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ABSTRACT: Inorganic nanoparticles as a versatile nanoplatform have been broadly,. . Ve,
applied in the diagnosis and treatment of cancers due to their inherent supe\[cigf&dew 3 “’"%20%
physicochemical propesti€including magnetic, thermal, optical, and catalytic® 15“*‘3 * "R

performance) and excellent functions (e.g., imaging, targeted delivery, and controlled™  ,..ccn

release of drugs) through surface functional catidn or ingredient dopant. However, .23
in practical biological applications, inorganic nanomaterials are relatuéiytodic . ' = sosgate “é’a;
degrade and excrete, which induces a long residence time in living organisms%a u$ G | §§§§
may cause adversee@s, such as mmmation and tissue cysts. Therefore, $he NG 258
development of biodegradable inorganic nanomaterials is of greahsggfor their % I b

inorganic nanoparticles for cancer theranostics with highlight on the degrad%%ipn
mechanism, aiming toes an in-depth understanding of degradation behavior and ",
related biomedical applications. Finally, key challenges and guidelines will be discussed”
to explore biodegradable inorganic nanomaterials with minimized toxicity issues,
facilitating their potential clinical translation in cancer diagnosis and treatment.

biomedical application. This Review will focus on the recent advances of degradab,h"'g

)

1. INTRODUCTION although the renal clearance can eliminate a large proportion
In the past few decades, nanoparticles as a biomedigglthe admi_nistr_ated ultrasmall nanoparticles, the accumL_lIation
application platform have attracted increasing attefition, and retention in the body cannot be completely avoided.
and several of them (e.g., liposérmes albumif) have been C_ompared W_lth the ultrasmall nanoparticles, nanoparticles
successfully applied in clinical practice, indicating their gré4th larger size (e.g., 2200 nm) not only have longer
potential in nanomedicine. After systemic administratiof€Sidence time in the bloodstream, but also provide more space
however, most of the adial nanoparticles are recognized for functionalization, such as targeted molecule aatioh

by the immune system of organism and then captured by tR@d drug loadirig. However, the declining kidnefration
reticuloendothelial system (RES, e.g., liver and Spiéen), makes the nanoparticles more prone to accumulate in RES,
leading to long-term retention in the body and potentiaresulting in increased challenge of potential toxicity in
toxicity, which largely hampers their practical applicatiobiological systef’®** Therefore, a more promising
According to the requirements of the Food and Drugapproach is to develop appropriately sized and degradable
Administration (FDA), agents injected into the human bodynanoplatforms, which enable sent time to perform
especially diagnostic ones, must be completely cleared withidiagnostic or therapeutic functions, and then decompose into

reasonable period of time after achieving the plifdses, small pieces of degradation products that can be utilized by the
nanoparticles with ectively clearable properties have moreorganism or removed from the boty.
clinical translation opportunities. Generally, biodegradable nanoparticles can be divided into

Biodegradation and renal clearance are considered as theee categories, including inorganic nanoparticles (e.g., silica,

two major pathways that can accelerate the removal pbn oxide, transition metal dichalcogenide, and metal
nanoparticles from the bddy?* It is demonstrated that

ultrasmall nanoparticles with hydrodynamic size less than %
nm can be rapidly excreted through renal patfitias?
However, rapid renal clearance largely shortens the circulat®eceived: October 16, 2019
time in vivoand thus reduces the time available for theRevised: November 24, 2019
nanoparticles to perform their functions. AdditionallyPublished: November 25, 2019
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Table 1. Degradation Mechanism and Degradation Behavior of Represented Inorganic Nandparticles

degradation

mechanism nanopatrticle size degradation behavior ref

Hydrolysis DOX-LPSIiNPs 151 nm  completely degraded and cleared from the body within 4 weeks 29
BLM-SiQ BLM 80 nm completely collapse into fragments after incubated in water for 16 days 78
PEG-SIQNP 3.4 nm almost completely degraded after coincubated with cells for 7 days 79
PEG-SIQNP 118 nm  fully degraded and cleared from body within 3 months 80

Chelation Iron oxide nanocubes 21 nm quickly degraded within 1 h after being incubated in citrate medium of pH 4.7 65
Iron-doped silica 200 nm  nearly completely degraded after being exposed to FBS or HS containing transferrin for 21 86.24 days,

Nanoshells respectively
PEG-FeOOH/SiQ 2 3nm nanocomposites became hollow within 24 h and eventually collapsed in FBS 82
Gold/iron oxide 13.4 nm in citrate medium (pH 4.7): iron oxide shell quickly degraded within seveiial Viears; 83
heterostructures degradation process of iron oxide shell last for several months

Redox BSA-NiP NP 105 nm  completely degraded in PBS for 54 h 35
VS@lipid-PEG 35 nm completely degraded in aqueous solution after 30 days under ambient condition 70
PEG-Mog 105 nm  nearly completely degraded within 7 and 14 days after incubated in PBS with pH value of 74land 5.0,

respectively

BSA-EDTA-MsO, 50 nm quickly degraded within several minutes in ascorbic acid solution 84
Fe(lll@wWs PVP 108 nm  completely degraded within 1 week after incubated in PBS or citrate medium 85

Enzymolysis  carboxylated SWCNT / partially degraded within 24 h with the assistance g V@@, NaBr 86
C?\;I%éyl\llqrted / nearly completely degraded after incubated in HRP &hddid 60 days 87

ZAbbreviations listed in alphabetical order: BLM, Bleomycin-A5; BSA, bovine serum albumin; DOX, doxorubicin; EDTA, ethylenediaminetetra
acetic acid; LPSINPs, luminescent porous silicon nanoparticles; MWCNT, multiwalled carbon nanotubes; NP, nanoparticles; PBS, phosph:
bu er saline; PEG, poly(ethylene glycol); PVP, polyvinyl pyrrolidone; SWCNT, single-walled carbon nanotubes.

phosphide/telluride nanoparticles) *° organic nanopar- oxide nanoparticlé8,°’” manganese oxide nanopar-
ticles (e.g., polymeric nanoparticles and the aforementiontéidles:>®®° transition metal dichalcogenide nanopar-
liposomes and albumit?),** and inorganic/organic hybrid ticles>*’%’* and carbon nanomaterialé* have been widely
nanoparticles (e.g., coordination polymer nanopafficfes). employed for biomedical applications. According to the
Among these types, inorganic nanoparticles face greatégigering factors, the degradation mechanisms of inorganic
challenges on the way to clinical translation than organic aanoparticles can be divided into four categories: hydrolysis,
inorganic/organic hybrid ones, since the relatively higheshelation, redox, and enzymolyBile landFigure ).

