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heating. The nanoshells have been injected bothviemously as well as intratumourally,
where it was found that the fluorescence intensitysiderably increased upon laser heating
indicating drug release. The photoacoustic imagage hconfirmed in vivo temperature
increase of more than 20 % upon laser irradiatiAl. has also been used in biodistribution
studies as demonstrated by Yao et al. (Figure™). These authors have synthesised NIR
absorbing amphiphilic polymers which self-assemioi®® micelles that can encapsulate
chemotherapeutic drugs such as DOX. This study wargly illustrates how PAI can be
guantitatively used to determine the biodistribatmf nanoparticles without the need of an

additional contrast agent.

M2h M12h W24 h

5 mm

Figure 12 PAI of tumour-bearing mice treated witDX>NPs after (A) 2, (B) 12 and (C) 24
h; (D) quantitative analysis results from PAI of RMIPs accumulated in liver, spleen,
kidney, and tumour at different times. Reproduceith vpermission from referencg®”,

Copyright 2014 American Chemical Society.

Optical imaging includes both bioluminescence almréscence imaging, the difference

being that the first relies on living organisms’ission of light while the second requires a
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light excitable probe. It is an indispensable teghe in preclinical studies since it has a very
high sensitivity, needing only concentrations ie ffico molar range of an optical probe and
allowing combined bioluminescent and fluorescentdi®s. The major drawback of this
technique is its penetration ability, limiting tnical application to surface or intra-operative
applicationd!®®. In PDT and PTT therapy a NIR agent is often ushith can serve as both
a therapeutic and optical imaging agéft' though in some cases an additional probe is
added. Naturally, a double-acting probe is pretersence its inherent properties are not
disturbed by the addition of agents which otherwmsay influence physico-chemical
characteristics such as nano-carrier charge aed Biis has been demonstrated by Liu et al.
who have synthesised a nanoscale zirconium-ponpmyatal—organic framework (NPMOF)
encapsulating DOX'?. The embedded porphyrin molecules served as Huotirebcent
imaging agent and singlet oxygen generator. Optmoalging has been applied to determine
the pharmacokinetics and biodistribution of theopmnticles (Figure 13), as well as optimize

the moment of laser activation of the porphyrinyidng an image-guided treatment.
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Figure 13 Fluorescent imaging of tumour-bearing enadministrated with NPMOFs A)
NPMOFs have quickly accumulated in small lymph ng¢gellow arrow) at 5 min and in
subcutaneous transplantable tumour (blue arrowy @ft through EPR effect. B) Fluorescent
imaging of dissected organs of cancer-bearing matis8iodistribution of NPMOFs in main

organs of mice (tumour, intestine, liver, stomdaart, spleen, blood, and kidney).

MRI is a widely accepted technique in the clinspecially suitable for obtaining information
on soft tissue, capable of delivering anatomicalval as physiological information. It uses
strong magnetic fields, radio waves, and field gmai$ to produce imaging data of organs.
MRI contrast agents are not always necessary bmtmmly applied in tumour imaging. In
the reported studies of combined photo-therapies| MR less frequently applied.
Nevertheless, a few examples demonstrate that MRIad in tumour identification and

guide photo-based therapies. For instance, Waaj bave synthesised a magnetic graphene-
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based mesoporous silica platform loaded with D8X. The embedded E®, nanoparticles
have both served as MRI contrast agent and provitsghetic targeting properties. Figure 14
shows that MRI contrast is enhanced when magnatgeting is applied, although this was

not quantitatively evaluated.

MGMSP MGMSPL  MGMSPIH+Magnet

wopafuy saggy  wogaafug o

Figure 14 T2-weigted MR imaging of the glioma-bagrimice with different treatment. All
the images showed that the MGMSPI drug carriercactumulate in the tumour and image
the tumour after intravenous injection. The grauahhanced contrast illuminated the IP-

mediated targeting and magnetic targeting.

