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ABSTRACT: Inorganic nanoparticles as a versatile nanoplatform have been broadly
applied in the diagnosis and treatment of cancers due to their inherent superior
physicochemical properties (including magnetic, thermal, optical, and catalytic
performance) and excellent functions (e.g., imaging, targeted delivery, and controlled
release of drugs) through surface functional modification or ingredient dopant. However,
in practical biological applications, inorganic nanomaterials are relatively difficult to
degrade and excrete, which induces a long residence time in living organisms and thus
may cause adverse effects, such as inflammation and tissue cysts. Therefore, the
development of biodegradable inorganic nanomaterials is of great significance for their
biomedical application. This Review will focus on the recent advances of degradable
inorganic nanoparticles for cancer theranostics with highlight on the degradation
mechanism, aiming to offer 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.

1. INTRODUCTION

In the past few decades, nanoparticles as a biomedical
application platform have attracted increasing attention,1−6

and several of them (e.g., liposomes7 and albumin8) have been
successfully applied in clinical practice, indicating their great
potential in nanomedicine. After systemic administration,
however, most of the artificial nanoparticles are recognized
by the immune system of organism and then captured by the
reticuloendothelial system (RES, e.g., liver and spleen),9−12

leading to long-term retention in the body and potential
toxicity, which largely hampers their practical application.
According to the requirements of the Food and Drug
Administration (FDA), agents injected into the human body,
especially diagnostic ones, must be completely cleared within a
reasonable period of time after achieving the purpose.13 Thus,
nanoparticles with effectively clearable properties have more
clinical translation opportunities.
Biodegradation and renal clearance are considered as the

two major pathways that can accelerate the removal of
nanoparticles from the body.13−24 It is demonstrated that
ultrasmall nanoparticles with hydrodynamic size less than 5.5
nm can be rapidly excreted through renal pathway.13,24−28

However, rapid renal clearance largely shortens the circulation
time in vivo and thus reduces the time available for the
nanoparticles to perform their functions. Additionally,

although the renal clearance can eliminate a large proportion
of the administrated ultrasmall nanoparticles, the accumulation
and retention in the body cannot be completely avoided.
Compared with the ultrasmall nanoparticles, nanoparticles
with larger size (e.g., 20−200 nm) not only have longer
residence time in the bloodstream, but also provide more space
for functionalization, such as targeted molecule modification
and drug loading.29 However, the declining kidney filtration
makes the nanoparticles more prone to accumulate in RES,
resulting in increased challenge of potential toxicity in
biological system.25,30,31 Therefore, a more promising
approach is to develop appropriately sized and degradable
nanoplatforms, which enable sufficient time to perform
diagnostic or therapeutic functions, and then decompose into
small pieces of degradation products that can be utilized by the
organism or removed from the body.26,32

Generally, biodegradable nanoparticles can be divided into
three categories, including inorganic nanoparticles (e.g., silica,
iron oxide, transition metal dichalcogenide, and metal
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phosphide/telluride nanoparticles),29,33−39 organic nanopar-
ticles (e.g., polymeric nanoparticles and the aforementioned
liposomes and albumin),40−43 and inorganic/organic hybrid
nanoparticles (e.g., coordination polymer nanoparticles).44,45

Among these types, inorganic nanoparticles face greater
challenges on the way to clinical translation than organic or
inorganic/organic hybrid ones, since the relatively higher
stability may contribute greater uncertainties in vivo with long-
term side effects in some cases.46,47 In addition, the large-scale
preparation of inorganic nanoparticles with good repeatability
and homogeneity remains more difficult, especially for certain
complex inorganic nanoplatforms. Nevertheless, they are still
attracting wide attention due to their additional excellent
advantages in function and physicochemical properties (e.g.,
optical, magnetic, and catalytic performance), which greatly
facilitates clinical diagnosis and therapy.48−51 In the past few
years, a couple of reviews have discussed the design,
construction, and application of degradable inorganic nano-
particles and placed great expectation on their future
development.26,31,32,51−59 However, most of them focused on
one or two types of inorganic nanomaterial. Additionally,
besides the function and performance, degradation kinetics is
also a very important factor needing to be comprehensively
discussed, as it may set obstacles impeding potential clinical
translation of the nanoagents. This Review summarizes recent
advances in biodegradable inorganic nanoparticles for tumor
imaging and treatment, with highlights on degradation
behavior both in vitro and in vivo.

2. DEGRADATION MECHANISM OF INORGANIC
NANOPARTICLES

The biodegradability of nanomaterials tremendously affects
their biosafety in biomedical applications through reacting with
living system via chemical/enzymatic reaction to decompose
into tiny fragments favoring discharging from the body or
recycling in biological systems.60 To date, biodegradable
inorganic nanoparticles such as silica nanoparticles,61−63 iron

oxide nanoparticles,64−67 manganese oxide nanopar-
ticles,15,68,69 transition metal dichalcogenide nanopar-
ticles,38,70,71 and carbon nanomaterials72−74 have been widely
employed for biomedical applications. According to the
triggering factors, the degradation mechanisms of inorganic
nanoparticles can be divided into four categories: hydrolysis,
chelation, redox, and enzymolysis (Table 1 and Figure 1).