stability may contribute greater uncertaiintiesowith long- 2.1. Hydrolysis. Hydrolysis provides an indispensable
term side eects in some cas$é8! In addition, the large-scale strategy for the fabrication of biodegradable inorganic
preparation of inorganic nanoparticles with good repeatabilifanomaterials. As a reversible process, the hanomaterials can
and homogeneity remains morecdit, especially for certain also undergo a hydrolytic process through interacting with
complex inorganic nanoplatforms. Nevertheless, they are siifter molecules to break down chemical bonds, leading to the
attracting wide attention due to their additional excellengontinuous collapse of the nanostructure and ultimate
advantages in function and physicochemical properties (edkgradation. Silica nanoparticles are a typical biodegradable
optical, magnetic, and catalytic performance), which greaf$nomaterial to adopt this mechanism, which undergo the
facilitates clinical diagnosis and theéfapyin the past few  gissociation process as follows: in an aqueous solution, the
years, a couple of reviews have discussed the desigflcate with a tetrahedral silanol unit is attacked by a
construction, and application of de_gradable inorganic nanQqcieophilic group (OH) to form a pentacoordinate
particles and placed greatpectation on their future jyermediate. The intermediate is unstable and can sponta-
developmerit: However, most of them focused on o g}y decompose into Siand Si(OH), which constitute

one or two types of inorganic nanomaterial. Additionallyne main gegradation prodd€® In living systems, silica
besides the functlon and performance, degradation kmet!c Eﬁwoparticles after intravenous administration are prone to
also a very important factor needing to be comprehensiv ¥cumulate in mononuclear phagocytic system (MPS)-

discussed, as it may set obstacles impeding potential clinlg ociated organs and degrade into nontoxic products (i.e.
translation of the nanoagents. This Review summarizes recg H),) within a few day®. Si(OH), naturally exists in '
4 . 4

van in bi r le inorganic nanopatrticles for ;
advances in biodegradable inorganic nanoparticles fo tu"}ﬁ ny tissues and can also be excreted through renal clearance,

ggﬁg{lr;gr Sgtﬁn t\sﬁfc:;nn%rm V\i’:l/gh highlights - on degr"’lda“oghowing the promise of silicon-based nanopatrticles for clinical

translatiord!
2.2. Chelation. Chelation is another strategy to degrade
2. DEGRADATION MECHANISM OF INORGANIC inorganic nanoparticles, which relies on the external ligands
NANOPARTICLES containing one or more chelation groups to coordinate with
The biodegradability of nanomaterials tremendoustysa metal ions originating from nanoparticles, thus forming a stable
their biosafety in biomedical applications through reacting wittomplex. To ensure biosafety, the metal ions derived from the
living system via chemical/enzymatic reaction to decompog®rganic nanoparticles must exist in the organism originally or
into tiny fragments favoring discharging from the body otan be excreted after metabolism. Iron-related nanoparticles
recycling in biological systéfhsTo date, biodegradable mainly use this degradation pathway, which utilizes endoge-
inorganic nanoparticles such as silica nanopéttitiésn nous transferrin in living organism or addition of exogenous
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Figure 1.(a) Schematic representation of the degradation process of silicon nanoparticles (reproduéadafitbnpeehission. Copyright

2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (b) Chelation and degradation mechanism of iron-containing nanopatrticles. (c)

Redox degradation mechanism of redox and light-responsive (RLR) nanoparticles (Reprodué&@dniitbnpeahission. Copyright 2019,

Elsevier Ltd). (d) Schematic representation of the enzymatic
permission. Copyright 2011, The Royal Society of Chemistry).

degradation of multiwalled carbon nanotubes (Reproduéesitfrom ref

ethylenediaminetetraacetic acid (EDTA), desferrioxamine

, aretluctiort*°? Moreover, according to the characteristics of

deferiprone to chelate, transport, and excrete the excesgdants and reducing agents, researchers have constructed a

iron(111).%-%® For example, due to the highnity of EDTA,
desferrioxamine, and deferiprone for iron(lll), iron(ll
incorporated in the silica nanoshell could be easily rem

variety of redox-responsive nanoparticles. A degradable WS
I) Fe(lll) composite nanoparticle has been found as a self-redox
ovedaction between Fe(lll) and WSwhich leads to

by the above chelators, leading to the disintegration of silibéoodegradation of WSFe(lll) into soluble Fe(ll) and

nanoshefi

WO, . In addition, the degradation product Fe(ll) can

2.3. Redox.The redox strategy generally utilizes reactivéurther react with 5D, in tumor cells to produce cytotoxic

oxidative species (ROS) (e.g., hydrogen peroxide, hyd
radical) or reducing agents (e.g., glutathione (GSH))

roxyidroxyl radical-QH) via the Fenton reaction. Afterward,
td=e(ll) is oxidized to Fe(lll) and further reacted with, Y8S

initiate oxidation or reduction reaction and in-turn breakdowachieve continuous redox reaction and Fenton réaction.

of the matrix, respectively. It is feasible to design inorganic2.4. Enzymolysis. Enzymes are the basic biocatalysts
nanoparticles that degrade using redox methodology due to ttesponsible for biological regulation and metabolism, which
high e cacy and endogenous availability of redox agents @an be used to degrade nanoparticles. Enzymatic degradation

living systeniS. Manganese oxide (MpQas a common
biodegradable nanoagent, contains Mrbond that can
specically dissociate into ¥fhin acidic and reducing
environments°%** Except for MnO, disulde bonds can

refers to the interaction of the nanomaterial containing
enzyme-sensitive group with corresponding enzyme in the
organism, inducing the breakdown of enzyme-sensitive
chemical bond and subsequent degradation of the nano-

be incorporated into inorganic nanoparticles to facilitate thgarticle. Once endocytosed by cells, the nanomaterials are
biodegradability due to its easy fragmentation via GSHIways sequestrated and concentrated in lysosomes. The large
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Table 2. Represented Inorganic Nanoparticles for Cancer Therarfbstics

