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Abstract

Cancer is a major threat to human lives. Early detection and precisely targeted therapy/therapies
for cancer is the most effective way to reduce the difficulties (e.g., side effects, low survival rate,
etc.) in treating cancer. To enable effective canestedion and treatment, ceramic biomaterials
have been intensively and extensively investigated owing to their good biocompatibility, high
bioactivity, suitable biodegradability and other distinctive properties that are required for medical
devices in ondogy. Through hybridization with other materials and loading of imaging agents
and therapeutic agents, nanobioceramics can form multifunctional nanodevices to simultaneously
provide diagnostic and therapeutic functions for cancer patients, and theseviwasoae known

as hybrid ceramiebased cancer theranostics. In this review, the recent developments of hybrid
ceramicsbased cancer theranostics, which include the key aspects such as their preparation,
biological evaluation and applications, are sumpaatiand discussed. The challenges and future
perspectives for the clinical translation of hybrid cerarb@sed cancer theranostics are also
discussed. It is believed that the potential of hybrid ceramic nanopatrticles as cancer theranostics is
high and thathe future of these theranostics is bright despitediffieulties along the way for

their clinical translation.



1. Introduction

1.1 Cancers andnanotechnologyenableddetection andtreatment

Cances arediseases characterized by the uncontrolled growdrspread of abnormal cells. If the
cell growth and spread out of controlin human bodigst can result ithe catastrophic failure of
human Ives, i.e.,death. Given that the causeswvafriouscances are not fully understood yet,
carcers are regardeds one of the most serious public health probleamsountriesaroundthe
world. Cancer is the second most common cdaséhumandeath in the USwhich is only
exceeded by heart diseasEhe American Cacer Society estimated that in 2020 theszeabout
1.8 million new cancer cases diagnosed afwbut 606,520 cancer deaths in theSU

(https://cancerstatisticscenter.cancer.ordy/8ancer death ratesan be used to evaluate cancer

progress against the disease because they are less effected by detection practices than cancer
incidence and survival rates. Recent progesissearly cancer detection and treatméateled to

the decline of overall agadjusted cancer deathespecially for the four most common cancer
types lung, colorectal, breast, and prostaiégh mutation rate and easy metastasis of cancer cells

are stillmajor health concerns for humanSancer patientsnay not receive the most effective
treatment because they are not aware of changes in their body and consequently lpeiss the
opportunities to be diagnosed at an early stage of cancer. Moreover, the lacknoitidiag
techniques withboth high sensitivity and resolution is anothmajor challengefor the early
detection of cancerin general,surgery, chemotherapy anddiotherapyare still major and
standard treatments foancer Although it isa general practieto remove tumors anithe rim of
surrounding tissues as the first treatmaintancer especially for the primary or original cancer,

it is rather difficult to ablate tumor tissues completely through sungamycularly whenymph

nodes are involved. The possibility of cancer recurrence remains high for patientsnlyith
surgical treatmenfTherefore, chemotherapy and/or radiotherapyfraguentlyused as adjuvant
approaches for cancer patients who undergo surgeries. Remains of microscopic bits of cancer can
be killed through chemotherapMeverthelesgatients often suffer severe int@ble side effects

caused by inherent oeffirget toxicity of chemotherapeutic drugs. Some side effects cdorast
lifetime. Radiotherapy can kill cancer cells and shrink tumors through high doses of radiation
However,it can also bring damagdo nearly healthy cellsAlthough immunotherapy calmelp

the immune system figh&gainstcancer, it often happens that the immune system acts against


https://cancerstatisticscenter.cancer.org/#!/

healthy cells and tissues. Besides tfi@eamentionedside effects, there ia more important
problemassociated ith immunotherapywhichis theinfection. Cancer patients are susceptible to
infections due to their weakened immune systemss ptoblem can become worse after the
immune system suffers more damage from cancer treatwiarm@gher surgery, chemotherapy
radiotherapy. The use of antibiotiogy preventinfections but it can alsacausenew problems
such asoccurrence ofdrugresistantbacteria. Therefore early detection and targetexhncer

therapy are urgently needed fogating cancers

Nanotechntogies, particularly new nanotechnologies (novel synthesis methods, - naicdo
nanofluidics, etc.)have advanced tremendously tbdevelopment of newiananateriab and
nanalevicesfor applicationsin various areagoncerning thavell-being of humars. They have
revolutionizedour approaches to solve major health probleResticularly nanotechnolags can
provide high accuracy andigh flexibility to study and manipulate mabiomoleculesfor the
early detection and treatmeoitcancer Cancerrelatedbiomoleculesmay be effectively detected
even when they only occur in smagllantities in a small numbef cellsin the body Meanwhile,
new approacheare being developetb tackle canceproblemsthroughnew therapeutic agents
and treatmentthat are enabled byanotechnologs Furthermore the novel or unique
characteristics of nanomateriaiscluding high surface areto-volume ratio, unique properties
(chemical, physical, electrical, et@nd tunability of surface propertiesjake it possibleo
efficiently deliver diagnostic or therapeutic agents,eftectively detect cancer vidiagnostic

agents, and teuccessfully irradicate cancellous cells fancer patients.

1.2 CancerTheranostics

An emerging trend inthe early detection and treatment of canc#mough the use of
nanotechnology or nanomateriatsthe development ofancer theranostics, which integrates
cancer diagnosis and therapy tom a single entity. Theranosticsfunction on the basis of
nanoparticls for sensingjmaging and therapysingone nanosystenTheranostichiaveshown
various advantagesich asmproved diagnosis, tumeapecific drugdelivery, andreduced lethal
effects tosurroundig normal tissuesyhich are beneficidor early diagnosis, accurate molecular
imaging, and precise treatment at the right timing \&itd appropriatedose realizingreattime

monitoring of treatment efficacy Thereforenovel and effectivéheranostics casimplify multi-



step procedurefor cancer patients armalvoid delays incancer detection anleatmentthereby

providing much improvegatient cardor millions of people.

1.3 Attractivenessof ceramics forcancertheranostics

Traditionally,bioceramics whichinclude ceramics, glasses and gleseamics that argeveloped
for biomedical applicationdavebeen used for the repaif diseased or damaged parts of the
humanbody, especially for hard tissad-or example, biceramtcscan beused as bone fillers and
as materials foscaffolds forbonetissue engineering. Theide application ofceramics inthe
biomedicalfield is due to their obvious attractivenaskich includes thegoodbiocompatibility,
bioactivity, biodegradability and sufficient mechanical propertiedloreover,nanotechnologs
canfurtherimprovetheir properties, making theattractive for devicefor cancer diagnosis and
treatmentFor examplenanegrainedceramicsposses$igher strength and toughssethartheir
counterpartscomposed of micrgrains The large surface are@-volume ratioof nanasized
ceramics allows thease surface functionalizatioising various facile approachesakng them
excellentcarriers fortargeteddrugor gene deliveryMoreover,some biageramicshave excellent
biodegradabilitywhichis considered as the ultimate and unique advantages for treating €ancer
Ideally, ceramicsbased theranosticshould bebiodegradble and can beresorbed or excreted
within a reasonable period aftaccomplishingtheir diagnosticandbr therapeuticfunctions

Nanoceramicfiavesubstantially higtclinical translationpotential

Ceramicsor metals cate usedo constructehicles to deliver some imaging agefuiscances,
such as organic fluorophores (e@y33, indocyanine green (ICG), metallic nanopdicles (e.g,
gold/silver®), ceramic nanoparticle®.g.,iron oxide®), andquantum dots (QDsA variety of
imaging modalitiesbased on ceramicsay be realized by integrating the ceramics with the
imaging contrast agents (Fid). Meanwhile, ceramic nanomaterials can provide various
therapeutic approaches when they are hybridized with therapeutis sigeh asanti-cancer drugs

or therapeutic gend§ig. 1). However,nanoparticles witlonly onesingle functiorare not able to
fulfill the missionsundercomplexclinical environments. Thereforenultifunctional nanoparticles
with theintegraton of different nanocomponents into one nanosysthould be created tealize
diagnostic, therapeutic and possibly treatwmonitoring functions Multifunctional
nanoparticlegherefore offerpowerful tools to overcome the obstacthgingp at i @mcers 6

treatmentindreducecancer mortalityWith such rationale,eramiccancettheranostics have been



developedto realize the incorporation of multiple payloads fproviding multiple functions

includingtargeting imagingand treatment ijust onenanosystem

In the open literaturehere arealready excellenteview articleson thedesign, construction and
applicaton of ceramics fohuman tissue replacement or regeneratitmwever, éspiteincreasing
interestin developingceramicscancertheranostics, there amarely goodreviews for recent
researchin this emergingfield. Therefore this articlereviews the recent advances in ceramics
based theranostics for canceletection and treatment, highligimg their combinational

performance ibothdiagnosis and therapy.
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Fig. 1. Application of ceramics in cancer.