2.1. Hydrolysis. Hydrolysis provides an indispensable
strategy for the fabrication of biodegradable inorganic
nanomaterials. As a reversible process, the nanomaterials can
also undergo a hydrolytic process through interacting with
water molecules to break down chemical bonds, leading to the
continuous collapse of the nanostructure and ultimate
degradation. Silica nanoparticles are a typical biodegradable
nanomaterial to adopt this mechanism, which undergo the
dissociation process as follows: in an aqueous solution, the
silicate with a tetrahedral silanol unit is attacked by a
nucleophilic group (−OH) to form a pentacoordinate
intermediate. The intermediate is unstable and can sponta-
neously decompose into Si−O and Si(OH)4, which constitute
the main degradation products.52,75,76 In living systems, silica
nanoparticles after intravenous administration are prone to
accumulate in mononuclear phagocytic system (MPS)-
associated organs and degrade into nontoxic products (i.e.,
Si(OH)4) within a few days.29 Si(OH)4 naturally exists in
many tissues and can also be excreted through renal clearance,
showing the promise of silicon-based nanoparticles for clinical
translation.77

2.2. Chelation. Chelation is another strategy to degrade
inorganic nanoparticles, which relies on the external ligands
containing one or more chelation groups to coordinate with
metal ions originating from nanoparticles, thus forming a stable
complex. To ensure biosafety, the metal ions derived from the
inorganic nanoparticles must exist in the organism originally or
can be excreted after metabolism. Iron-related nanoparticles
mainly use this degradation pathway, which utilizes endoge-
nous transferrin in living organism or addition of exogenous

Table 1. Degradation Mechanism and Degradation Behavior of Represented Inorganic Nanoparticlesa

degradation
mechanism nanoparticle size degradation behavior ref

Hydrolysis DOX-LPSiNPs 151 nm completely degraded and cleared from the body within 4 weeks 29
BLM-SiO2−BLM 80 nm completely collapse into fragments after incubated in water for 16 days 78
PEG-SiO2 NP 3.4 nm almost completely degraded after coincubated with cells for 7 days 79
PEG-SiO2 NP 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
Nanoshells

200 nm nearly completely degraded after being exposed to FBS or HS containing transferrin for 21 or 24 days,
respectively

81

PEG-FeOOH/SiO2 2−3 nm nanocomposites became hollow within 24 h and eventually collapsed in FBS 82
Gold/iron oxide
heterostructures

13.4 nm in citrate medium (pH 4.7): iron oxide shell quickly degraded within several hours; in vivo:
degradation process of iron oxide shell last for several months

83

Redox BSA-NiP NP 105 nm completely degraded in PBS for 54 h 35
VS2@lipid-PEG 35 nm completely degraded in aqueous solution after 30 days under ambient condition 70
PEG-MoS2 105 nm nearly completely degraded within 7 and 14 days after incubated in PBS with pH value of 7.4 and 5.0,

respectively
71

BSA-EDTA-Mn3O4 50 nm quickly degraded within several minutes in ascorbic acid solution 84
Fe(III)@WS2−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 of MPO, H2O2, and NaBr 86
carboxylated
MWCNT

/ nearly completely degraded after incubated in HRP and H2O2 for 60 days 87

aAbbreviations 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, phosphate
buffer saline; PEG, poly(ethylene glycol); PVP, polyvinyl pyrrolidone; SWCNT, single-walled carbon nanotubes.
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ethylenediaminetetraacetic acid (EDTA), desferrioxamine, and
deferiprone to chelate, transport, and excrete the excess
iron(III).81,88 For example, due to the high affinity of EDTA,
desferrioxamine, and deferiprone for iron(III), iron(III)
incorporated in the silica nanoshell could be easily removed
by the above chelators, leading to the disintegration of silica
nanoshell.81

2.3. Redox. The redox strategy generally utilizes reactive
oxidative species (ROS) (e.g., hydrogen peroxide, hydroxyl
radical) or reducing agents (e.g., glutathione (GSH)) to
initiate oxidation or reduction reaction and in-turn breakdown
of the matrix, respectively. It is feasible to design inorganic
nanoparticles that degrade using redox methodology due to the
high efficacy and endogenous availability of redox agents in
living systems.89 Manganese oxide (MnO2), as a common
biodegradable nanoagent, contains Mn−O bond that can
specifically dissociate into Mn2+ in acidic and reducing
environments.60,90,91 Except for Mn−O, disulfide bonds can
be incorporated into inorganic nanoparticles to facilitate the
biodegradability due to its easy fragmentation via GSH

reduction.61,92 Moreover, according to the characteristics of
oxidants and reducing agents, researchers have constructed a
variety of redox-responsive nanoparticles. A degradable WS2−
Fe(III) composite nanoparticle has been found as a self-redox
reaction between Fe(III) and WS2, which leads to
biodegradation of WS2−Fe(III) into soluble Fe(II) and
WO4

2−. In addition, the degradation product Fe(II) can
further react with H2O2 in tumor cells to produce cytotoxic
hydroxyl radical (·OH) via the Fenton reaction. Afterward,
Fe(II) is oxidized to Fe(III) and further reacted with WS2 to
achieve continuous redox reaction and Fenton reaction.85

2.4. Enzymolysis. Enzymes are the basic biocatalysts
responsible for biological regulation and metabolism, which
can be used to degrade nanoparticles. Enzymatic degradation
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-
particle. Once endocytosed by cells, the nanomaterials are
always sequestrated and concentrated in lysosomes. The large