nanopatrticle synthetic method size application ref
PEG-SIQC hydrolysis 237 nm PA/drug delivery 14
MnOx-SiQ structural dierence-based selective etching 100 nm MRI/drug delivery 68
897r-Sig NP Stdoer method 150 nm PET/drug delivery 94
SiG, NP hydrolysis 3.4 nm MRI/SDT 79
SiO, NP Stder method 118 nm FL imaging 80
SiG, NP Stder method 180 nm drug delivery 78
SiO, NP modi ed surfactant-assembly gel process 15890 nm drug delivery 95
Cy7.5-SiQ oil water biphase stratation approach 100 nm FL imaging 96
PO-PEG iron oxide NP thermal decomposition 12 nm T,-MRI 97
PEG-F¢0, thermal decomposition 9.8 nm MRI 98
PEG-FgD, thermal decomposition 10.9 nm MRI 99
PEG-F¢O, thermal decomposition 22 nm MRI 100
9MTc-FgO, thermal decomposition 69.2 nm MRI 101
Cy5.5-F¢0, thermal decomposition 24 nm MRI/FL imaging 102
MnO, intercalation-deintercalation reaction 200 nm MRI/drug delivery 69
BSA-EDTA-Ms5O, hydrothermal method 50 nm MRI/PTT/drug delivery 84
HAS-MnQ albumin-based biomineralization method 50 nm drug delivery 90
Cu;BiS nanodot thermal decomposition 21.95 nm CT/MSOT/PTT/X-ray/IR imaging31
VS@lipid-PEG thermal decomposition 35 nm MRI/PA/PTT/SPECT 70
PEG-Mo$ hydrothermal method 90 nm PTT 71
Fe(ll)@WS-PVP solvothermal method 108 nm PTT/drug delivery 85
MoS, liquid exfoliation 80 nm FL imaging 96
PEG-MoTe chemical vapor transport method 60 nm PTT/chemotherapy 103
2D boron nanosheet liquid exfoliation <100 nm PA/PTT/FL imaging 104
2D antimonene nanosheet liquid exfoliation 70 nm detection 105
2D TizCy-based MXene nanosheet selective etching 164 nm PTT/drug delivery 106
2D SnTe@Mn@SP nanosheet liquid exfoliation 160 nm PA/PTT 34
BSA-NiP NP calcine 105 nm MRI/PA/PTT/CT 35
BP/cellulose hydrogels liquid exfoliation B018 nm PTT 107
GO/BPNF aerogel liquid exfoliation BO nm PTT 108
PEG-BP liquid exfoliation 100 nm drug delivery 37
NaGdR:Ce/Tb@CaP thermal decomposition 130 nm MRI/drug delivery 109
CaP wet-chemical strategy 29.4 nm drug delivery 110
Sr-CaP microwave-assisted hydrothermal method 17.2 nm drug delivery 111
CaP microwave-assisted solvothermal method 750 nm drug delivery 112

ZAbbreviations listed in alphabetical order: BP, black phosphorus; CT, chemothenapsgsEence; MSOT, multispectral optoacoustic
tomography; GO/BPNF, graphene oxide/black phosphorusakandAl, photoacoustic imaging; PDT, photo dynamic therapy; PO,
poly(ethylene glycol); PTT, photothermal therapy; 2D, two-dimensional; SDT, sonodynamic therapy; SPECT, single-photon emission compute
tomography).

amount of acidic hydrolase residing in the lysosome ca&) BIODEGRADABLE INORGANIC NANOPARTICLES

degrade the nanoparticles. Carbon nanomaterials are mailyti now, various kinds of inorganic nanoparticles have been
degradeq in this way, through enzyma’uc.dEBCornpOSltIOn RYnthesized for biomedical applications, where biodegradable
horseradish peroxidase @R myeloperoxidase (MPO), nanoparticles received much attention due to the potentially
lignin peroxidase (LiP), and manganese peroxidase (MnP) ljetter biosafety.able 2shows some representative inorganic
lysosome¥. The degrading eciency is closely correlated with nanoparticles for dirent cancer theranostics applications.

the structure of nanomaterials. For example, defective sites o8.1. Silica Nanoparticles Silica nanoparticles are the most

the walls and ends of carboxyl-functionalized or nitrogesommon biodegradable inorganic nanomaterials, which can
doped multiwalled carbon nanotubes (MWCNTSs) are mordlegrade into silicic acid or small silica species undec speci
likely to bind to HRP, thus facilitating enzymatic degrade@dueous media. Due to their widely accepted biocompatibility,

tion®” In addition, some hybrid nanoparticles with organic,they are considered to be one of the most promising platforms

: : r biomedical applications, including imaging diagno-
components can be degraded in this pathway. The deXtrJR%ggzllg 115 4nd drug delivemumng For instance,

: : : : S|
coated iron oxide nanoparticles accumulate in the Iysosoné%ilor and co-workers prepared luminescent porous silicon
nanoparticles by electreahmical etching method. The

vesicles and are degraded by the lysosomal gluédsidase.

addition to the lysosomal degradation pathway, studies h&gained nanoparticles exhibited near-infrared photolumines-
shown that a variety of enzymes degrade nanoparticles in fgce between 650 and 900 nm under ultraviolet to red
cytoplasm. For example, a tumor-associated enzyme magkgitation and possessed better photostability compared to the
metalloproteinase-2 (MMP-2) can selectively degrade naneemmon uorescent dyes, and thus could be used fivo
particles containing an enzyme-cleavable peptide stbstratemonitoring and tumor imaging. After being systematically
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Figure 2.(a) Typical transmission electron microscopy (TEM) images of the&l@lene blue (MB) NPs after being immersed in deionized

water for 1, 4, 9, and 14 days, respectively) (bductively coupled plasma optical emission spectrometer (ICP-OES) result of degraded silicon
amount as a function of immersion duration in (b) deionized water at room temperature, (c) PBS (pH 7.4), and (d) simulatéaitiody

50% FBS) at 3TC. (e) ICP-OES analysis of Si amount in the urine of rats collected at 4 12, 24, 36, and 48 h after injection of self-decomposable
dense Si®MB NPs or saline (as the control). (f) ICP-OES analysis of Si amounts in the organs of rats collected at 48 h after injection of self-
decomposable and dense,3ilB NPs. The percentages are calculated by the average amount of Si detected compared to the total injection
amount of SIOQMB NPs. Data are presented with me&EM,n = 3. (Reproduced from rét6with permission. Copyright 2013, American
Chemical Society.)