PET and SPECT are nuclear medicine imaging moeslitised to obtain physiological
information, and are often combined with CT to pdevdetailed anatomical information.
They have become indispensable techniques in thie,ahaving spatial resolution of around
2 — 10 mm™ but are also often used in pre-clinical evalusioSPECT or PET
radionuclides are typically added to nanopartielegploying a chelator or by covalent linkage
(1131 However, this might affect the properties of tr@no-carriers and result in a different
pharmacokinetics and biodistribution than the matiwvano-systems. Zhou et al. have
overcome this problem by implementifitu (a PET agent) in CuS nanoparticféd. The
radiotracer has been added in the f6f@uCk during the synthesis of the CuS nanoparticles

and behaved therefore in the same way, providinigbte pharmacokinetics and
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biodistribution data. Her&’Cu also served as the therapeutic entity allowiregcombination

of PTT with radionuclide therapy.

Finally, it needs to be mentioned that next todbal therapeutic possibilities accommodated
by nano-platforms, they also provide multi-imagiogportunities. This is very nicely
demonstrated by Huang et al. who have designead dd yolk-shell structures containing
gold for PTT and PAI, DOX for chemotherapy and imade particles for MRI (Figure 15)
(1151 Here, the magnetic properties of the iron oxideehbeen utilized for MRI and magnetic

targeting, ensuring higher tumour accumulatiorhefriano-capsules.

~ o DOX PTT Chemotherapy

Figure 15 An overview of the combined imaging mddsd and treatments of the golden
yolk-shell particles. Reproduced with permissiomnir reference™*®. Copyright 2016

American Chemical Society.

9. Conclusions and clinical perspective

In this review, the recent developments in photoubtberapy and photoradiotherapy have
been summarized, illustrating the large numbelyofteetic possibilities nano-carriers offer in
preparing smart materials with both great celinkglpotential and image guidance for optimal

results. All the discussed publications suggest tha combination of phototherapies with
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chemotherapy or radiotherapy leads to a much mifi@eat tumour killing efficiency and
helps to reduce the common drawbacks of the comraittherapies. Still, there are several
challenges that need to be overcome before suahrcamer systems will be employed in the
clinic. The first is related to the complexity obst of the reported systems; requiring various
difficult synthesis steps and eventually resultimdnighly decorated nanoparticles. In reality,
nanoparticles that have reached clinical studiegather simple, and are usually prepared by
a simple one-step synthesis. Take for instancesdhealled Cornell dots, which are basically
silica particles having very small dimensidHg. This controversy between clinical demands
and academic approaches is often encountered amefletts both the scientists’ desire to
develop fascinating chemistry and the lack of comication between clinicians and
scientists. A very illustrative example is the conaldl use of scintillation particles with
external beam radiotherapy. Low energy X-rays a&axlyg always employed in these studies,
which are not used in therapeutic beams. Furthexntbe cost of such systems is almost
never taken into account even though it will plagracial role in translation to the clinic.
Perhaps the road to clinical success is found loyif&ang some of the functionalities to
increase simplicity. Besides the complicated desiggome particles many of them are non-
degradable and can accumulate in healthy tissueevthey cause inflammations in the long
run. Additionally, most of the up-conversion pdegare based on rare-earth elements which
might be toxic even in small quantities or causimmation**”. Cell viability reported in
studies dealing with up-conversion particles amei@a out using coated particles. However,
they fail to check the integrity of the coating gmuksible toxicity of such systems for periods
of years, which is a realistic period of time ietparticles are not cleared. Last but not least,
tumour accumulation is an essential part of thesebined therapies, and as long as the only
way for these particles to reach sufficiently higbncentrations in the tumour is by

intratumoural injection their application will beery limited. If scientists develop nano-
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systems that can only be administered intratumtynalis essential to recognize the tumour
types that would benefit from such an approach paedorm preclinical testing on the
identified models. In summary, combining photo-lihsberapies with chemotherapy or
radiotherapy can lead to impressive tumour regoassr complete elimination and deserves
to be studied further, provided that the factoftuancing clinical translation are taken into
account. Considering the fact that the photocheerafly and photoradiotherapy are new and
blooming fields we feel confident that the aboventiened obstacles will be surpassed in the

coming years.
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Abbreviation Definition