Figure 1. (a) Schematic representation of the degradation process of silicon nanoparticles (reproduced from ref 52 with permission. Copyright
2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (b) Chelation and degradation mechanism of iron-containing nanoparticles. (c)
Redox degradation mechanism of redox and light-responsive (RLR) nanoparticles (Reproduced from ref 89 with permission. Copyright 2019,
Elsevier Ltd). (d) Schematic representation of the enzymatic degradation of multiwalled carbon nanotubes (Reproduced from ref 74 with
permission. Copyright 2011, The Royal Society of Chemistry).
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amount of acidic hydrolase residing in the lysosome can
degrade the nanoparticles. Carbon nanomaterials are mainly
degraded in this way, through enzymatic decomposition by
horseradish peroxidase (HRP), myeloperoxidase (MPO),
lignin peroxidase (LiP), and manganese peroxidase (MnP) in
lysosomes.67 The degrading efficiency is closely correlated with
the structure of nanomaterials. For example, defective sites on
the walls and ends of carboxyl-functionalized or nitrogen-
doped multiwalled carbon nanotubes (MWCNTs) are more
likely to bind to HRP, thus facilitating enzymatic degrada-
tion.87 In addition, some hybrid nanoparticles with organic
components can be degraded in this pathway. The dextran-
coated iron oxide nanoparticles accumulate in the lysosomal
vesicles and are degraded by the lysosomal glucosidase.64,93 In
addition to the lysosomal degradation pathway, studies have
shown that a variety of enzymes degrade nanoparticles in the
cytoplasm. For example, a tumor-associated enzyme matrix
metalloproteinase-2 (MMP-2) can selectively degrade nano-
particles containing an enzyme-cleavable peptide substrate.86

3. BIODEGRADABLE INORGANIC NANOPARTICLES

Until now, various kinds of inorganic nanoparticles have been
synthesized for biomedical applications, where biodegradable
nanoparticles received much attention due to the potentially
better biosafety. Table 2 shows some representative inorganic
nanoparticles for different cancer theranostics applications.

3.1. Silica Nanoparticles. Silica nanoparticles are the most
common biodegradable inorganic nanomaterials, which can
degrade into silicic acid or small silica species under specific
aqueous media. Due to their widely accepted biocompatibility,
they are considered to be one of the most promising platforms
for biomedical applications, including imaging diagno-
sis29,82,113−115 and drug delivery.14,61,78,79,116 For instance,
Sailor and co-workers prepared luminescent porous silicon
nanoparticles by electrochemical etching method. The
obtained nanoparticles exhibited near-infrared photolumines-
cence between 650 and 900 nm under ultraviolet to red
excitation and possessed better photostability compared to the
common fluorescent dyes, and thus could be used for in vivo
monitoring and tumor imaging. After being systematically

Table 2. Represented Inorganic Nanoparticles for Cancer Theranosticsa

nanoparticle synthetic method size application ref

PEG-SiO2/C hydrolysis 237 nm PA/drug delivery 14
MnOx-SiO2 structural difference-based selective etching 100 nm MRI/drug delivery 68
89Zr-SiO2 NP Stöber method 150 nm PET/drug delivery 94

SiO2 NP hydrolysis 3.4 nm MRI/SDT 79
SiO2 NP Stöber method 118 nm FL imaging 80
SiO2 NP Stöber method 180 nm drug delivery 78
SiO2 NP modified surfactant-assembly sol−gel process 150−390 nm drug delivery 95
Cy7.5-SiO2 oil−water biphase stratification approach 100 nm FL imaging 96
PO-PEG iron oxide NP thermal decomposition 12 nm T1-MRI 97
PEG-Fe3O4 thermal decomposition 9.8 nm MRI 98
PEG-Fe3O4 thermal decomposition 10.9 nm MRI 99
PEG-Fe3O4 thermal decomposition 22 nm MRI 100
99mTc-Fe3O4 thermal decomposition 69.2 nm MRI 101

Cy5.5-Fe3O4 thermal decomposition 24 nm MRI/FL imaging 102
MnO2 intercalation-deintercalation reaction 200 nm MRI/drug delivery 69
BSA-EDTA-Mn3O4 hydrothermal method 50 nm MRI/PTT/drug delivery 84
HAS-MnO2 albumin-based biomineralization method 50 nm drug delivery 90
Cu3BiS3 nanodot thermal decomposition 21.95 nm CT/MSOT/PTT/X-ray/IR imaging 31
VS2@lipid-PEG thermal decomposition 35 nm MRI/PA/PTT/SPECT 70
PEG-MoS2 hydrothermal method 90 nm PTT 71
Fe(III)@WS2-PVP solvothermal method 108 nm PTT/drug delivery 85
MoS2 liquid exfoliation 80 nm FL imaging 96
PEG-MoTe2 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 Ti3C2-based MXene nanosheet selective etching 164 nm PTT/drug delivery 106
2D SnTe@MnO2-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 5.1−10.8 nm PTT 107
GO/BPNF aerogel liquid exfoliation 10−30 nm PTT 108
PEG-BP liquid exfoliation 100−200 nm drug delivery 37
NaGdF4: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

aAbbreviations listed in alphabetical order: BP, black phosphorus; CT, chemotherapy; FL, fluorescence; MSOT, multispectral optoacoustic
tomography; GO/BPNF, graphene oxide/black phosphorus nanoflake; PAI, photoacoustic imaging; PDT, photo dynamic therapy; PO,
poly(ethylene glycol); PTT, photothermal therapy; 2D, two-dimensional; SDT, sonodynamic therapy; SPECT, single-photon emission computed
tomography).
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injected into mice, the porous silicon nanoparticles were
mainly accumulated in RES such as liver and spleen like many
other nanomaterials. However, they could be largely degraded
and cleared from the body by renal clearance in 1 week and
completely cleared within 4 weeks.29 Different from the
intrinsic luminescence described above, certain fluorescent
molecules could be conjugated to the silica nanoparticle
surface or incorporated into an inner particle and thus used for
in vivo tumor diagnosis.114 Furthermore, other signal units
could also be integrated with silica nanoparticles, realizing the
corresponding imaging functions, such as magnetic resonance
imaging (MRI),60,79,82 photoacoustic imaging (PAI),14 and
positron emission tomography (PET).94