2. Ceramics for CancerDetection or Treatment

2.1 An overview of bioceramics

Ceramics are gener al |l-metdelfliince dmatsaefieigmdsosg.a nC e,

biomedical applicatiors are termed as bioceramida. general there are threeategoriesof



bioceramicshased a their interaction withumanbody tissuesand their stability in the body
which arebioinert bioceramicge.g.,aluminaandzirconiaceramic$, bioactive[hydroxyapatite
(HAp), Bioglas$N andA-W glassceramic$, andbiodegradable or resorbable bioceranjes.,
tricalcium phosphat€rCP)]. In addition, bioceramics, particularly the biodegradable ones, can be
made into porous structures (thes@a | | ed fAscaff ol ds o) Bioceramicsegener
are typicaly insulative to electricity and heat am@nbiodegradable bioceramiese stable in
corrosiveenvironmentsvhencompared tonetals and polymerBioceramicshowhigh resistance

to the plastic deformation arbssessow ductility (they arehard and brittle Nancceramic
materials exhibitmuch higher hardnesghan conventionally processed counterpartsey also
inherit the excellent heat and corrosion resistanae well aselectrical insulation properties.
Therefore bioceramics havdistinctiveadvantages in biomedical applications, including but not
limited togood biocompatibility, osteoconductivity, osteoinductiisy only a few bioceramics)
biodegradabity, and hydrophilicity.Bioceramis are mainlyappliedfor bone tissueeplacement

or regenerationas well asin clinical dentistry.Ceramic nanobiomaterialsnay form different
groups of materials, as illustrated in Figf@, medical applicationbased orthetypes of main

componentshat constitute theeramics
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Fig. 2 Different groupsof ceramic nanomateriafsr medicine



2.2 Calcium phosphates (CaPs)

CalciumphosphatesGaPs, designated &aPdn this articlg are the major inorganic constituents
of biological hard tissues such as bones and teetlaratldereforereadily usablefor biomedical
applicatiors owing to theirinherentbiocompatibility CaP nanomaterialsan avoid clearance by
the humanmmune systerandmayserve as ideal carriers of therapeutic agents such as anticancer
drugs orhumangeneslin fact CaPs were first reported as naral carriers of plasma DNA to
enable enhanced gene transfection in the 1970aP nanoceramics have abund#i groups
and also C# cationson their surfaceTheCa* cationscan effectivelyabsorbnegativédy charged
molecules via electrostatic interactions. Qathomaterials can be readily functionalized with
targeting ligandsuch asarboxylicgroup orphosphoric group tdevelopthetargetingability of
the nanodevicdn general, as compared to other nanomateaakd delivery systems, including
polymers, iposomeand dendrimes, CaP nanoceramics have seveadiantages(l) simple
preparation and easy functionalizati¢®), suitable fohydrophilicor hydrophobic drugg3) good
colloidal stability inthe physiological environment(4) providing stimuli-trigged drug release
resuling from pH-dependent dissolutioBecause ofheseadvantagesCaP nanoceramidsave
been extensivelinvestigatedas delivery vehicles for encapsulating contrast agerterapeutic

agentdor cancer diagnosisr treagment® °.

There arevarioustypes of CaPs in terms tfie Ca/P ratio,chemical composition andrystal
structure'®. Different CaPsxhibit different propertiesThe unique characteristiof CaPscan be
tuned starting from aqueous solutienby controlling th& synthesigkaction conditionsin
particular nanostructured amorphous calcium phospH{&€P), hydroxyapatite (HB) and
calciumdeficient hydroxyapatitéCDHAp) arefrequentlyprepared for biomedical applications
because thegossess desired properties tfogtargeted applicatiorsndtheyare easy to bemade

from aqueous solutionsinga simple precipitation method.

As compared to conventional miestzedparticles, nanopatrticles preparedtbg chosen methods
showdrastic increassn surface area and active sjtiemadngto greatepayloadoading capability
for drug or genedelivery applications Consideringtheir excellentbiocompatibility andlow
immune response&eramic phosphate nanoparticles (CPN&®)considereddeal vehicles for

nontoxic and efficient delivery of bioactive agen&s shown inrecentreports® 1¥13 The



applicationof CPNPs forin vivo bioimaghng can be realizethy doping them with indocyanine
green (ICG), which is a NIR contrast agent approved by the U.S. Food and Drug Administration
(FDA) for use in deefiissue imaging in human Spherical CPNPs doped with ICG were
synthesized using epreciptation of calcium chloride and disodium hydrogen phosphate via
micro-emulsions(Fig. 3). The obtainedresultsshowedthat the ICG-CPNPs provided improved
fluorescence emission intensity, quantum efficieqtyotostability in various solutioremnd most
importantly, the ability of deeptissue imaging in a mouse modél The ICG-CPNPstherefore

havegreat potential for early tumor detection arahcerimagng.

Fig. 3 Transmission electron microgragtdf ICG doped CPNPga)andinset (b) showing detailed
view of the spherical particle morphologgndinset(c) depictingschematally the nanoparticle
architecture (greerencapsulated dyeed alternate encapsularitlue surface functionalization).

Adapted with permission from R&f

2.2.1. HAp



Hydroxyapatite (HApwith the chemical formula of G{PQ)s(OH). is aprominent member of
the calcium phosphat@amily and is the most studied bioceramics so$amceHAp is similar in
chemical composition and crystal structurethe maininorganic component of bonesHAp
intrinsically demonstrates excellent combination lmbcompatibility and bioactivity (i.e.,
osteoconductivity with regard to bone tissue formatiampking it particularly useful in
interdisciplinaryareaslike chemistry, biology, and medicinMeanwhile, acompared to other
bioceramicdased on calcium and phosphaié\p showssuperiorosteoconductivitypromoting
osseointegratiorfor implants after theirmplantation in the bodyHowever, HAp haspoor
mechanical propertiegcluding brittleness ConsequentlyHAp is generally coated ometal
implants (e.g., Ti implantdpr medical applications drybridized with polymergsometimes also
with other bioceramics or even metafey making bioactive implants that will promote bone

formationin vivo.

Besides ofthe use of noiporous or porous HAp structures for bone tissue replacement or
regenerationHAp nanoparticlecanbe used agarriersfor deliveringnucleic acid, proteins and
anti-cancer drugs$*. Interestingly, tudies have foundhatHAp particles themselvesould inhibit

the proliferation of severaypes of cancer celland demonstrate strong anéincer effecbothin

vitro and invivofor liver cancer®, colon cancer, melanomareast cancer célt andgliomacells.

Fu et al 7 suggested thaAp nanoparticle suspension had a greater inhibition effect c@82

cell proliferation thanlargesized HAp suspensionn vitro and that HAp nanoparticles had
excellent inhibition effect for hepatocellular carcinoma-B402 celldn vitro. Tanget al *8found
thatHAp nanoparticles expressed antitumor effeith low sideeffectin vivoin arabbitmodel

The inhibitory function shown by HAp nanoparticlesan beattributed to theirinduction of
apoptosis through the mitochondrisediated pathwapccording to previous investigatioh®

HAp nanoparticlesouldinduce thgroduction of intracellular reactive oxygen species (ROS) and
activate cell apoptosis related genes, which may be responsible for DNA damage and cell apoptosis.
It wasalso speculated th#te size oHAp nanoparticlesind their cellular localizatiodetemined

HAp nanoparticleinduced cytotoxicity Meanwhile, Sobczakkupiec et al. ?° reported that the
physicochemical properties and morphologiiéip particlesalso influencd their interaction with
cancer cellsSyntheticHAp nanoparticle withchosensize, low crystallinity, highporosity and

high surface areanay be preparedy using appropriate synthesis method aodtrolling the

synthesis/reaction parameters
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2.2.2. TCP

Like HAp, tricalcium phosphate (TCP, &RQy)2) is another bone repair material. It becomes

more attractive in recent decades owing to its biodegradability whentissne regeneration
approaches are adopted. Commonly encoun®@&ivith a Ca/P ratio of 1.8xists int h ehask
orbphas®BCP Uhas the crystal struct uTfCBshawvsthea mono
crystal structure of -T&P carhbe formedienderatures higherettae g r o |
112 5a M&CB isgeneratect a temperaturef 9001 1 0 0 -TCRismdr e st abl e t h
TCP in the biological environment and henbelCP is generally used in borissue repair
Compar ed TGP hasAamigher Bolubility in vitro and in vivo and exhibitsfaster
degradatiorafter implantation -T@P canpromote theproliferation of cells such as osteoblasts

and bone marrow stromal cellBheseadvantages db-TCP for bone tissue repaare due to the

excellent biomineralization and cell adhesmoperties Consequentlyb-TCP hasgained more

attention inrecent years for bone repair (replacement or regeneration), particularly in the bone

tissue engineering area.