injected into mice, the porous silicon nanoparticles wenhan that for synthesizing dense silica nanoparticles. Under
mainly accumulated in RES such as liver and spleen like maéimgse conditions, a very small amount of silica species was
other nanomaterials. However, they could be largely degragedsented and combined with drug molecules to form drug-
and cleared from the body by renal clearance in 1 week aridh nuclei at the initial stage of synthesis followed by further
completely cleared within 4 we€k®i erent from the  growth process, resulting in highly concentrated drug in the
intrinsic luminescence described above, cerianescent  nanoparticle center and a loose silica network. Systematic
molecules could be conjugated to the silica nanoparticievestigations showed that the release of drug was primarily
surface or incorporated into an inner particle and thus used fdriven by diusion caused by the concentration gradient in
in vivotumor diagnosis? Furthermore, other signal units silica nanoparticles. With the drug escaping out of the
could also be integrated with silica nanoparticles, realizing th@noparticles, the silica network began to collapse from the
corresponding imaging functions, such as magnetic resonacester of the nanoparticle, eventually leading to complete
imaging (MRI¥%’%¥2 photoacoustic imaging (PAf),and matrix degradation and drug rele&gue ). The in vivo
positron emission tomography (PET). results showed that the amount of degradable silica nano-
Compared to imaging, silica nanoparticles have receivpdrticles accumulated in main organs wascsigthy lower
much more attention in drug delivery due to the largecspecithan that of dense silica nanoparticles due to their ease of
capacity for drug loading. The loaded drug can be released idegradation and subsequent rapid renal excrétitm.
controllable manner with the degradation of silica nanaaddition, by further adsorbing model drug onto the drug-
particles. Li and co-workers constructed a degradable dregcapsulated silica nanoparticle described above, they
carried system by introducing model drug (e.g., methylerteveloped a dual-load drug delivery system. The resulting
blue (MB), oxazine725, LDS751, and doxorubicin (DOX))nanoparticles exhibited a two-phase sustained release with a
into SiQ during the nanoparticle growth under controlledfast-initial release followed by a long-lasting release pattern,
experimental conditions, where the silica precursor (TEO®yimarily due to dierent mechanisms, i‘gveak adsorptién
and hydrolytic agent (ammonia) concentrations were lowend “relatively strong encapsulatjonespectively. The
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advantage of dual loading is that the drug releakeqamobe ~ MSNSs with particle sizes of 80, 120, 200, and 368 After
manipulated on demand by appropriate control of théeing systematically injected into mice, MSNs with larger
synthetic conditions, which is very meaningful for the theramparticle size showed a faster degradation rate and higher
of di erent diseaséSAnother way to control drug release is urinary excretion of the degradation products, regardless of the
to construct smart degradable silica nanocarriers. For exampleface modtation. This is because larger particles are more
by introducing disulle bond bridged silane in the synthesis,easily captured by RES including liver and spleen, resulting in
Zhang and co-workers developed a GSH-responsive degras$ter degradation and consequently larger excretion. In
able silica nanoshell for loading DOX. Thevitro addition, the surface modation can also alter the
experimental results demonstrated that the release of D@odistribution and metabolism of MShis vivo After
signi cantly depends on GSH. The cumulative release of DOREGylation, MSNs can more easily escape from the capture
in the presence of 10 mM GSH was more than twice that ihy RES and have a longer blood circulation time. Furthermore,
the absence of GSH. PEGylation can slower down the degradation and excretion of
Although the biodegradability of silica nanoparticles hadSNs. Although the authors explained that the decreased
been demonstrated by many researchers, the degradation degradation was caused by the lower RES capture due to
varied signtantly for each study. Degradation kinetics is on®EGylation, the hinderingeet of surface modiation on the
of the key factors to consider when designing silicdegradability of MSNs themselves cannot be igritTeid. a
nanoparticle-based drugs, not only due to the potential toxicigpudy carried out by Cauda et al., MSNs wittrelit PEG
caused by retentiom vivg but also because the releasechain length and density werst prepared and then the
kinetics of drug loaded in the nanoparticles are strongly relatddgradability was investigated in simulated boity
to the degradability of silica nanoparticles. To date, th€ompared to uncoated MSNs, surface PEGylation could
degradation kinetics of silica nanoparticles have been foundsigni cantly reduce the degradation rate, and the longer and
depend on many factors, including porous structures, sizinser polymer shells were moreient in slowing down the
surface coating, composition, shape, and the external envirdegradation kinetits"
ment. The degradability of silica nanoparticles can also be adjusted
Typically, mesoporous silica nanoparticles (MSNs) are moby metal ion-dopir%?8

81122123 Generally, the degradability of
susceptible to degrade bathvitro and in vivothan the metal ion-doped silica nanoparticles depends on the stability of
nonporous onés® **° Compared with dense silica nano- the metaloxygen bond (M O ) in the Si O Si
particles that will take several weeks or longer to fully degraflamework of silica nanoparticles. For example, Trogler and
the porous structure of silica nanoparticles largely increasestbeworkers doped iron(lll) into silica nanoshell duringyebl
degradation rate and the decomposition can be completedsgnthesis. The iron incorporation degraded the resultant
one or several days. In addition, the degradation kinetics caanoshell in several days in the presence of chelators, including
be adjusted by the porous structures. Zhao and co-workd&®TA, desferrioxamine, and deferiprone. In contrast, no
synthesized serious 3D-dendritic MSNs with average pore sitbenge was observed for the iron(lll) doped silica shells
varied from 2.8 to 13 nm and found that the degradation ratecubated in Milli-Q water or PBS. The results indicate that
in simulated bodyuid was mainly dependent on the pore sizethe chelators can remove iron(lll) from silica nanoshells and
of MSNs-*®The larger the pore size, the faster the degradatiotause matrix decomposition. Further biodegradability testing
rate. This can be explained by the fact that the larger poroirs mammalian serum containing iron(lll) chelating protein
structure can on one hand reduce the cross-linking degreeti@nsferrin demonstrated the solubilization of iron(lll) doped
silica frameworks, and on the other hand accelerate substasitiea nanoshells in fetal bovine serum (FBS) and human serum
di usion between inside and outside, which will botHHS) after 20 25 day§' Compared to the relatively stable
contribute to the degradation. Due to the well-designedFe O bond, the easily brokeMn O bond makes the
porous structures, the fastest degradation could be compleMd-doped silica nanoparticles more susceptible to degradation
entirely in 24 h. in the physiological environment. Shi and co-workers
Size is another factor that woulce@ the metabolic constructed Mn-doped MSNs and developed a tumor
behavior of MSNs. However, unlike the porous structure thanvironmentally sensitive theranostic platform by loading
can largely alter the degradability of MSNs, size has a limitB@X into the Mn-doped MSNs. The doped manganese
e ect on the degradation kinetics/itro Lu and co-workers  could be easily extracted from the silica matrix in a mild acidic
prepared derent sized (150, 200, 310, 390 nm) MSNs by theor reducing environment, thus resulting in fast degradation of
Stdber method and then immersed them in simulated bodin-doped MSNs and promoting the release of DOX at the
uid. The degradation curves showed that MSNs wétieali tumor site. In addition, the released™Mmuld signicantly
sizes had almost the same degradability, and over 90%eaohance the contrasflofweighted MRI, which is eient for
MSNs degraded after 2 days of incubation, regardless of thenor diagnosf.Based on a similar concept, Zhang and co-
particle siz& In other research, Kuroda and co-workersworkers rst incorporated hydroxyapatite (HAP) into MSNs,
synthesized four dirent-sized MSNs with diameter betweenand then loaded DOX into the resultant MSNs/HAP hybrid
20 and 80 nm and showed similar degradation kinetics imanoparticleS? The experimental results showed that both
phosphate ber saline (PBS). However, they found that thethe degradability of the resultant nanoparticles and the release
dispersity of MSNs had a sigant eect on the degradability. of DOX were signtantly improved due to the removal of
After being dried under 120 for 24 h, the degradation rate C&* under mild acidic condition. However, not all metal ion-
largely decreased due to the aggregation of ‘M3Mdike doping can enhance the degradability of MSNs. In a study
thein vitrobehavior, the size of MSNs had an obviaet en carried out by Shi et al., copper-doped MSNs were synthesized
the in vivo degradation. To reveal theeet of size on as an immunomodulatory agent for inducing osteogenesis.
biodistribution and metabolism vivg Shi and co-workers Di erently from the iron-, manganese-, and calcium-doped
prepared bare MSNs and poly(ethylene glycol) (PEG) coatedSNs, the copper doping could slow down the degradation
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rate of MSNs in Tris-HCI ber when the doping ratio reach while the accuracy largely depends on the stability of the
5%"%* We speculate that this is because theDChond is  resultant radiolabeled iron oxide nanoparti¢fési** Most
more stable than the € bond, resulting in the doping of importantly, all these methods can hardly distinguish the
copper making the MSNs more dlilt to degrade. degraded nanoparticles from intact ones. To reliably monitor
Apart from the previously mentioned factors, some othehe degradation kinetics of iron oxide nanoparticles, Gazeua
parameters will alsoe&t the degradability of silica nano- and co-workers combinedatient characterization methods,
particles. For example, Tang and co-workers reported that tireluding ferromagnetic resonance (FMR), superconducting
shape of MSNs couldeat the biodistribution and clearance quantum interference device (SQUID) magnetization meas-
in vivowhere short-rod MSNs had a more rapid clearance raggement, elemental anadysand transmission electron
than long-rod MSNs in both hepatic and renal metabiéfism. microscopy (TEM), where FMR can quantify the magnet-
In addition, the concentration of silica nanoparticles also hg&tion and distinguish the ferrimagnetic nanoparticles from
an in uence on the degradation kinetics of MSNs, and highgjaramagnetic ion species, magnetization cunlespcan
concentrations will decrease the degradation rate and prolofgkess the size distribution of nanoparticles, elemental analysis
the degradation procé8szurthermore, the calcinated silica detects the total iron content or iron ion concentration, and
nanoparticles often show a remarkably lower degradation raigm gives a visualized variation of iron oxide nanoparticles at
due to_the higher condensation level &i O Si the nanoscafé® Since iron oxide nanoparticles are usually
network’ ) ) , , taken up via endocytosis and trapped in lysosomes, the
3.2. Iron Oxide Nanoparticles.Iron oxide nanoparticles gegradation of iron oxide nanoparticles veasvaluated in
hold great promgeggl)qg?g;edlcal applications such as MR}irate buer to mimic the lysosomal environment. With the
contrast agenft®’ °° and magnetic hyperther- inchation time prolonged, the magnetization of iron nano-