Compared to imaging, silica nanoparticles have received
much more attention in drug delivery due to the large specific
capacity for drug loading. The loaded drug can be released in a
controllable manner with the degradation of silica nano-
particles. Li and co-workers constructed a degradable drug
carried system by introducing model drug (e.g., methylene
blue (MB), oxazine725, LDS751, and doxorubicin (DOX))
into SiO2 during the nanoparticle growth under controlled
experimental conditions, where the silica precursor (TEOS)
and hydrolytic agent (ammonia) concentrations were lower

than that for synthesizing dense silica nanoparticles. Under
these conditions, a very small amount of silica species was
presented and combined with drug molecules to form drug-
rich nuclei at the initial stage of synthesis followed by further
growth process, resulting in highly concentrated drug in the
nanoparticle center and a loose silica network. Systematic
investigations showed that the release of drug was primarily
driven by diffusion caused by the concentration gradient in
silica nanoparticles. With the drug escaping out of the
nanoparticles, the silica network began to collapse from the
center of the nanoparticle, eventually leading to complete
matrix degradation and drug release (Figure 2). The in vivo
results showed that the amount of degradable silica nano-
particles accumulated in main organs was significantly lower
than that of dense silica nanoparticles due to their ease of
degradation and subsequent rapid renal excretion.116 In
addition, by further adsorbing model drug onto the drug-
encapsulated silica nanoparticle described above, they
developed a dual-load drug delivery system. The resulting
nanoparticles exhibited a two-phase sustained release with a
fast-initial release followed by a long-lasting release pattern,
primarily due to different mechanisms, i.e., “weak adsorption”
and “relatively strong encapsulation”, respectively. The

Figure 2. (a) Typical transmission electron microscopy (TEM) images of the SiO2-methylene blue (MB) NPs after being immersed in deionized
water for 1, 4, 9, and 14 days, respectively. (b−d) Inductively 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) simulated body fluid (with
50% FBS) at 37 °C. (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 SiO2-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 SiO2-MB NPs. The percentages are calculated by the average amount of Si detected compared to the total injection
amount of SiO2-MB NPs. Data are presented with mean ± SEM, n = 3. (Reproduced from ref 116 with permission. Copyright 2013, American
Chemical Society.)
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advantage of dual loading is that the drug release profile can be
manipulated on demand by appropriate control of the
synthetic conditions, which is very meaningful for the therapy
of different diseases.78 Another way to control drug release is
to construct smart degradable silica nanocarriers. For example,
by introducing disulfide bond bridged silane in the synthesis,
Zhang and co-workers developed a GSH-responsive degrad-
able silica nanoshell for loading DOX. The in vitro
experimental results demonstrated that the release of DOX
significantly depends on GSH. The cumulative release of DOX
in the presence of 10 mM GSH was more than twice that in
the absence of GSH.61

Although the biodegradability of silica nanoparticles has
been demonstrated by many researchers, the degradation rate
varied significantly for each study. Degradation kinetics is one
of the key factors to consider when designing silica
nanoparticle-based drugs, not only due to the potential toxicity
caused by retention in vivo, but also because the release
kinetics of drug loaded in the nanoparticles are strongly related
to the degradability of silica nanoparticles. To date, the
degradation kinetics of silica nanoparticles have been found to
depend on many factors, including porous structures, size,
surface coating, composition, shape, and the external environ-
ment.
Typically, mesoporous silica nanoparticles (MSNs) are more

susceptible to degrade both in vitro and in vivo than the
nonporous ones.116−119 Compared with dense silica nano-
particles that will take several weeks or longer to fully degrade,
the porous structure of silica nanoparticles largely increases the
degradation rate and the decomposition can be completed in
one or several days. In addition, the degradation kinetics can
be adjusted by the porous structures. Zhao and co-workers
synthesized serious 3D-dendritic MSNs with average pore size
varied from 2.8 to 13 nm and found that the degradation rate
in simulated body fluid was mainly dependent on the pore size
of MSNs.118 The larger the pore size, the faster the degradation
rate. This can be explained by the fact that the larger porous
structure can on one hand reduce the cross-linking degree of
silica frameworks, and on the other hand accelerate substance
diffusion between inside and outside, which will both
contribute to the degradation. Due to the well-designed
porous structures, the fastest degradation could be completed
entirely in 24 h.
Size is another factor that would affect the metabolic

behavior of MSNs. However, unlike the porous structure that
can largely alter the degradability of MSNs, size has a limited
effect on the degradation kinetics in vitro. Lu and co-workers
prepared different sized (150, 200, 310, 390 nm) MSNs by the
Stöber method and then immersed them in simulated body
fluid. The degradation curves showed that MSNs with different
sizes had almost the same degradability, and over 90% of
MSNs degraded after 2 days of incubation, regardless of the
particle size.95 In other research, Kuroda and co-workers
synthesized four different-sized MSNs with diameter between
20 and 80 nm and showed similar degradation kinetics in
phosphate buffer saline (PBS). However, they found that the
dispersity of MSNs had a significant effect on the degradability.
After being dried under 120 °C for 24 h, the degradation rate
largely decreased due to the aggregation of MSNs.117 Unlike
the in vitro behavior, the size of MSNs had an obvious effect on
the in vivo degradation. To reveal the effect of size on
biodistribution and metabolism in vivo, Shi and co-workers
prepared bare MSNs and poly(ethylene glycol) (PEG) coated