TCP nanostructusshave demonstraté good biocompatibility, excellent bioactivity, suitable
degrac@bility and high affinity to biomacromoleculdske HAp nanoparticles, TCP nanoparticles
exhibit high loading capacitytogether withenhanced solubilityin drug delivery systes?! 22
TCP nanoparticles withorousmicrostructureshould beable to deliveeitherdiagnosticagentfor
cancerdetectionor anticancer drugs for chemotherapyrthermorenanoporous TCRIso shows
inhibitory effecton several types of cancer celisdcomparévely low effect on theroliferation

of healthy cell$* 24 Therefore nanoporous TCRas high potentiain cancer treatment.

Considering the complex environment of cancer, nanoporous TCP is oftemizgtbrivith
polymers liposomes or other ceramics teealizemultiple functiors. Sarkarand Bosdabricateda
bifunctional bone tissue engineering scaffaldich could repair postsurgical bone defect and
eradicatébone tumor cells in the surrounding tisstRed heanticancer drug curcumimas loaded
into liposome and the drugncapsulated liposomeas depositedn porous TCP scaffoddResults
showedthat the composite scaffolsl could enhancehe stability and anticancer efficacy of
curcumin while showing excellentin vitro bone forming ability.Another study showed that

11



nanoporoud CP could be integrated with magnetic nanoparticles to penoagnetic resonance

imaging andprovidehyperthermia for cancer treatmeht

2.3 Bioactive and biodegradable glasses

Bioactive glasses wer@dtly investigated andeveloped byHench et al. ir1969 Theyrepresent

a group of reactive materials thettmulate theformation andgrowth of new bonen implants
made of these materialsie nc h 6 s NBinalg | cat&saive sgisseb araow widely
studied/appliedn the biomedicafield. The first clinical application dBioglas$N was in the form

of small solid piecego replace the small bon&s middle ear surgerySubsequentlybioactive
glasses have be@sed indentistry and showequantified improvement ovétAp implans?’. In
recent yeardjioactive glasses have been widielyestigated irthetissue engineerinfield owing

to theirbiodegradabl@ropertiesvhen they are prepared through particular manufacturing toutes
It is shown thatheir dissolution componentsinactivate cells at the genetic level, praugibetter
bone generatioaklity than CaP$ioceramicsin addition,45S5 Bioglas§ could bond toboth

hardtissueand soft tissueln contrastCaPs bioceramiosan only lmndto hard tissues

Bioactive glasses are mainly composed of silica {f5i€alcium oxide (CaO), sodiuoxide (NaO)
and phosphorous pentoxidex(). A wide range of bioactive glasses with attractive properties,
such asbiocompatibility and bioactivity can be producedby varying proportions ofthe
component$SiO,, CaO, NaO andP.Os). Furthermoresome specific elements or oxigssch as
Cu, Ba, metal ionsboron trioxide B203) andiron oxide FeOs or FeOs), can be incorporated
into the glasses ndowthemwith new propertieandfind newapplicatiors, as illustrated b¥ig.

4. For examplemagnetic bioactive glasseffer dual functionsij.e.,formationof abond with the
body tissue by forming a biological active apatite lagerthe implantissue interfaceand
generabn of heat under alternating magnetic field for hyperthermal treatment for c&hcer
Various investigations have begerformedo obtain bioactive glasses in different forms, such as
bulk, powder, composite, and porosst r u c dcaffold® .) pécific propertieof bioactive
glassegnay be achievedwhen controlling theirsynthess at the nanometer scald=or example,
compared with noorousbioactive glassesnesoporous bioactive glasgdBGs) have much
more optimal surface area and pore volume, as evidenabeibgreatly enhanced drug delivery
capability,in vitro apatite mineralization arid vitro degradation. Therefor®BGs have attracted

12



good attention andre explored for the possibility of acting asarriers forproteirs, drug and
radionuclide for cancer treatmerf: % By incorporatingradionwlides, MBGs couldgrovide a
new approaclior cancer therapy, delivering high levels of local radiation to kill cancer cells in
organssuch adiver through the achievement afsuccessful glass delivery system for radiatton
Furthermore, the inegporation of MBGs into silica, polymeric or liposome substratas
substantiallyexpand their applicati@??3*. Overall, bioactive glasses and MB&gpear to have

a bright future in the area of camt¢eeatment.
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Fig. 4 Schematic illustratiofor magnetic bioactive glasses fmovidinghyperthermal therapy of

cancerAdapted with permission from Ré&t

2.4 Silica

Silicaandsilica-basednaterials, which arprovenbiocompatible, have bedrequentlyemployed
for biomedical applicationsNanoparticlesmade of silicaare mainly solid or mesoporous
nanoparticlesDifferent from solid silicananoparticle, mesoporous silia@anoparticle can carry
larger amounts obio-agents (drug, protein, gene, etowing to their porous structuren the
particles They arepotentially efficient carriers of different therapeutic agents owinghéir

13



enormous surface areegntrollablepore size, good biocompatibility and thermadkslity =°.
Quantum dot$QDs), fluorescence dyer magneticmanoparticle have beeambeddedh the slica
nanoparticls (solid or mesoporoud) serve as highly efficient imaging agefds fluorescence
microscopyandmagnetic resonance imagingRI). Anticancer drugs and therapeutic genes can
also be delivered by mesoporous siliceanoparticls with different pore size and surface
properties’®. Functionalization of mesoporous silioanoparticls with molecular, supermolecular

and other polymer moieties improves their biocompatibility aisb targeting function.
Additionally, silica coating on the surface aithertypes ofnanoparticles is ofteadoptedto
enhance colloidathemical stabilityAnother advantage faisingsilica coating is that #hparticle
surface is often terminated by a silanol group which can react with various coupling agents to

covalentlybind targeting ligands.

The canbinationof unique architecturdacilefabricationandcontrolledsurface chemistry aolid
and mesoporousilica nanoparticls should enable the development afew sophisticated

multifunctional nanodevices to meet the challengekfferentbiomedical applications
3. Hybrid C eramicsfor Cancer Detection and Treatmert

3.1 Ceramic-metal hybrids

Hybrid or composite materialsontainingceramicand metal componentsten showenhanced
mechanical propertieswing to their reinforcing effectFurthermorethese materialsnay also
offer new propertied-or example, sinc€aPsareproneto ionic substitutionsthefabricatedCaP
metal hybrid materialsnay bedevelod intonanoparticls of differentcomposition structures,
and solubilityfor targeted application®\lso, somenew propertiegould begeneratedor cancer
diagnosis and treatmefft as shown ifTable 1. For instance lanthanidedopedHAp possesses
luminescence propertigsvhich is useful for biomedical imaging®. It was roted that he
luminescence efficiency and color of the emitted light depéod the lanthanide element and the
degree of crystallinityCaPsdopedwith magnetic ions (such as #&¢e**, Mn?*, Gdf*, etc.)can
provide sensitive imaging abilifpr MRI andcomputed tomographyC({T). Meanwhile magnetic
targeting magnetieinduced treatment guidance, and magnetic hyperthermay be
simultaneouslhachievedhrougha singlenanosysteno enabldéettertreatmentor cancer patients

In addition,radio-labelled CaPsvith further radionuclides labelinghay be utilizedfor nuclear

14



imaging such single photon emission computer tomography (SPECT) and positron emission
tomography (PET). More importantly, i@oping can modulate the internalization asdo

payload releasfor CaRbasechanoparticle *°.

Tablel Examples ofon-doped Camybrid materials for cancer diagnosis drehtment

Doping ion Application Ref.