NIR Near-infrared

CuS Copper sulfide

PTT Photothermal therapy

PDT Photodynamic therapy

ROS Reactive oxygen species

PS Photosensitizer

DOX Doxorubicin

DTX Docetaxel

CDDP Cisplatin

PTX Paclitaxel

DNA Deoxyribonucleic acid

LET Linear energy transfer

PEG Polyethylene glycol

PGlu Polyglutamate

SN-38 7-ethyl-10-hydroxy-campothecin
EPR Enhanced permeability and retention
IFP Interstitial fluid pressure

CNT Carbon nano-tube

NGO Nano-graphene oxide

SWCNT Single-walled carbon nano-tube
MWCNT Multi-walled carbon nano-tube
BBB Blood-brain barrier

PANI Polyaniline
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AUNP
LSPR
DOTA
PET
PDA
SPECT
RGD

p(NIPAM-MAA-ODA)

PB
Cy-5.5
MRI
PAA
PAH
MPEG
PLGA
TEM
PBS
TPGS
QD
NP
CT
PAI
RGD

HSA

Gold nanoparticle

Localized surface plasmon resonance
1,4,7,10-tetraazacyclododecane-1,4,7,1@aektic acid
Positron emission tomography

Polydopamine

Single photon emission computed tomography
Arginine-glycine-aspartic acid
Poly(N-isopropylacrylamide—methagic acid—1,4-dioxane,
octadecyl acrylate)’

Prussian blue

Cyanine-5.5

Magnetic resonance imaging

Poly-acrylic acid

Poly(allylamine hydrochloride)

Methoxy polyethylene glycol
Poly(D,L-lactideco-glycolide)

Transmission electron microscope

Phosphate buffered saline

De-tocopherol PEG 1000 succinate

Quantum dot

Nanopatrticle

Computed tomography

Photoacoustic imaging

Arginylglycylaspartic acid

Human serum albumin

52



SNG Metallo-supramolecular nanogels

DH Dextran-g-histidine

Zn-POR Tetraphenylporphyrin zinc

Fe-TPP Iron-tetraphenylporphyrins

PCI Photochemical internalization

CPT Camptothecin

HP Hematoporphyrin

DVDMS Sinoporphyrin sodium

ICG Indocyanine green

TPZ Tirapazamine

HA-CD Per-O-methyl-b-cyclo-dextrin-grafted-hyabmic acid

TPPS4 Tetraphenyl porphine tetrasulfonic acid

SupraPS Supramolecular assembled photosensitizers

HAase Hyaluronidase

NCP Nano-scale coordination polymers

DOPA 1,2-dioleoyl-sn-glycero-3-phosphate

MPS Mononuclear phagocyte system

UCNP Up-conversion nanoparticle

Zn-PCN Zn-Phtalocyanine

FA Folic acid

DSPE-PEG 1,2-distearoyl-sn-glycero-3-phosphoetlzmiole-polyethylene
glycol

TEOS Tetraethyl orthosilicate

C-60 Fullerene

Zn-Por-CA-PEG PEGylated tetraphenylporphyrin zinc

53



MC540
ZnS:Cu,Co
TBrRh123
H2TPACPP
NMOF

Hf

TCPP

PEG-b-PDPA

BPN

NPMOF

Merocyanine 540

Copper and cobalt co-doped ZnS
Tetrabromorhodamine-123
Tetra(N-propynyl-4-aminocarbonylphengtjghyrin
Nanometric metal-organic frameworks
Hafnium

Tetrakis (4-carboxyphenyl) porphyrin

Poly(ethylene glycol)-block-poly(diisopanol amino ethyl
methacrylate cohydroxyl methacrylate)

Black phosphorus nanosheets

Nanoscale zirconium-porphyrin metal-orgdracnework
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