MSNs with particle sizes of 80, 120, 200, and 360 nm.120 After
being systematically injected into mice, MSNs with larger
particle size showed a faster degradation rate and higher
urinary excretion of the degradation products, regardless of the
surface modification. This is because larger particles are more
easily captured by RES including liver and spleen, resulting in
faster degradation and consequently larger excretion. In
addition, the surface modification can also alter the
biodistribution and metabolism of MSNs in vivo. After
PEGylation, MSNs can more easily escape from the capture
by RES and have a longer blood circulation time. Furthermore,
PEGylation can slower down the degradation and excretion of
MSNs. Although the authors explained that the decreased
degradation was caused by the lower RES capture due to
PEGylation, the hindering effect of surface modification on the
degradability of MSNs themselves cannot be ignored.29,121 In a
study carried out by Cauda et al., MSNs with different PEG
chain length and density were first prepared and then the
degradability was investigated in simulated body fluid.
Compared to uncoated MSNs, surface PEGylation could
significantly reduce the degradation rate, and the longer and
denser polymer shells were more efficient in slowing down the
degradation kinetics.121

The degradability of silica nanoparticles can also be adjusted
by metal ion-doping.60,81,122,123 Generally, the degradability of
metal ion-doped silica nanoparticles depends on the stability of
the metal−oxygen bond (−M−O−) in the −Si−O−Si−
framework of silica nanoparticles. For example, Trogler and
co-workers doped iron(III) into silica nanoshell during sol−gel
synthesis. The iron incorporation degraded the resultant
nanoshell in several days in the presence of chelators, including
EDTA, desferrioxamine, and deferiprone. In contrast, no
change was observed for the iron(III) doped silica shells
incubated in Milli-Q water or PBS. The results indicate that
the chelators can remove iron(III) from silica nanoshells and
cause matrix decomposition. Further biodegradability testing
in mammalian serum containing iron(III) chelating protein
transferrin demonstrated the solubilization of iron(III) doped
silica nanoshells in fetal bovine serum (FBS) and human serum
(HS) after 20−25 days.81 Compared to the relatively stable
−Fe−O− bond, the easily broken −Mn−O− bond makes the
Mn-doped silica nanoparticles more susceptible to degradation
in the physiological environment. Shi and co-workers
constructed Mn-doped MSNs and developed a tumor
environmentally sensitive theranostic platform by loading
DOX into the Mn-doped MSNs. The doped manganese
could be easily extracted from the silica matrix in a mild acidic
or reducing environment, thus resulting in fast degradation of
Mn-doped MSNs and promoting the release of DOX at the
tumor site. In addition, the released Mn2+ could significantly
enhance the contrast of T1-weighted MRI, which is efficient for
tumor diagnosis.60 Based on a similar concept, Zhang and co-
workers first incorporated hydroxyapatite (HAP) into MSNs,
and then loaded DOX into the resultant MSNs/HAP hybrid
nanoparticles.122 The experimental results showed that both
the degradability of the resultant nanoparticles and the release
of DOX were significantly improved due to the removal of
Ca2+ under mild acidic condition. However, not all metal ion-
doping can enhance the degradability of MSNs. In a study
carried out by Shi et al., copper-doped MSNs were synthesized
as an immunomodulatory agent for inducing osteogenesis.
Differently from the iron-, manganese-, and calcium-doped
MSNs, the copper doping could slow down the degradation
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rate of MSNs in Tris-HCl buffer when the doping ratio reach
5%.123 We speculate that this is because the Cu−O bond is
more stable than the Si−O bond, resulting in the doping of
copper making the MSNs more difficult to degrade.
Apart from the previously mentioned factors, some other

parameters will also affect the degradability of silica nano-
particles. For example, Tang and co-workers reported that the
shape of MSNs could affect the biodistribution and clearance
in vivo, where short-rod MSNs had a more rapid clearance rate
than long-rod MSNs in both hepatic and renal metabolism.124

In addition, the concentration of silica nanoparticles also has
an influence on the degradation kinetics of MSNs, and higher
concentrations will decrease the degradation rate and prolong
the degradation process.62 Furthermore, the calcinated silica
nanoparticles often show a remarkably lower degradation rate
due to the higher condensation level of −Si−O−Si−
network.62