Fe'/Fe* Magnetic targeting 6,40, 41
MRI
Hyperthermia

Ag* Antimicrobial activity 42

Eu*', GPY, Dy**, Yb** MRI/CT/upconversionuminescence 38,39, 43, 44
Hyperthermia therapy

Mn?* MRI a4
Chemodynamic therapy (CDT)

Cu Photothermal antiumor effect 45

Magnetic bioactive glasses agood candidats for thermoseeds for hyperthermia cancer
treatmentComparedo singlecomponeniagnetic nanoparticles, the magnetic phiaseagnetic
bioactive glasseis embeddedvithin the bioactive glass matrix amgncethe leaching of metal
ionsto surrounding tissue @nvironment could beffectivelyavoidedor minimized In addition,
agglomeationmay not cause big conceagparticlesare not ircolloidal suspensior-urthermore
magnetic bioactive glasses can bond to bone so that#mstay at the targeted sites once they
are implanted®. Hyperthermia effect cathusbe repeatedly generated whenever needed at a later
stage of canceilhese characteristics make magnetic bioactive glaseesattractivethanother
materials as thermoseeds, especially featingbone cancemMagnetic bioactive glasseramis

were also found usefédr cancer hyperthermindat the same timir bone tssue regeneratiéh

Silicarbased materials arrequently usedas suppoihg substrates to either depasit or
encapsuladn of metallic materials for a variety of applications, includongmedical applications
Tremendougfforts havebeenmadeto developvarioussilicaametal hybridsas new theranostics
that possesattractive propertiegFig. 5). Silica or mesoporous silica coating on noble metal
nanoparticles caprevent or reducthe aggregatiorof these noble metal nanoparticl&ncethe

15



surface of silica coating rich in silanol groups, targeting ligandsnay be easily attached to the
hybrid particledo realizethetumor targeting functiorin addition silicaparticlescan be used as
the supporing substrate for some nanoparticles such as iron oardgold nanoparticlegor
providingthesensingmaging function. Thailica-metal hybridghus designed and fabricateah
have both diagnostic and therapeutic capabilities. For the detdigmlissionson this aspect

readers can refer to our recently published rewgigle *®

a b “T Gold nanorod C\posd Gold nanorod
ik == Mesoporous silica = = Mesoporous silica,
- porous sili porous sili
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Fig. 5 Novel theranostics with the use of siliqa) Schematic illustration of different ways to
hybridize mesoporous silicavith other componentgb) to (6 Examples of silicanetal hybrig
designed andhbricated by different reseamfs: (b) Coreshell gold nanorod/mesoporous silica
nanoparticlesmade by two-step and seyjel methods (c) Coreshellsatellite structured gold
nanorod/mesoporous silica/gold nanodots theranostics afdrieving combined chemo
phototherapy, (d) Coresatellite structured mesoporous silica/gold nanoparticle as surface
enhanced Raman tag for cancer detectiepMultifunctional core/multishell/satellite structured
FesO4/solid silica/mesoporous silica/gold nanonaanoparticlesAdapted with permission from
Ref49
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3.2 Ceramic-polymer hybrids

Bioactivity and biodegradability ateportant characteristics dioceramicghat are required for
nonporous biodegradable implants for rephgcdiseased or injured tissues (e.g., bone) or for
poroushiodegradablecaffoldsfor regenerating body tissudsat are focuses of current research
in the biomaterials and tissue enginegifields. They may beffectively achievedoy combining
bioactiveceramicswvith biodegradable polymersreating desired composites/hybridenporous,

or porous)or the applicationsGenerally, it has been a challenge to deliver pharmaceutical agents
to the interior ofhard tissudor combating the disease/canbtecausef the inherent biological
barriers less perfused and limited blood supply. Consequerthwentional administration rcegt

for drugs are novery effectivefor treatng bonecancer.Therefore,controlleddrug delivery at
local siteswith long-term release profikds neededCeramicpolymercompositesiybrids maybe
able toprovide controlled longerm drug delivery at local disease sidsle offering thebenefit

of regenertion of bonetissues at the bone defect siteBiopolymers such as chitosan (C3)
sodium alginate (SAJ* and PLGA (poly-lactideco-glycolide) °? are widely used materials in
tissue engineering and possegsellent propertiesncluding non-toxicity, biocompatibilityand
biodegradability as well ascommercial avidability. Therefore, thespolymershave been used
with ceramics taealizecontrolled drug deliveryLiu and Webste?? fabricated a nanslA/PLGA
compositevhichwas capable of longerm drug release. A bone morphogenetic protein (BWMP
derived peptidéDIF-7c) was used athe model drug andvasfirstly loaded onto nandlA via
both covalenbondand physicabbsorptionThedrugloaded nangHA was then dispersad the
PLGA matrix to form an implantable scaffoldlhe results showed thahe naneHA/PLGA
composite achieved a grbaprolonged twephase release profil&lso, the nancHA/PLGA
compasite demonstratedn vivo boneregeneratiorability, showing the promiséor orthopedic

application

Porous ceramics have beaade and assessasldelivery vehicles for antibioticanticancer drugs,
proteins,andhormoneshy many researcher$he decreasm drug releasspeedcaused by the
formation of fibrous capsulem delivery vehicles maye compensated by the gradual degradation
of the ceramic matriXn contrastapolymer coating otthe ceramic matrixcould improe surface
propertiesand help tarealizesustaineddrug release or pidensitive releasef the drug which

could becontrolledby the polymeric component containing weakly acidic or basic grétqy

17



example,phosphatestabilized amorphous calcium carbon@P) decomposes too fast in an
acidic condition to achieva long-term release oincorporateddrug. Nieet. al >3 fabricated
monodispersed SA/ACP hybnda ultrasonic treatmentherelease rate of curcumiwhich was
usedas a model anticancer drugthe studyfrom the hybridbecame slower as the concentration
of SA increaseduinder the same pH valudhe SA/ACP system was shown tprovide good
sustaineetelease profils for long-term cancer treatmemiiroughcontrolling the ratio of SA to
ACPIn the hybrid.

3.3 Ceramic-ceramic hybrids

Mesoporous silica nanoparticles (MSNs) are onthe@mostfrequentlystudiednanopatrticles for
drug delivery systemin light of their characteristicsncludingea® of functionalization, high
surface argaand high pore volume for high drug loading. Howeverirtheor degradability and
long-term toxicity caused by their accumulation in some orgatise bodyremainabig concern
and havelimited their clinical applicdion. CaPsmay be used to deal withe shortcomingsof
MSNsowing to their bioactivity and biodegradabilifihe hybridization of CaPs with mesoporous
silicacouldsignificantly increase their biodegradabiltjth thereleag of Ca¢* ions from theCaP

in an acid environmenilTherefore,HAp-MSN hybrid materialsvere investigated and results
showed that thegould improve drug loading efficiency aatsoprovide pHstimulus controlled

drug release, consequently geniagabetter therapeutic outcomes.

Hao et al>* integrated HAgnto MSNs to form hybrid nanoparticles whialould degraden the
acidic environmenbwing to the dissolution of HApn nanoparticlesAs such the drug loading
efficiencywas enhancedogethemwith requireddegradability and desid pH-responsive releas
profile. Song et aP® fabricated a core/shell hybrid drug carrier wathold nanorod AuNR) core
andan mSiOQy/HAp shell for multiresponsive drug deliveryFig. 6). AUNRs were coated by a
silica shelltrough thehydrolysis of silicate precursor withein situformation of HApcomponent
throughthe reaction of calcium salt and phosphate. The incoiparat HAp modified the porous
structure of original silica shell and resulted in higher drug loading capability arer fast
biodegradation of the hybrid nanoparticle. The AUNRs cotddalso generate heat undemear
infrared(NIR) light irradiation which accelerated the dissolution of HAp. Tdheig releaseesults

using doxorubicin hydrochloride (DOX) #se model anticancedrug revealedhat thefabricated
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AUNR/mSiO/HAp nanoparticle®iaddistinctive NIR- and pHresponsive drug release properties
(Fig. 6), making the particles good candidates for usmmtrolled drug delivery.

x\LOS = @ s

/ ” MS/HAP Shell 4

’h
(& 2" il g 2
) \ b Tl "4._.-. ';_._ f .7”,.0
NIR N P, o

Irradiation -

2 :,.;’.7" NIR Responsiveness
¥ " pH Responsiveness
Excellent Degradability

Acidic _— Npa

nvironment ;%) i ’C’ »- = {
' NIR light

Fig. 6 lllustration for thefabricationand propeies (i.e., high drug loading efficiency, excellent
pH-sensitivity, NIRsensitivity and biodegradability) of AuNR/MSIBIAP nanoparticles
Adapted with permission from Ref