4128 130 H : :
mia. Due to the outstanding magnetic properties andyariicles suspension gradually decreased, while the shape of
biocompatibility, several iron oxide nanoparticle-based dru&b

.Y, . rmalized magnetization curves ald cooled/zeroeld
have been clinically approved since the 1990s, among Whigly e (FC/zFC) curves remained unchanged, indicating the
Feridex is the most famous one as a MRI contrast agent. In

decad ith the devel f hetl erall size distribution of the remaining nanoparticles was not
f::rtmg’;’g ieicairisr{ gv)l(tl det relangp\)lgr?ie:rlneimw(i)th Szgti()ejggnicantly changed during degradation, which was further
; ' ! . nrm he FMR m rement and TEM rvation.
sizes' 13 morphologie$’®*** and surface modia- on rmed by the easurement and observatio

' Thi havior is totally dirent from that of silica nanopatrticl
tions=3"*° have been developed and the performances ha s behavior is totally @rent from that of silica nanoparticle

also been largely improved to satisfy tleeatit requirements dentloned above, which usually exhibits synchronous

of specic applications. For instance, the relaxivity can beegradation for all individual nanoparticles.
P PP > LT Y Ce By using the aforementioned complementary techniques, the
enhanced by increasing the particle size and optimizing t

surface modeation =22 In addition. iron oxide-based persistence, blpdggrgdatlon, and biotransformation of iron
multimodality imaging nanoprobes integrating MRI an .X'de nqnopartlcles vivocan 'also be evaluatélAt ea_ch .
oner onctonalies, such a5 nuiear Imagii’ . (1 PO S Soreentalen of neleronagier o
; 102139 P
uorescence imagitig, ™ and photoacoustic imagffig:an Héide) can be quanéid by comparing the dérence between
ductively coupled plasma optical emission spectrometer
P-OES) results (representing total iron concentration) and
FMR results (representing iron concentration in iron oxide
noparticles). After intravenous injection into mice, the fate

diagnostic accuracy. However, the practical imaging perfor
ance is also imenced by thén vivopharmacokinetics. In

general, the pharmacokinetics of iron oxide nanopanticles
vivocan be aected by many factors, such as size and surfagf_ X . .
modi cation. Nanoparticles with smaller size are more likely @ Iron oxide nanoparticles was monitored for three months.

escape from the uptake of RES and usually possess kﬂg}gﬁ results indicated .that iron oxide nanOparticlgs were
blood circulation time. In addition, the surface biocompatibl@1@inly sequestered by liver and spleen at an early time post-

polymer coating can enhance the colloidal stability of thgiection. Over time, the FMR signal gradually decreased both
underlying nanoparticle and reduce the interaction wit) liver and in spleen, indicating the degradation and/or
protein, thus exhibiting longer blood circulation time tharflimination of iron oxide nanoparticles. In addition, the
bare nanoparticle. However, most of the nanoparticld¥®nferromagnetic iron in the spleen gradually increased,
eventually accumulate in RES (mainly located in the lysosonYéile it was almost constant in the liver. The increase of
of RES cells), and then partly decompose with the majorifjonferromagnetic iron in spleen was even higher than the iron
transformed to ferritin and/or hemosiderin. Based on thi@Xide uptake by spleen at the early time (1 day) post-injection,
feature, Ferumoxytol (Feraheme), iron oxide nanopartici@yidencing a redistribution of degradation products of
coated by polyglucose sorbitol carboxymethyl ether, has bétanoparticles from the liver to the spleen. Further magnetic
approved by the FDA for treatment of human anemia. properties and morphologies obtained by SQUID and TEM

Compared to other inorganic nanoparticles, it utfito suggested that part of the iron oxide nanoparticles degraded
trace iron oxide nanoparticles in organisms by the gofnd transformed into poorly or non-magnetic iron (e.g., ferritin
standard method (i.e., elemental analysis), because the higtel hemosiderin), while the rest of the nanoparticles still
background of endogenous iron makes @utti for elemental  retained their initial size distribution and magnetic properties,
analysis to quantitatively analyze exogenous nanoparticlegich was consistent with thevitrodegradation behavidr.
Although the excellent magnetic properties endow iron oxidgince the inherent eacy of iron oxide nanoparticles (e.g., the
nanoparticles good relaxation enhancement of surroundiMiR contrast enhancement) depends largely on the sized-
protons that can be followed up by MRI*? the related magnetic properties, the preserved size distribution
guanti cation in vivo remains challenging. Radiolabelingduring degradation can help to simplify the interpretation of
provides an alternative way for tracking nanoparticies imaging results over time.
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Figure 3.(a) TEM monitoring of single polymer-coated gold/iron oxide nano-heterostructures (NHs) immersed in the acidic medium for 0, 1, and
4 h. We observe the progressive dissolution of iron oxide moieties, leaving resilient gold particles. Note that the dissolution is not homogenec
among NHs. (b) Spleen section at D1 when NHSs, localized in splenic lysosomes, do not exhibit any particular alterations (with gradua
magnications of the zone in the square). (c) At D7, gold core residues start forming characteristic chains, which coexist with unalterec
heterostructures. (d) Spleen at D90 where distinctive chains and assemblies of gold residues are manifested together with unalter
heterostructures. (Reproduced fron83efith permission. Copyright 2015, American Chemical Society.)