3.2. Iron Oxide Nanoparticles. Iron oxide nanoparticles
hold great promise in biomedical applications such as MRI
contrast agent30,97−99,125−127 and magnetic hyperther-
mia.128−130 Due to the outstanding magnetic properties and
biocompatibility, several iron oxide nanoparticle-based drugs
have been clinically approved since the 1990s, among which
Feridex is the most famous one as a MRI contrast agent. In the
past two decades, with the development of synthetic
technologies, iron oxide nanoparticles with various
sizes,131−133 morphologies,100,134 and surface modifica-
tions135,136 have been developed and the performances have
also been largely improved to satisfy the different requirements
of specific applications. For instance, the relaxivity can be
enhanced by increasing the particle size and optimizing the
surface modification.132,135 In addition, iron oxide-based
multimodality imaging nanoprobes integrating MRI and
other functionalities, such as nuclear imaging,101,137,138

fluorescence imaging,102,139 and photoacoustic imaging,66 can
take advantage of each modality and greatly improve the
diagnostic accuracy. However, the practical imaging perform-
ance is also influenced by the in vivo pharmacokinetics. In
general, the pharmacokinetics of iron oxide nanoparticles in
vivo can be affected by many factors, such as size and surface
modification. Nanoparticles with smaller size are more likely to
escape from the uptake of RES and usually possess longer
blood circulation time. In addition, the surface biocompatible
polymer coating can enhance the colloidal stability of the
underlying nanoparticle and reduce the interaction with
protein, thus exhibiting longer blood circulation time than
bare nanoparticle. However, most of the nanoparticles
eventually accumulate in RES (mainly located in the lysosomes
of RES cells), and then partly decompose with the majority
transformed to ferritin and/or hemosiderin. Based on this
feature, Ferumoxytol (Feraheme), iron oxide nanoparticles
coated by polyglucose sorbitol carboxymethyl ether, has been
approved by the FDA for treatment of human anemia.
Compared to other inorganic nanoparticles, it is difficult to

trace iron oxide nanoparticles in organisms by the gold
standard method (i.e., elemental analysis), because the high
background of endogenous iron makes it difficult for elemental
analysis to quantitatively analyze exogenous nanoparticles.
Although the excellent magnetic properties endow iron oxide
nanoparticles good relaxation enhancement of surrounding
protons that can be followed up by MRI,140−142 the
quantification in vivo remains challenging. Radiolabeling
provides an alternative way for tracking nanoparticles in vivo,

while the accuracy largely depends on the stability of the
resultant radiolabeled iron oxide nanoparticles.101,143,144 Most
importantly, all these methods can hardly distinguish the
degraded nanoparticles from intact ones. To reliably monitor
the degradation kinetics of iron oxide nanoparticles, Gazeua
and co-workers combined different characterization methods,
including ferromagnetic resonance (FMR), superconducting
quantum interference device (SQUID) magnetization meas-
urement, elemental analysis, and transmission electron
microscopy (TEM), where FMR can quantify the magnet-
ization and distinguish the ferrimagnetic nanoparticles from
paramagnetic ion species, magnetization curve profiles can
assess the size distribution of nanoparticles, elemental analysis
detects the total iron content or iron ion concentration, and
TEM gives a visualized variation of iron oxide nanoparticles at
the nanoscale.145 Since iron oxide nanoparticles are usually
taken up via endocytosis and trapped in lysosomes, the
degradation of iron oxide nanoparticles was first evaluated in
citrate buffer to mimic the lysosomal environment. With the
incubation time prolonged, the magnetization of iron nano-
particles suspension gradually decreased, while the shape of
normalized magnetization curves and field cooled/zero-field
cooled (FC/ZFC) curves remained unchanged, indicating the
overall size distribution of the remaining nanoparticles was not
significantly changed during degradation, which was further
confirmed by the FMR measurement and TEM observation.
This behavior is totally different from that of silica nanoparticle
mentioned above, which usually exhibits synchronous
degradation for all individual nanoparticles.
By using the aforementioned complementary techniques, the

persistence, biodegradation, and biotransformation of iron
oxide nanoparticles in vivo can also be evaluated.146 At each
time point, the concentration of nonferromagnetic iron
(including endogenous iron and degradation products of iron
oxide) can be quantified by comparing the difference between
inductively coupled plasma optical emission spectrometer
(ICP-OES) results (representing total iron concentration) and
FMR results (representing iron concentration in iron oxide
nanoparticles). After intravenous injection into mice, the fate
of iron oxide nanoparticles was monitored for three months.
FMR results indicated that iron oxide nanoparticles were
mainly sequestered by liver and spleen at an early time post-
injection. Over time, the FMR signal gradually decreased both
in liver and in spleen, indicating the degradation and/or
elimination of iron oxide nanoparticles. In addition, the
nonferromagnetic iron in the spleen gradually increased,
while it was almost constant in the liver. The increase of
nonferromagnetic iron in spleen was even higher than the iron
oxide uptake by spleen at the early time (1 day) post-injection,
evidencing a redistribution of degradation products of
nanoparticles from the liver to the spleen. Further magnetic
properties and morphologies obtained by SQUID and TEM
suggested that part of the iron oxide nanoparticles degraded
and transformed into poorly or non-magnetic iron (e.g., ferritin
and hemosiderin), while the rest of the nanoparticles still
retained their initial size distribution and magnetic properties,
which was consistent with the in vitro degradation behavior.145

Since the inherent efficacy of iron oxide nanoparticles (e.g., the
MR contrast enhancement) depends largely on the sized-
related magnetic properties, the preserved size distribution
during degradation can help to simplify the interpretation of
imaging results over time.