Some targeting ligands could also be conjugated onteslia® hybrids for tumor targeting. Kang
et al combined the advantages of MSNs and HAp whenfabrication of a spherical MSN/HAp
hybrid (Fig. 7) °¢. They showed successful loading of DOX into the porous framewtmieover,
the surface of MSN/HAp hybridasmodified by grafting hyalunean (HA) and oligosaccharides
cleaved HA(oHA) to enablethe tumor targeting ability. The diameters of MSN/HAp hybrid
nanoparticlesvere smaller than 100 nras shown in the TENhicrographqFig. 7(c) and 74)].
The DOX release profile and TEM imageshgbrid nanoparticles were recorded under different
pH valuedFig. 7(e)]. Theseresults indicated that the MSNs/HAp nanopatrticlestha potential

to release DOX at tumor sites due to their weak acidic environment (p618).decause ofhe
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existence of Hf. The cytotoxicity of MSN/HAp nanoparticlesestedon both healthy and cancer
cellsappeared to balmost negligible. HA or oHA coating on MSN/H¥anoparticleshowed
distinct cytotoxicity on targeted cancer cebsid HA@MSN/HAp or oHA@MSN/HA hybrid
still preserved good tumor targeting ability.
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Fig. 7 (a) Schematic showing the rgparation of OoHADOX@MSNMHAp and HA
DOX@MSsHAp nanoparticles (b) Working principle of oHADOX@MSNHAp and HA
DOX@MSNMHAp as nanodrugs for chemotherapyvivo, (c) and (d)TEM images ofoHA-
DOX@MSNHAp and HADOX@MSNMHAp, respectively,(e) Step releasef DOX from
DOX@MSNMHAp in phosphate buffered lsae (PBS at different pH valueginset TEM images
were taken at 4, 10, and 24hincubation, respectivelyAdapted with permission from Ref

The challenge aisingme s opor ous sil i caemamdpadntug| easr rmaise m
suitablegatekeepeto block the release of drugs from the open pore prior to reach the targeted
releasesite andat the same tim#& ensurethe controlledreleaseof drugs at theeleasesites.A

CaP coating oMSNs may bedesigned as gatekeepeto accomplishprecise targeting and

controlled releasePrevious research hahownthat CaPs auld be dissolved as nontoxic ions

(calciumions andphosphate ions) in acidaellular environments such as endosomgsi6.0)
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and lysosomes~pH4.5)°" and hence wouldhot causecytotoxicity issue Rim et al®® prepared
mesoporous coiaig togethemwith pH-controlled, absorbableaP nanoshelas pore blockers. The
hybrid nanoparticles provided triggered release of encapsulated drugs within intracellular
endosomesThe surface oftheir mesoporous silica nanoparticlegas decoratedwith urea
(designateds SiMP-UR) [Fig. 8(a)]; andthentheanticancer drug DOXvasencapsulateth the
pores(designated aBOX-Si-MP-UR). Subsequentlya CaPs nanocoating formed on the surface

of SFMP-UR under ureasmediated surfege mineralizatiorastheporeblocking agentFig. 8(c)].

In vitro resultsshowedhat theCaPporeblocking nanocoatingroDOX-Si-MP-UR was effective

in holding DOX before endocytosadthatDOX release auld be achieved within lysosomes by

the dissolution o€aPnanocoating.

Si-MP-NH,

[(z) 1
N
Si-MP-CO!

Urea

HAp
pH 4.0

. Acidic cellular
compartment ‘g

' Uease @ DOX @ Ca» & PO

Fig. 8 (a) Synthsis routefor Si-MP-UR: (1) APTES (2) removal of cetyltrimethylammonium
bromide, glutaraldehyd€3) Jack bean urease (UR)) FieldemissionrSEMimage of SIMP-UR,
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(c) Schematic of surface CaP mineralization of DESMMP-UR and triggered drug release under

intracellular endo/lysosomal conditiomsdapted with permission from Ref

Apart fromCaRsilica hybrids, biphasiccalcium phosphatesonsisting ofTCP and HAv havealso
beeninvestigatedfor tissue engineering andrug delivery It is challerging to separatehe
componerg in biphasic or multiphasic calcium phosphates becatlge componerg are
homogeneously and intimately mixed at the submicron leBbdegradable porous
nanocomposite scaffdd o n t a i -MCPmMm@trixeandfHA nanofibersverefabricatedand the
scaffolds showd enhanced mechanical propertiésr possible load-bearing bone tissue
engineering®®. The biphasicCaP scaffoldshad microporais structures thaissistectell growth
and vascularizatioand were considered ftione regeneration after tumor removaladdition,
biphasic hybrids have been intensively studied for biosensiognagingand drug delivery due
to theirattractiveproperties. Wigluset al.®° fabricated HA/b-TCP nanocompositeshich were
doped with Et/Yb®" ion-pairs These composites were shown to haveat potential for

fluorescent imagingpplication.

4. Applications of Ceramicsbased Hybrid Nanomaterials for Cancer Detection and

Treatment

4.1 Development ofCeramics-basedcancertheranostics

Applicatiors of nanotechnology in oncolodave been developed in sevataéctions, including
molecularsensing diagnostic imaging, targeted therapy, and treatmentitoring. Theranostics

is a novel concept whiantails the use afanoparticlsin a single nanosystefar both molecular
sensingimaging and therapyor cancer Even though there are singtemponeh nanoparticle
systems, which is rare, that may be used as theranostics, such systemajbalimitations and

have not been vigorously pursu€&bmposite or hybrid nanoparticles are the systems that hold
great promise for cancer detection and treatn@@mtrently, here are various types of theranostics
based on differenmatrices The applicability of theranosticss highlighted by liposomes which

are intensively used in clinical trials due to their specific features. Several theranostics based on
silica, silicagold, cyclodextrin and iron oxide haaésobeen used in clinical trialsr pre-clinical

work for cancer diagnosis and treatmé&htAdvanced heranostics hae the ability to monitor
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therapy responseyoviding opportunities to modify the ongoiraancertreatment and to develop

newtreatmentsn personalizeanedicine

Different from other inorgaic nanoparticles, such as gold, silver,iron oxide nanoparticles,
ceramicnanoparticlesannot be directly used as sensargmagingagentsfor cancer detection
due to their lack of unique optical or magnepooperties The applicability of ceramic
nanoparticlesn sensing/imagings highlighted by their function as carriers of some imaging
moieties. The chosen ceramic nanoparticke® genemlly appraised for providingherapeutic
functionsfor cancer treatmerity way ofdelivering therapeutic agenfsuch as anticancer drugs
and silencing gengnto the targeted sitese., cancerous tumorRecently, magnetic bioactive
glasses have bepnoposed foprovidingboth MRFbased imaging and hyperthernafiased cancer

treatment, which opens new aventmshioactive glasse®r theranostis applicatiors.

A thorough searcfor clinical trialsin the USdatabaséclinicaltrials.gov) hasidentified 34 clinical
trials in which theranostics are being applied for cancer diggaod therapywith only 6 cases
of thembeinginvolved as bone graft or implants. Therefore, there isastdhg way to go for
ceramicsbasel theranosticgo be usedn clinics. Considering thelesirablepropertiessuch as
bioactivity, biodegradabilityand special functionalityceramicsbased hybrid nanomaterials

should be investigated and assessed for future theranostics

In the following setions,the fabrication, characterization and biological performance of some
theranostics as typical examples are presented and disclisssehanosystemarethe highlighs
of ceramis-based theranostics with comparativelyperiorproperties and functionalities.