To reveal the life cycle of iron oxide nanoparticles in théysosome$§: However, some of the nanocomposites still
body, Gazeua and co-workers further constructed a gold/ireesisted degradation even over 1 year after administration,
oxide heterostructure and systematically investigated theihich was in line with the previous investigations that each
degradabilityHigure 3.~ In comparison with iron oxide, gold individual nanoparticle had dient degradation ki-
is more inert to the external environment and thus can be usgdtics'*> %7 Although the reason is still unclear, it is apparent
as tracers to highlight the local degradation of iron oxide. ThRat the degradability of iron oxide nanoparticles can be
in vitro TEM results indicated that the resultant nano-5 gcteq by many factors.
composites exhibited an uneven degradation of iron oxiderjrst the degradation of iron oxide nanoparticles strongly
around gold in the citrate t‘g which was similar with the  genends on the surface modtion. For instance, dextran
pure iron oxide nanoparticlésAfter being intravenously - ¢ zieq nanoparticles are more prone to degradation than the
injected into mice, the transformation of nanocomposites i hosphonate glucose coated ones in citrater 6% The
the major organs were tracked by TEM for one year. Thg L T - ’ :

o 4 ) . rface modcation-dependent degradability can be attributed
injected particles were mainly present in_lysosomes c!)rlthe accessibility of iron chelator to the iron oxide core.

microphage-like cells (e.g., Karpcells in liver and macro- . s . . g .
phage?s ingspleen) rega(lrd?ess o?(t:he time point. At day 1 pogyrface ligands with higher anchoring stability with iron oxide

injection, the intact nanocomposite was well separated duedf More likely to resist the complexation of chelator and
the surface polymer protection. From day 7 up to 1 year, Wi{ﬁ:(_juce the deg_radatlon rate. In addltlon, the PEGyIated iron
the gradual degradation of iron oxide, nanocomposites tend@§de nanoparticles show much higher degradation Jate than
to form chains, lattices, or clusters, suggesting the polynfgRphiphilic polymer coated ones Biottitroandin vivd™

shell had been also degraded. In addition, it was surprisindije hydrophobic layer in the amphiphilic polymer decorated
found that although no degradation was obserwédg the iron oxide nanoparticles caredively prevent the particle
average diameter of gold cores diminished from the initial 5 @®re from contacting the chelator, thus showing higher stability
3 nm at 30 days post-injection, indicating gold nanoparticlésan the hydrophilic PEG coated ones in the simulated
could also be erodénl vivounder the biological ectors of intracellular environment. Furthermore, the surfacecarodi
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tion will also alter the biodistribution of iron oxide nano-static interaction, coordinate bonding, and covalent coupling.
particles and daitely aect the degradation behaviovivo The loaded cargos can be simultaneously released at the tumor

Another parameter that careet the degradation of iron site when the nanoparticles break down, thus enabling the on-
oxide nanoparticles is Pf-*> In citrate buer, the  demand drug delivery.
degradation rate of iron oxide nanoparticle is in the order of Apart from the pH-triggered degradation, Mm@no-
pH 4 > pH 3 > pH 4.7 > pH 2.4, regardless of type ofparticles also present redox-responsive property, which makes
nanoparticle$® The trend of irregular variation can be them subject to the reduction of Mn(IV) into Mn(ll). For
attributed to the antagonistieet of the enhanced degradable example, it can be reduced by GSH that is abundant in tumor,
nature of iron oxide and the decreased chelating ability tffading to the disintegration of MnOsing this feature, Tan
citrate with pH value decreasing. Furthermore, it is found thand co-workers designed a smart Mra8ed nanosystem for
chelator is an indispensable factor for the degradation of ir@mhanced photodynamic therapy (PDT), where the photo-
oxide nanoparticles in simulated physiological media. Ir@ensitizer Ce6 was adsorbed on the,Maflosheets. On one
oxide nanoparticles are not readily soluble in physiologidaind, Mn@ nanosheets can enhance the cellular uptake of
bu ers without chelators, regardless of'pH. photosensitizers and inhibit the extracellular singlet oxygen

The ratio between chelator and iron concentration also play¥0,) generated by Ce6, which may lead to sielgse On the
an important role in the degradation of iron oxide nanoether hand, Mngnanosheet can react with intracellular GSH,
particles. By increasingethratio of chelator to iron resulting in the degradation of nanosheets, thus releasing Ce6
concentration, the degradation kinetics can be greatfgr photodynamic therapy. Furthermore, the reaction between
accelerateth*> This conclusion can be further demonstratedMnO, and GSH will deplete the intracellular GSH, thereby
by thein situobservation of the degradation process. Whemeducing its scavenginget on'O, and eventually enhancing
using TEM to monitor the degradation behavior of iron oxidehe PDT e cienc)%49 Besides endogenous GSH, the
nanocubem sity a very small amount of nanocubes were  arti cially introduced reductant (e.g., ascorbic acid) can also
deposited on the carbon-coated TEM grid and then immersedotivate the degradation of Mylthin vitroandin vivg™*
into lysosome-like medium. The deposited iron oxide nano- Although many studies have shown that the degradation
cubes can fully degrade within serval hours due to the largeoducts, i.e., Mf) can be excreted by renal clearance,
chelator/iron concentration ratio, while this degradatiorthe elimination amount is not clear and we still cannot rule out
process takes several daysith in a nanocube suspenSion. the retention of manganese ions in the body. As previously
Furthermore, it has also been found that the monolayetemonstrated, the toxicity of #is much higher than that of
nanocubes are more susceptible to degrade than thanganese oxide nanoparticles. To address this problem, Zhou
aggregates, and the periphery of the aggregates degrade rance co-workers developed a degradable EDTA and BSA-
rapidly than the inner part, indicating the aggregation tends tapped MgO, nanoparticles. The obtained nanoparticles
prevent degradation by limiting the accessibility of chelators $howed strong adsorption in the near-infrared (NIR) region
nanoparticles. and a photothermal conversiorciency of 34.7% under 785