Bioconjugate Chemistry Review

DOI: 10.1021/acs.bioconjchem.9b00699
Bioconjugate Chem. 2020, 31, 315−331

321

http://dx.doi.org/10.1021/acs.bioconjchem.9b00699


To reveal the life cycle of iron oxide nanoparticles in the
body, Gazeua and co-workers further constructed a gold/iron
oxide heterostructure and systematically investigated their
degradability (Figure 3).83 In comparison with iron oxide, gold
is more inert to the external environment and thus can be used
as tracers to highlight the local degradation of iron oxide. The
in vitro TEM results indicated that the resultant nano-
composites exhibited an uneven degradation of iron oxide
around gold in the citrate buffer, which was similar with the
pure iron oxide nanoparticles.65 After being intravenously
injected into mice, the transformation of nanocomposites in
the major organs were tracked by TEM for one year. The
injected particles were mainly present in lysosomes of
microphage-like cells (e.g., Kupffer cells in liver and macro-
phages in spleen) regardless of the time point. At day 1 post-
injection, the intact nanocomposite was well separated due to
the surface polymer protection. From day 7 up to 1 year, with
the gradual degradation of iron oxide, nanocomposites tended
to form chains, lattices, or clusters, suggesting the polymer
shell had been also degraded. In addition, it was surprisingly
found that although no degradation was observed in vitro, the
average diameter of gold cores diminished from the initial 5 to
3 nm at 30 days post-injection, indicating gold nanoparticles
could also be eroded in vivo under the biological effectors of

lysosomes.83 However, some of the nanocomposites still
resisted degradation even over 1 year after administration,
which was in line with the previous investigations that each
individual nanoparticle had different degradation ki-
netics.145−147 Although the reason is still unclear, it is apparent
that the degradability of iron oxide nanoparticles can be
affected by many factors.
First, the degradation of iron oxide nanoparticles strongly

depends on the surface modification. For instance, dextran
coated nanoparticles are more prone to degradation than the
phosphonate glucose coated ones in citrate buffer.145 The
surface modification-dependent degradability can be attributed
to the accessibility of iron chelator to the iron oxide core.
Surface ligands with higher anchoring stability with iron oxide
are more likely to resist the complexation of chelator and
reduce the degradation rate. In addition, the PEGylated iron
oxide nanoparticles show much higher degradation rate than
amphiphilic polymer coated ones both in vitro and in vivo.65,83

The hydrophobic layer in the amphiphilic polymer decorated
iron oxide nanoparticles can effectively prevent the particle
core from contacting the chelator, thus showing higher stability
than the hydrophilic PEG coated ones in the simulated
intracellular environment. Furthermore, the surface modifica-

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 homogeneous
among NHs. (b) Spleen section at D1 when NHs, localized in splenic lysosomes, do not exhibit any particular alterations (with gradual
magnifications of the zone in the square). (c) At D7, gold core residues start forming characteristic chains, which coexist with unaltered
heterostructures. (d) Spleen at D90 where distinctive chains and assemblies of gold residues are manifested together with unaltered
heterostructures. (Reproduced from ref 83 with permission. Copyright 2015, American Chemical Society.)
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tion will also alter the biodistribution of iron oxide nano-
particles and definitely affect the degradation behavior in vivo.
Another parameter that can affect the degradation of iron

oxide nanoparticles is pH.64,145 In citrate buffer, the
degradation rate of iron oxide nanoparticle is in the order of
pH 4 > pH 3 > pH 4.7 > pH 2.4, regardless of type of
nanoparticles.145 The trend of irregular variation can be
attributed to the antagonistic effect of the enhanced degradable
nature of iron oxide and the decreased chelating ability of
citrate with pH value decreasing. Furthermore, it is found that
chelator is an indispensable factor for the degradation of iron
oxide nanoparticles in simulated physiological media. Iron
oxide nanoparticles are not readily soluble in physiological
buffers without chelators, regardless of pH.64

The ratio between chelator and iron concentration also plays
an important role in the degradation of iron oxide nano-
particles. By increasing the ratio of chelator to iron
concentration, the degradation kinetics can be greatly
accelerated.83,145 This conclusion can be further demonstrated
by the in situ observation of the degradation process. When
using TEM to monitor the degradation behavior of iron oxide
nanocubes in situ, a very small amount of nanocubes were first
deposited on the carbon-coated TEM grid and then immersed
into lysosome-like medium. The deposited iron oxide nano-
cubes can fully degrade within serval hours due to the large
chelator/iron concentration ratio, while this degradation
process takes several days to finish in a nanocube suspension.65

Furthermore, it has also been found that the monolayer
nanocubes are more susceptible to degrade than the
aggregates, and the periphery of the aggregates degrade more
rapidly than the inner part, indicating the aggregation tends to
prevent degradation by limiting the accessibility of chelators to
nanoparticles.
3.3. Manganese Oxide Nanoparticles. Manganese oxide

nanoparticles (usually MnO2 nanoparticles) are considered to
be good platforms for constructing intelligent imaging probes
due to their degradability in the tumor microenvironment.
MnO2 nanoparticles are relatively stable under neutral and
basic condition, while can be easily decomposed into Mn2+ and
O2 at reduced pH. In contrast to MnO2 nanoparticles that
usually have very low relaxivity (r1 typically less than 1 mM−1·
s−1), Mn2+ ions exhibit an outstanding MRI contrast effect due
to its five unpaired 3d electrons. Based on this property, many
pH-responsive MRI nanoprobes were constructed and effective
cancer diagnoses were achieved.15,68,69,148 For instance, Wang
and co-workers prepared PEGylated-MnO2 nanosheets via
exfoliation using layered Na-MnO2 as material. Due to the high
valence state (IV) of manganese and shielded paramagnetic
centers inaccessible to water molecules, the initial nanosheet
possessed an extremely low r1 of 0.007 mM−1·s−1. However,
after soaking in acidic buffer for 2 h, the r1 value substantially
increased to 3.4 and 4.0 mM−1·s−1 at pH 6.0 and 4.6,
respectively. To further evaluate the pH-responsiveness in vivo,
the resultant MnO2 nanosheets were directly injected into
tumor and normal tissue for comparison. The tumor site
showed clear positive contrast enhancement, while no
significant signal enhancement was observed at the subcuta-
neous injection site, fully evidencing the degradation of MnO2
and release of Mn2+ under mildly acidic tumor microenviron-
ment.69 In addition, based on the pH-responsiveness, MnO2
nanomaterials can also serve as an intelligent drug delivery
system.68,69,148 Certain drugs (e.g., DOX and Ce6) can be
loaded onto the surface of MnO2 nanomaterials via electro-