4.2 Bioactive glasses andjlassceramicsfor cancer therapy

Bioactive glasses have been successfully used in bone tisplacement or regeneratidéven
though bone is aomplextissue withthe seli-repair functiontheregeneration capabilitgf bone
in large bone defect are&soften limited which is generally the case afwirgical removabf
bonetumor. Therefore, multifunctionahanodevicesvith functionsof both treaing the possible
remaining cancer cells after surgemydregeneratinghew bone are urgently needés a non
invasive cancertreatment, hyperthermal therapy has beensideredas a alternative and
competitive way to treat relatively large turaanbone and other tissudioactive glasses doped

with thernoseeds areonsideredasexcellentcandidates to provideequiredthermal activity for
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cancer hyperthermia artd offer bioactivity for bone regeneratiofror example, Wang et.df

used thamelting-quenchingmethod to preparkismuthdoped biactiveglasseswhich consisted

of SiO,, N&O, CaO, POs and BpOs. The biocompatibility apatiteformation and photothermal

effect of the fabricated glasse&re evaluated througim vitro and in vivoexperimentsThein

vivo experimentausing nude mice showed that thesmuthdopedglassescould efficiently kill

bone tumocellsunderNIR irradiation A laserof 808 nmwavelengthwas usedo illuminateglass

sample with different percentages dBi>Os in simulated body fluid $BF) and the temperature

change othesolutionwas monitoredy aninfrared sensoffFig. 9(a)]. Thetemperaturencrease

was largerfor glasssamples with highegpercentagesf Bi>Os [Fig. 9(b)], indicating that tasses

doped withBi20Os could be usedo realizephotothermal effectGenerally, the cell viability was

greaer than80 % for the four types of celtestedL929, MC3T3E1, UMR106, and U20Safter

their culturing with different concentrations of Hlbped glasses for 24 [iFig. 9(c)], which
suggestedyood biocompatibility ofthe dopedglassesThe results of energglispersive Xray
spectroscopy (ER) analyss [Fig. 9(d)] showed thaP and Cavere the primary cation species in

the surface depogif glass sampleafter 3day immersionn SBE Thetraces oklements for the
dopedglass disappeadafter #dayimmersion indicaing theapatite layeformationon glassTo

assesthein vivoperformance of bismuttoped glasse$our parallel experimentsere performed

on nude miceusingi contr ol o0, AS6POB + | as e radimalgimdmps P2 Bo,
(S6P2B was the bioactive glasses with the components of 41moi%RiA%P0s-2mol%

Bi>O3.) No bioactive glass or laser irradiation was appliedo t he fic oMotlases| 6 gr
irradiation was appliedo thefi S 6 P 2 B o Aftgrithe natpsteosarconukerived from UMR106

cells grew tahe size of~10 mmin mice glass sample€S6P0B and S6P2Byere implanted into

the tumorsites inmice[Fig. 9(e)]. Thelocaltemperaturéent he A S6PO0OB + | aser o g
by 67 °C whilethat of thef S6 P2 B + | imcreaseddo-5% Cquickly whenthe tumor

sites were exposed to laser irradiation, suggesting sptootgthermal effect ahe dopedjlassas

a result ofthe existence of BOs. Thein vivoresultsalsos howed t hat tumors in
| aser 0 ¢ toshrinkongdaydaf laseraleatment andanishedon day 3.All tumors were

seen to balestroyedon day 15 demonstratinghe capability of Bi-doped biactive glass for

treatng bone tumorThe presencef Bi>Oz did notaffectthe bioactivity of the glass,and hence

the dopedjlass could promote bone regeneration after bone tumor was destroyed.
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Fig. 9 (a) Experimental setup for quantifyirthe photothermal effecf(b) Photothermal effect of
Bi-dopedbioactive glassewith differentpercentagesf Bi>Os (The temperature was measured
underlaserirradiation for 10 min, (c) Viability of normal cell MC3T3E1, human osteosarcoma
cell line U20S and rat osteosarcoma cell line UMR106 afeir culturing with Bidoped
bioactiveglassesdr 24h (d) EDX analysisesultsshowing the evolution of element distributson
on surfaces of Bdoped biactiveglas®s(y is the percentagef Bi>Osz in glasg9 afterincubaton

in SBF for differentdayge)Mi ce i n Acontrol 6, &S POB6R2B ast elr a
groups at day 16f laser irradiation treatmen(f) Changes ofumor sizewith times inthe four

animalgroups Adapted with permission from R&t

Apart fromphotothermal therapy generated by optical input, magnetic fluid hyperthermia (MFH)
or magnetic induction hyperthermiilIH) can alsocausethermal apoptosis throughe use of

alternating magnetic field applied to magnetic bioceramics %3,
Ferrimagnetic/ferromagnetic/superparamagnetic matgkiabsvn as thermoseedsan beanjected

into tumorsites which produce heat once they angposedo analternating magnetic field. There
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are two concern®r using magnetic nanoparticles for hypertherfii®ne is thepossibldeaching
of metal ionsfrom nanoparticlesyhich may beharmful tothe body. The other ighat the metal
nanoparticlesmay agglomeratat tumor sitesgreatly weakeimg their heating efficiencie&>.
These issuemay be dealt withby usingmagnetic bioactive glassramics (MBGCspas bone
implantsand cancer cell killerswhich wasfirstly proposed andleveloped byKokubo and ce
workers®®. In addition tosening as thermoseeds hyperthermia to kill tumor cells via inductive
heating, MBGCs can also be used as an adjuvant treatment ctrry out radiotherapy
chemotherapy, synergism with immunotheragig, As compared to other magneémbedded
carriers, MBGCs endow high biocgatibility and bioactivity which may cause less side effects
on adjacent healthy tissues when they are injected into tumor lSesver, he addition of
magnetic particles into MBGCs often casidecreasg in bioactivity. Thereforethe challenge in
desgning new magnetic bioceramics for cancer treatmersébsuthow to balance the optimal
magnetic properties and bioactivity@asure thathe generated heatliggh enough to kill tumor

cellswhile notsacrificingthe bioactivity.

Li et al.®” synthesized Cai0,-P.0s-MgO-Cak-MnO2-F&03; MBGCs for achieving MIH for
cancer Through domg with MnO; and FeOs to the bioactive glass matrix, the fabricated MBGC
demonstratenhancednagnetic propertwhich is desiedfor cancehyperthermiaThe bioactivity
of MBGCs wassubstantiated by thiermation of a norcontinuous apatiteayer on theMBGCs
surfaceuponimmersing in SBF foll4 daysCellswere shown to be well attachedd proliferated
on the MBGG surfaceafter ~day cell cultureRecenly, Miola et al. reviewed the development
of magnetic glasseramics in terms otheir composition and fabrication, as well as their
application for hyperthermia in cancer treatnfénAnothemrecentreviewby Danewalia and Singh
summarizedhe applicationof MBGCsfor MIH treatment of canceandprovidedsome insights
into the correlations between their compositibipactivity and outcome of heat treatméht
Althoughmanyresearcharticleshaveappeared on BGCs and resulting MIH treatmetihere is
still the lack ofin vivo studiesthat carclarify thevarious effects of glasses aglhssceramicon

different cells Moreover clinical trials are barelyn progress

Well-ordered porous structigeenderceramic matcgeswith agoodcapability for drugadsorption
and releaseéMlesoporous bioactive glasfMBGs) area new type obioactive glassswith well-

ordered mesoporous channdigh surface areandhigh bioactivity®®. With the assistnceof a
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structuredirecting block copolymer, highly ordereMBGs were synthesizedhrough an
evaporatioinduced seHassembly (EISA) procedS The prepared MBGs showémiprovedin
vivo bioactivity. MBGs are competitively advantageous oeenventionabioactive glassess
illustrated inFig. 10. For instance, MBGsynthesized by EISAemonstrated a twimld higher

loading efficiency ofthe antibiotic gentamicirthanbioactive glasses synthesized thg solgel

method
Mesoporous  Bioactive Glass
Ca0-F 050, Doped with different inorganic
l diagnostic or therapeutic ions
Encapsulation, release o == _—
of therapeutic agents Bioactivity and y Osteogenesis and By

biocompatibility antibacterial property

Angiogenesis

:

Magnetic Mn?"Cu?*/Zn?*
Bioactive properties for Co/ B3+
glass bioimaging *™~ Fe?* /Fe>* Agt
Ga’t \.

Antibacterial
properties

. Anti-inflammatory J

b and hemostatic 7

Fig. 10 Attractive daracteristicof mesoporous bioactive glagscancertheranostics

More recently, MBGsvereproposedo provide combinetlyperthermia and photothermal therapy
(PPT) for cancer treatmenthe MBGsare alreadyrecognized as excellent platforms for anti
cancer drug loading and releaswing to their poous structure with a highly controllable
arrangement and diameters5@ nm) It is also possibld¢o incorporate some specific elements
such agFe) into the structure of MBGs fwovideMBGs withmagnetic propertieso thatPPT is

also available fothese glassesnd consequentlyhe cancer treatment by these glasses can be
enhancedOn the other hand, angiogenesis is crucial for the proliferation and metastatic spread
of cancer cells, developing novel MBGs with the ability to suppress new bé&sseéhMormation,
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which is regulated via releasing antiangiogenic ions tlmough delivering antiangiogenic
druggchemicalsjs of great importance fdinding/exploringnew therapeutic approaches against
cancer. The potential of glaseramics for canceherapy has beemrviewedrecently by Miola et

al*” Major efforts are needed to develop these materials/products into clinical applications, which
is highly challenging.