3.3. Manganese Oxide NanoparticlesManganese oxide nm, and thus could be potentially used for photothermal
nanoparticles (usually Mp@anoparticles) are considered to therapy. After being intravenously injected into tumor-bearing
be good platforms for constructing intelligent imaging probesice, the constructed nanoprobes could accumulate at the
due to their degradability in the tumor microenvironmenttumor site and then accelerate degradation with the assistance
MnO, nanoparticles are relatively stable under neutral araf arti cially introduced ascorbic acid, enabling the MRI-
basic condition, while can be easily decomposed fritarddn  guided phototherapy. Most importantly, the releasétl Mn
O, at reduced pH. In contrast to Mp@anoparticles that could be captured by the surface loaded EDTA, thus
usually have very low relaxiviptypically less than 1 mi accelerating the excretion and decreasing the potential
s 1), Mn?* ions exhibit an outstanding MRI contrastedue  toxicity®*
to its ve unpaired 3d electrons. Based on this property, manyCompared to iron oxide nanoparticles, manganese oxide
pH-responsive MRI nanoprobes were constructedeatide nanoparticles are more susceptible to degradation under
cancer diagnoses were achie¥&? 8 For instance, Wang physiological conditions. In a previous study reported by
and co-workers prepared PEGylated-Mm&hosheets via Wang and co-workers, iron oxide nanoparticles watre
exfoliation using layered Na-Mm® material. Due to the high incorporated into a chitosan-based nanocluster, and sub-
valence state (IV) of manganese and shielded paramagnsgguently manganese oxide nanoparticles were loaded onto the
centers inaccessible to water molecules, the initial nanosheanhocluster surface to form an iron oxide/manganese oxide
possessed an extremely dpwf 0.007 mMbs 1. However, coloaded hybrid nanogéiDue to the strong interference of
after soaking in acidic laur for 2 h, the, value substantially manganese species, the transverse relayivfyiron oxide
increased to 3.4 and 4.0 nmM?! at pH 6.0 and 4.6, nanoparticles was severely reduced (45.7-snWs 362
respectively. To further evaluate the pH-responsiveviggs mM s !). The resultant nanogel was relative stable under
the resultant Mn9nanosheets were directly injected into neutral condition, but Mn ions gradually leached out when
tumor and normal tissue for comparison. The tumor sitéreated by acidic ber, resulting in largely recoverg(l.e.,
showed clear positive contrast enhancement, while r&26 mM s ! after being incubated in pH = 5.5 PBS for 3 h).
signi cant signal enhancement was observed at the subcutaaddition, the released Mn ions also leaded to a much higher
neous injection site, fully evidencing the degradation gf MnQongitudinal relaxivity (from 8.9 mhé 1 to 15.3 mMts 1).
and release of Minhunder mildly acidic tumor microenviron- The*“turn orf e ect of bothT,; andT, relaxation under acidic
ment®? In addition, based on the pH-responsiveness, MnOcondition enabled the resultant hybrid nanogel a highly
nanomaterials can also serve as an intelligent drug delivencient and spea contrast agent fof,/ T, dual-mode
system®°#48 Certain drugs (e.g., DOX and Ce6) can be MRI tumor diagnosis. The results also suggested that
loaded onto the surface of Mn@anomaterials via electro- manganese oxide was more degradable than iron oxide,
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Figure 4.In vitrodynamic measuremenflgfMRI of PEG-Mn@in either mildly acidic environment (pH = 4.6, a) or neutral conditions (pH =
7.4, b). (c)T,-MRI signal intensities of PEG-Mrg@ueous solutions under pH 7.4 and 4.6 for prolonged periods-MReimages were
obtained every 3 min after soaking PEG-Ma@osheets in the kar solution at various pH values. (Reproduced frda wéth permission.
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) (d) TEM images of hollow mesoperBEEIMHMNQ-PEG) after
incubation in buers with dierent pH (7.4 and 5.5) for various periods of time. (e) Degradation behavior of-RE@ispersed in dirent

pH (7.4, 6.5, and 5.5) determined by the absorbance of [Reproduced from réfi8with permission. Copyright 2017, Springer Nature.)

which may correlate with the solubility product of thebecomes a key factor that woulkecatheir further application
corresponding metal hydroxide. in biomedicine.

Generally, manganese oxide nanomaterials can degradto study the biodistribution, excretion, and toxicology
within a few hours in the proper physiological environmenpro les of TMDCs, Liu and co-workers systematically
Due to the greatly improved MRI contrast enhancement aftétvestigated thi vitroandin vivobehavior of three types
decomposition, degradation process of Ma@osheet can of PEGylated TMDCs, including molybdenum dichalcoge-
be monitored by MRI. As showrFigure 4 c, the obtained  hides (Mo$), tungsten dichalcogenides gy¥&nd titanium
nanosheets enabled substafjiaVIRI signal enhancement dichalcogenides (T)SnanosheetsFigure 3.°° After being
after being immersed in pH 4.6 éufor 1 h, while negligible intravenously injected into mice, most of the nanosheets
signal change was observed in neutrat fpH 7.4)°° Since ~ accumulated in the RES organs. After 30 days;PHGS
the degradation of manganese oxide nanoparticles is vERpld be almost excreted through both renal and fecal
sensitive to the acidic condition, the degradation kinetics c&athways, while large amounts of-RESS and TiSPEG
be easily adjusted by controlling the pH of external'€'® still retained in the body. To unclose the mechanism of
environment. As given figure d,e, when the pH changed di €rent metabolic behavior, PEGylated TMDCs were
from 7.4 to 5.5, the degradation of Mm@noshell could be dispersed in PBS at room temperature and. monltqreq for
greatly accelerated. In addition, since the loaded drugs contﬁglr?ee months. The variation in absorbance exhibitedaigni

be synchronously released along with the decomposition lrerences in the long-term incubation, wherg-PES

. . owed only a slight decrease, while both-RES and Tis
manganese oxide nanoparticles, the on-demand release of %IE% decreased remarkably. Howeveeredit from the
could also be achievéd. y.

- . . . colorless solution left for MOBEG, white Ti@precipitate
3.4. Transition Metal Dichalcogenide Nanoparticles. was observed in the JBEG sample. Further X-ray

Transition metal dichalcogenide nanoparticles (TMDCS) otoelectron spectroscopy (XPS) demonstrated that most
emerging as a class of key materials in chemistry aﬁgthe Md'S, nanosheets were oxidized to'Kdg? after

electronics due to their intriguing chemical and electronifyee.month storage in PBS. Due to the better chemical
properties, are generally described as the formula,of MXiapility of W and stronger chemical bond of 8V only a
where M is the transition metal typically from groupgsoé part of W' was observed in the WEEG sample, indicating

the periodic table (e.g., Mo, W, Ti, V) and X is chalcogen sughe formation of WS,/W V'O, compounds after incomplete

as S, Se, or T&:In recent years, TMDCs have attracted greaipxidation. Based on the above results, the followergrdi
interest for phototherapy and drug delivery due to the excellefechanisms far vivobehaviors of the three types of TMDCs
photothermal eect aroused by unique optical properties andvere concluded. Due to the distinctive chemical properties,
the extraordinary specisurface area enabled by the two-WS, possesses relatively high stability and is hardly degraded in
dimensional structuré¥?%'%% While the transition metals the physiological environment, thus retaining in RES organs
evolved in TMDCs provoked particular concerns about théer a long time; TiSis unstable and can be gradually
risk of toxicity, the rapid elimination of TMDCs from the bodytransformed into water-insoluble J&ggregates that cannot
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Figure 5.(a) Scheme of transition metal dichalcogenigd®6 (M = Mo, W, Ti) nanosheet synthesis process andehentlipathways of the
clearance of M®EG nanosheets. (@) UV vis-NIR spectra of MPEG (1) before and (ll) after three months standing in PBS at the
concentration of 0.02 mg/mL, (b) MeBEG, (c) WSPEG, and (d) TiSPEG. Inset: Photos of the MEEG samples before (1) and after (l1)
three months standing in PBS solution. (e,f) TEM images of PEGylated/Bloshd Ti$ nanosheets (e) before and (f) after three months
standing. (Reproduced from 38fwith permission. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