4.3 Silica-based hybrid nanoceramicsascancertheranostics

MSNs arenontoxic andbiocompatible ecording toin vitro andin vivo studies’® X whichhave
beenapprovedfor useby US Food and Drug Administration (FDAAs has beerdiscussed in
Section 2.4MSNshavemanyunique propertiesncludinglarge surface are&jgh pore volume,
tailorable pore sizeand easy functionalizatignwhich make themexcellent candidatesfor
biomedical application These excellent propertieombinedwith their high cargecarrying
capacityputthem into ahighly advantageous position for being developed as novegd@ndrful
theranostics There are many excellent reviewson MSNs, covering ther fabrication,
characterization and biological performarieé?’# Therefore, to avoitepetition this article only
summarize the recentdevelopmert (within the pasftfive years)of MSN-based theranostics in
terms of imaging techniques, types of carried cargosséanulli for triggeing the therapeutic
effect (Table 2) and gives a few representativeexamples toprovide awide view about the
possibility of their clinical transition in oncologyMany researclefforts havefocused orusing
mesoporous silica as carriers ftherimaging contrast agents terapeutic ageni@able 2),
with these agentbeingloadedor encapsulated into their inner por€atekeeperare used to
block the pore entrances avoid premature leaka@é encapsulated agermin ideal gatekeeper
can be removed under specific internal or external stimuli to achieve controlled drug aétease
targetedeliverysites. These stimuli incluge#, redox potential, temperature, biomolecules, light,
magnetic field ultrasoung or a combination of thee factors Li et al. "° fabricated a
multifunctional drug delivery vehicle with an ordered mesoporous resin as a polymer core and Fe
nanodotsdoped silica as the biodegradable shBlle Fedoped silica shell aetlas agatekeeper
to block DOX leakage frommesoporous polymer coresd sened as magneticagens for
magnetic targeting andRI. Importantly,the Fe-doped silica sheltould be degradedo release
the loaded drugn the acidic tumoenvironmenbut hadultralow drug leakageluring circulation

in blood
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The cellular uptake and tissue biodistributioh theranosticsare very important factors to
determinghe fate and efficacy of siliebased theranostic¥hereforetheir surface modification
via targeting ligandss necessaryPassivetargetingcaused bythe enhanced permeability and
retention(EPR) effectis widely applied for designg theranosticgTable 2). Meanwhile active
targeting enabled by targetifigands whichinclude small moleculesproteins angeptides, is
also highly pursuedto reduce the side effexin cancer treatmentMagnetic mesoporous silica
nanoplatforns can provide magnetic targetinghich has been used by some researchers for
effective isolation and detection of circulating tumoells °. Samykutty et a). developed
wormhole mesoporouslica nanoparticleasdelivery vehicledy usng chitosan athegatekeeper
and peptiddor active targetingThe controlled release of imaging dye from M3Nggered by
pH could target orthotopically implanted ovarian tumafsusgenerang high resolutionmages
for spatiotemporal identification of submillimeter ovarian cariéer

Silica nanomaterialbave showmore possibilitie@ascancertheranosticshan othebioceramics
because of their facile synthesis methoaersatility for functionalization, and integration with
other materials However, sveral challengestill remainprior to the clinical translation. For
examplethe potential toxicity or incompatibilitwith body tissuef silica-basedheranosticss a
concern Fortunately, many types of silicdbasedtheranostics in terms dheir composition,

morpholoy andsurface properisarenow available which may help to address tbencerns.
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Table2 Recentdevelopmerd of MSN-basedheranosticgrouped according ttheir imaging techniguevolved, cargocarriedand stimulls usedo

triggerthetherapeutic effect

. - In vitro or Imaging Stimulus Cargo Targeting Therapeutic
Material and Composition in vivo Modality Gate keeper| Stimulus Imaging contrast| Therapeutic Tqrgeting Targeted application Ref
study agent agent ligand tumor
Mesoporous  silickoated  bismuth  sulfigin vivo CT NIR Bi2Ss DOX RGD Osteosarco |Photothermal 8
nanoparticle (BISsS@MSN NP) peptide ma therapy
chemotherapy
Indocyanine green (ICApaded zwitteriofln vitro  [FLI Zwitterionic |pH Carbon dots ICG Passive Photothermal [
fluorescent carbon dot (CE®ncapsulatin carbon  dof targeting therapy
mesoporous silicaanoparticle (ICGCD@MSN) ICG hybrid
Fluorescent dye Cylabeledantimicrobial peptid|/in  vitro|FLI GO NIR Cy7 PA-C1b FA, Breast Photothermal 80
PA-C1b loaded into MSN, folic acidonjugate{andin vivoj antimicrobigcancer cell |therapy an
graphene oxide covered MSN (MSN@GRA- | peptidg anticancer theray
Clb@FAGO) PA-Clb caused o]
antimicrobial
peptide
5-Fluorouracil (5FU) loaded hollow golssilver{in vitro  |Optical Phase changNIR Au-Ag nanoshell |5-FU Passive Prostate  |Combined chemo|®!
nanoshelcoated with mesoporous silica shell | imaging material lauri targeting  |cancer photothermal
lauric acid (LA) immobilized in the mesoporeg acid therapy
gatekeeper
Gold nanorod/lauri@acid-conjugated mesoporg|In vitro  |Optical Lauric  acigpH  andAuNR Passive Combined chemq®
silica coreshell nanoparticle followed by coati imaging and tannic aciNIR targeting photothermal
of tannic acid (TA) (AUNR@MSN.A@TA) as thermos therapy
/pH-sensitive
gatekeeper
Imaging dye and anticancer drug loaded wormIn vivo Multispectral |Chitosan pH IR780 imagin¢Anticancer  |Peptide Ovarian Chemotherapy 77
silica nanoparticle with chitosan as capping ag optoacoustic dye drug cancer
tomographic
(MSOT)
imaging
Hollow mesoporous silica nanoparticle (HMIn vivo  [Thermal/phot{CuS nanodot [Glutathion|CuS nanodots  [DOX Passive Breast Combined chemy®
loaded with antcancer drug DOX, and surfg acoustic dua e targeting  |cancer photothermal
functionalized with chitosan (CS) andoppe| modality therapy
sulfide (CuS) nanodot imaging
Biodegradable mesoporous silica nanopailn vitro  [Positron Photosensitizer |Photosensitiz{Passive Advanced |Photodynamic 84
loaded multiple neoantigen and photosensi emission chlorin e6 r chlorin eftargeting |[cancer therapyenhanced
chlorin e6 (Ce6) tomography and multiple immunotherapy
(PET) neoantigen
Hydrophobic mesoporous silica nanopar{in vivo Ultrasound Ultrasoun Passive High-intensity 85
coated with an amphiphilic block copolyn imaging d targeting focused
(Pluronic F127) ultrasound
insonation induce
cell ablation

(To be continued)
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Table3 (Continued)

Anticancer drug DOX loaded superhydrophg
mesoporous silica nanoparticle (FMENOX)

In vivo

Ultrasound
imaging

Ultrasoun
d

Interfacial
nanobubbles

DOX
interfacial

and

Passive
targeting

Chemotherapy an
antivascular

with b-cyclodextrin as surface capping ad nanobubbles disruption, an
(FMSNSD O X @6D) enhanced dry
penetration effect
Perfluoropentane (PFi)aded, mesoporous |In vivo |Photoacoustic NIR Perfluoropentane| Passive Breast Photothermal 87
silica shell and CuS nanoparticle ¢ {ultrasound CuS targeting |cancer therapyprimed
(CuS@mSIi@-PFRPEG, designated as CPPs) imaging cancer
immunotherapy
FesOd/carbon dotdoaded MSN witllIn vivo |Long Folic acid|NIR Carbon dots PTX Folic acid Chemeocatalytic |8
encapsulation of paclitaxel and surf wavelength [conjugated b- photothermal
conjugation of folieacid-conjugated cyclodextril FLI CD therapy
Ultrasmall manganese oxidpped mesoporo|in vitro |MRI pH Ultrasmall MnO [DOX Passive pH-triggered 89
silica nanoparticle targeting chemotherapy
Suicide gene loaded reshaped magneiinvivo |MRI Magnetic |FeOs Suicide gene |Magnetic  |Hepatocellu|Magnetic 90
mesoporous silica decorated with plasmid DN] field targeting |ar carcinom{hyperthermia
induced gen
therapy
Biodegradable magnetic silica sealed mesopdIn vivo |MRI Fe-doped pH Ultrasmallg-FexOs|DOX Magnetic Chemotherapy 75
polymer silicashell targeting
Gadolinium oxide (GgDs), DOX-loaded MSNIn vitro [MRI, FLI pH responsiv|pH GkOs DOX Folic acid pH-trigged 91
capped with FAconjugated polyelectrolytes polyelectrolyt chemotherapy
es
Magnetic gadolinium oxidéiron oxide corglnvivo |FLIand MRI [Luminescent |pH GhOz-FeOs 5-FU Passive pH-trigged 92
mesoporous silica shell gated with boronic | carbon QDs carbon dots targeting chemotherapy
functionalized highly luminescent carbon quan
dot (BNSCQD)
Cyclodextringrafted  polyethylenimine (CP)In vivo pH DOX and Breast an{Chemotherapy ar®®
functionalized mesoporous silica nanoparf SiRNA ovarian gene therapy
(MSNP) with encapsulation of DOX and siRNA cancers
Photosensitizer chlorin e6 (Ce6) and antitulln vitro [MRI and CT|Alginate/chito|pH FesOs-Au DOX andPassive an Combined 94
drug DOX loaded magnetic MSN with surf imaging san photosensitizgmagnetic photodynamic
assembly of pHesponsive alginate/chitog polyelectrolyt r Ce6 targeting therapy an
polyelectrolytes multilayer e chemotherapy
Gd-doped DOXloaded MSN conjugated willn vivo |Fluorescence NIR GOs, ICG DOX and ICGFolic acid Chemo 95
ICG-loaded thermosensitive liposo| photoacoustic photodynamic
(DOX@GAMSNSICG-TSL) and MR therapy
imaging
Coreshell gold nanorod/mesoporous silln vivo |MRI/CT/PA |MOF NIR AuNR, MOF DOX Hyaluronic Combined chemq®
nanoparticle with outer layer of metal orgs imaging acid photothermal
framework (MOF)GNR-MSN-MOF) therapy
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4.4 Calcium phosphatebased hybrids ascancertheranostics

Advanced theranostics can not only have tutacgeting, medical imaging and cancer therapy
functions but also provide the capability to trace the progress of drug release/delivery and monitor
the efficacy and performance of cancer therapy. As discussgettion 2.2, calcium phosphates

may provide pHcontrolled drug release profile. Géldsed hybrid ceramic theranostics formed by
encapsulating both imaging contrast agents and anticancer drugs in the nanocarriers can enable
imagingassisted chemotherapyrfeancer. Moreover, thegan release drugs at the targeted site

with desired dose(s), resulting in better therapeutic effect and lessfi@dts. Current CaBased
theranostics have been integrated with multiple payloads for achit&eiegpected functins, i.e.,

tumor targeting, imaging and therapy.

CaRbased hybrichana@eramics can be designed to realiz®rescence imaging-LI)-guided
therapy and deliver anticancer drugs witlorescencdracers. CaP nanocarriers equipped with
fluorescence tracercan work as optical reporters, enabling -temé monitoring of drug
delivery/release and evaluation of therapeutic effectsladivered drugs in vivo. Different
fluorescence agents, including organic fluorescent dyes, quantum dots, fluorescent
macromoleules, rare earth oxide and metals, are integrated into CaP nanoéarfiersnstance,
Singhet al. reported a novel HAbased nanocarrier with sdlfiorescee imaging capacity?®.
The HAp nanorod werepreparé througha hydrothermalprocess The selffluorescee HAp
nanorod (fHAp) enablel imaging capability andexhibited great potential for theranostics
applications due to the existence of L@adical impurities. To increase the loading capacity,
fHAp was enclosed wit a mesoporous silica shell to form hybrid fPAmSi coreshell
nanoparticle %, with ~1% loadingcapacityfor fHAp to the level of~10% loadingcapacityfor
fHAp@mSi.The selffluorescereproperty of the fHA was derived from C&" radicalsandwas
well preserved in the fHA@mSi hybrid. fHA@mSi hybrid showed low cellular toxicity and
high intracellular uptake rate (80%). These esults demonstrate that hybrid fH&®mSI
nanocarriers have great potential for effective loading of therapeutic moleculdsrashaig

delivery within intracellular compartmentss well aghe capaility for in situimaging.

Wang et al. fabricated Janus nanoparticles composed of folateagicyated AUNPs (FAU)

and poly(acrylic acidflecorated mesoporous calcium phosphate @@#@aP)'°°. The exposed
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FA-Au part could achieve cancer esppecific targeting and high contrast for @iaging, while

the PAA/mCaP part worked as carridos DOX. Overall, FAAuU@PAA-mCaP nanoparticls
demonstrated good biocompatibility and high stability. More importantly, they served as a
multifunctional nanodevice for CT imaging and actiaegetng chenotheraypy.

CaPscould also beombined with Aunanoparticle for accomplising multimodal imagingusing
one nanodevice arfdr providing multimodal imagingassisted therapy’. Considering that Au
nanoparticls can be used aa heatgenerator under NHRaser irradiation, hybrid CaP/Au
nanocarriers can be used for doaddality imagingguided drug delivery, duaksponsive drug
release, and chewphotothermal therapy for cancer treatment. dti al. fabricated gold
nanorod@polyacrylic acid/calcium phosphate (AUNR@PAA/CaP)-goétl nanoparticles and
used them to deliver DOX faancer treatmefiFig. 11(a)] °>. TheAUNR@PAA/CaPanoparticle
showed the average length and widthlwdwt 100 and 65 nm, respectivdlyig. 11(b)]. The oval
shaped cavitinside the theranosscouldbe clearlyseen under TEMand suclahollow structure
would provide more storage space for anticancer drug. AUNR@PAAMGaBparticle showed
pH and NIR dualresponsive drug delivergbility. The released DO>Xamountcontinuously
increased due to the dissolution of the CaP shell at pH5.0. Alllgrsirug releaseacuredwhen
DOX-loaded AUNR@PAA/CaRanoparticls were exposed to NIR irradiatiomhich was du¢o
the heaggeneratedby the AuNRsunder NIR laserHig. 11(c)]. In addition,the AUNR@PAA/CaP
nanoparticle producedenhanced CT signals and PA intensity wéah increag in AuUNR
concentratior{Fig. 11(d) and 11(e)] Overall, AUNR@PAA/CaP yolshell nanoparticle were
regarded apromising theranostics for simultaneous doralide CT/PA imaging anfdr providing

chemaephotothermal therapy.

CaPs may also be integrated with magnetic nanoparticles or be dope with magnetic ions for
providing MRIguided therapy. There are already extemgieviews in this area in the open

literature, and readers can refer to the corresponding review articles for detailed infotfA&tion
41, 103106
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Fig. 11 (a) Schematicillustration of the synth@s procesdor AUNR@PAA/CaP yolkshell
nanoparticle as pH/NIRresponsive drug carriemnd for achieving simultaneous duahode
CT/PA imaging angrovidingchemaephotothermal therapyb) TEM image of AuUNR@PAA/CaP
yolk-shell naroparticles with the inset showing their SEM imagéc) DOX release profilegor
DOX-loaded AUNR@PAA/CaP yolkshell nanopatrticle in PBS at pH7.4, 5.0 and 5,0
respectively with periodic NIR laser irradiation (808 nm, 1.8cm?), (d) CT images of
AuNR@PAA/CaP yolkshellnanoparticls versus Au concentratio(e) PA imagesshowingPA

signal intensif increaseawith increasingAu concentrationAdapted with permission from Ref

5. Challenges andPossibleDevelopmentdor Hybrid Ceramics-basedCancer Theranostics

In this article, recent progressin the fabrication, biological evaluation and applicatiorhgbrid
ceramis-basedcancertheranosticsare reviewed A good number of bicgramics withgood
biocompatibility, bioactivity, biodegradability and their own distinctive propertieake them

desirablecandidates fotheranostics for cancer diagnosis and therapy.

Considering théarge presence o€a* and PQ* ionsin human boiks andbiodegradability of
CaP nanparticles the great potentiaCaPsof working as theranosticthroughtheir combination
with organic materials such polymers or liposomes to form higedchanomaterialss readily
expected CaP hybridsan combine the stability of the organic component uralgrsiological
conditiorsand thebioactivity of CaPto form advanced nanoplatfosfor theranostics applicatisn

Also, CaPs can be used as gatekesipettrug deliverysystensto avoid the premature leakage of
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