be easily eliminated from the body; MoBmarked contrast, undoubtedly have a sigrant impact on the degradation

can be oxidized and transformed into water-solublgz MoO kinetics. Zhao and co-workers systematically evaluated the

species in physiological environment, allowing ready excretioanslocation, biotransformation-related degradation, and

via both renal and fecal pathways. Given all thisnhg®e toxicity of polyvinylpyrrolidone-magli MoS nanosheets,

more promising for further biomedical applications due to itand found that the biodegradability in biomicroenvironments

biodegradability and relatively rapid excretion. Through thare in the order of D, < catalase < myeloperoxidase, with

similar degradation mechanism of @S nanodots are also  typical physiological concentratimsdditionally, the degra-

found to be gradually oxidized and degraded into water-soluldlation rate of MgSunder various pH conditions is also

VW-oxide small molecular species (e.gss V&0, , and distinctly dierent. The rapid degradation of Mo&as

VO; ), and hence be ectively excreted without appreciable observed in neutral pH solution, while degradation was

toxicity. Therefore, integrating the intrinsic paramagnetismuch slower under the weakly acidic condition simulating

with strong NIR absorbance as well as chelator-free radibe tumor microenvironmehit.Furthermore, the external

labeling ability, MShas successfully served as a goodtimulation such as NIR irradiation would also accelerate the

nanoplatform for MR/PA/single photon emission computeddegradation of Mo} @anosheets?

tomography (SPECT) trimodal imaging guided photothermal 3.5. Carbon Nanomaterials. Carbon nanomaterials, in

cancer theragy. particular, carbon nanotubes and graphene, have gathered
Similar to the aforementioned nanomaterials, the degradaereasing attention in drug delivery and bioimagirigin

tion of TMDCs also depends on the external environment. Ake early stage, carbon nanomaterials were assumed to be inert

noted above, degradation of TMDCs is often associated with the biological systems due to their rigid and robust

the oxidation of transition metals, and therefore, oxidantructures, and thus were expected to be highly persistent in
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organs and tissues. It has been found that the persistencetof CONCLUSION AND OUTLOOK

single-walled carbon nanotubes (SWNTs) in the biologicghorganic nanoparticles have been widely used in the diagnosis
systems can induce obvious toxicities, including oxidatiy@d therapy of cancer, while the biopersistence is currently
stress, irammatory response, and pathogehfcity. considered to be a key issue hindering their further clinical
Nevertheless, recent studies showed that oxidative enzymasslation. Biodegradable inorganic nanoparticles that can
derived from the organism may be capable of degradigigcomposim vivoaccelerate the excretion and largely improve
functionalized carbon nanomaterials. For example, Star and @ biosafety. In this Review, the theranostic applications of
workers reported that the carboxylated SWNTs could beiodegradable inorganic nanoparticles as well as their
degraded under the catalysis of horseradish peroxide in ghggradation behaviors are explored. Although great progress
presence of J@,, whereas nonfunctionalized SWNTs showedias been made in the eetive excretion of inorganic
insignicant change under the same condifibfi.Similar ~ nanoparticles by adjusting the biodegradability, many concerns
degradability behavior was also observed for graphene 0§ remain when translating them from the bench to the clinic.
when using human neutrophils-derived myeloperoxidase FEst: not only does the accumulation of original inorganic
enzymé®’ Additionally, it was found that the degradability off@noparticles in the body cause harmful sidetse the
graphene oxide was largely dependent on the oxidation degfiégradation products may also provoke adverse responses,

of the graphene crystal lattice. On one hand, higher oxidatidfi'c" need to be systematically evaluated. From this point of
: ! view, inorganic nanoparticle such as iron oxide nanoparticles

would result Ina higher percentage of carp(_)xyl groups on tﬂgld greater promise for future clinical translation as the

§urface, leading to better colloidal stab|||ty given by th&egradation products are the essential elements in human
increased negative surface charge, which could av@jdyy Furthermore, inorganic nanoparticles (e.g., silica nano-
aggregation and increase the interaction chance betwggilicles) with fast degradation kinetics and easily excreted
graphene and myeloperoxidase. On the other hand, thRgradation products also have more chances for further
positively charged amino acid residues of myeloperoxidaggnsiation. Second, the degradation process and metabolic
could bind more strongly to the negatively charged surfagsathways should be clearly investigated to help assess the

thereby enhancing the degradation capabifitfhe biosafety and the possible sidects of inorganic nano-
enhanced biodegradability would undoubtedly promote thearticles, especially when the degradation products cannot be
biomedical applications of carbon nanomateriaileo"’ utilized by the organism. Third, it should be noted that

3.6. Other Inorganic Nanoparticles. In addition to the degradable nanoparticles are still largely captured by RES.
previously mentioned nanomaterials, biodegradability is al§empared with small molecular probes that can be quickly
found for some other inorganic nanomaterials, such as calcighininated from the bod§!*"°the drugs loaded in inorganic
phosphate (CaP)?'*® calcium carbonaté*®*¢° plack nanoparticles would Iargely accumulate in t.he RES organs gnd
phosphorus (BPJ°>'*! transition metal carbid&é nitrides eventually be released with the nanoparticles decomposing,
and carbonitridé§® and layered double hydroxide nano- leading to unexpected toxicities. Finally, to achieve optimal

particle$® which have been investigated for cancer therano§- acy and biosafety, the degradation kirieties/oare
tics. CaP, which has similar components to human bo eeded to be adjusted to suit a spahieranostic application.

S . . erefore, the iruences of derent factors on the
belongs to ceramic inorganic materials and has ooocj@.I ! . . - . .
biocor?]patibility and biologigal activiff >4 with porous 9%%Uegradation behavior, especially ithevivo degradation

truct d | Uit CaP el kinetics, of dierent inorganic nanomaterials need to be
structure and large specsuriace area, Lar nanoparticieSiestigated in depth. Overall, a great deal of work is still

could'be.deglrallgel%gnto%and PQ’ required by the human  needed to remove the obstacles hindering the clinical
bodyin viva™#****** However, the special surface propertieszpplications of inorganic nanoparticles. Nevertheless, we
and high reactivity of CaP nanoparticles also lead to a serieggfieve that biodegradable inorganic nanoparticles have a
complex reactions in cells, which may cause apoptosis afitbng chance of revolutionizing future cancer diagnosis and
necrosis. To reduce the reactivity, Zhu and co-worket®erapy.

designed a Bt:doped CaP mesoporous microsphere.
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