static interaction, coordinate bonding, and covalent coupling.
The loaded cargos can be simultaneously released at the tumor
site when the nanoparticles break down, thus enabling the on-
demand drug delivery.
Apart from the pH-triggered degradation, MnO2 nano-

particles also present redox-responsive property, which makes
them subject to the reduction of Mn(IV) into Mn(II). For
example, it can be reduced by GSH that is abundant in tumor,
leading to the disintegration of MnO2. Using this feature, Tan
and co-workers designed a smart MnO2-based nanosystem for
enhanced photodynamic therapy (PDT), where the photo-
sensitizer Ce6 was adsorbed on the MnO2 nanosheets. On one
hand, MnO2 nanosheets can enhance the cellular uptake of
photosensitizers and inhibit the extracellular singlet oxygen
(1O2) generated by Ce6, which may lead to side effects. On the
other hand, MnO2 nanosheet can react with intracellular GSH,
resulting in the degradation of nanosheets, thus releasing Ce6
for photodynamic therapy. Furthermore, the reaction between
MnO2 and GSH will deplete the intracellular GSH, thereby
reducing its scavenging effect on 1O2 and eventually enhancing
the PDT efficiency.149 Besides endogenous GSH, the
artificially introduced reductant (e.g., ascorbic acid) can also
motivate the degradation of MnO2 both in vitro and in vivo.84

Although many studies have shown that the degradation
products, i.e., Mn2+, can be excreted by renal clearance,15,148

the elimination amount is not clear and we still cannot rule out
the retention of manganese ions in the body. As previously
demonstrated, the toxicity of Mn2+ is much higher than that of
manganese oxide nanoparticles. To address this problem, Zhou
and co-workers developed a degradable EDTA and BSA-
capped Mn3O4 nanoparticles. The obtained nanoparticles
showed strong adsorption in the near-infrared (NIR) region
and a photothermal conversion efficiency of 34.7% under 785
nm, and thus could be potentially used for photothermal
therapy. After being intravenously injected into tumor-bearing
mice, the constructed nanoprobes could accumulate at the
tumor site and then accelerate degradation with the assistance
of artificially introduced ascorbic acid, enabling the MRI-
guided phototherapy. Most importantly, the released Mn2+

could be captured by the surface loaded EDTA, thus
accelerating the excretion and decreasing the potential
toxicity.84

Compared to iron oxide nanoparticles, manganese oxide
nanoparticles are more susceptible to degradation under
physiological conditions. In a previous study reported by
Wang and co-workers, iron oxide nanoparticles were first
incorporated into a chitosan-based nanocluster, and sub-
sequently manganese oxide nanoparticles were loaded onto the
nanocluster surface to form an iron oxide/manganese oxide
coloaded hybrid nanogel.150 Due to the strong interference of
manganese species, the transverse relaxivity (r2) of iron oxide
nanoparticles was severely reduced (45.7 mM−1·s−1 vs 362
mM−1·s−1). The resultant nanogel was relative stable under
neutral condition, but Mn ions gradually leached out when
treated by acidic buffer, resulting in largely recovered r2 (i.e.,
226 mM−1·s−1 after being incubated in pH = 5.5 PBS for 3 h).
In addition, the released Mn ions also leaded to a much higher
longitudinal relaxivity (from 8.9 mM−1·s−1 to 15.3 mM−1·s−1).
The “turn on” effect of both T1 and T2 relaxation under acidic
condition enabled the resultant hybrid nanogel a highly
efficient and specific contrast agent for T1/T2 dual-mode
MRI tumor diagnosis. The results also suggested that
manganese oxide was more degradable than iron oxide,
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which may correlate with the solubility product of the
corresponding metal hydroxide.
Generally, manganese oxide nanomaterials can degrade

within a few hours in the proper physiological environment.
Due to the greatly improved MRI contrast enhancement after
decomposition, degradation process of MnO2 nanosheet can
be monitored by MRI. As shown in Figure 4a−c, the obtained
nanosheets enabled substantial T1 MRI signal enhancement
after being immersed in pH 4.6 buffer for 1 h, while negligible
signal change was observed in neutral buffer (pH 7.4).69 Since
the degradation of manganese oxide nanoparticles is very
sensitive to the acidic condition, the degradation kinetics can
be easily adjusted by controlling the pH of external
environment. As given in Figure 4d,e, when the pH changed
from 7.4 to 5.5, the degradation of MnO2 nanoshell could be
greatly accelerated. In addition, since the loaded drugs could
be synchronously released along with the decomposition of
manganese oxide nanoparticles, the on-demand release of drug
could also be achieved.148

3.4. Transition Metal Dichalcogenide Nanoparticles.
Transition metal dichalcogenide nanoparticles (TMDCs),
emerging as a class of key materials in chemistry and
electronics due to their intriguing chemical and electronic
properties, are generally described as the formula of MX2,
where M is the transition metal typically from groups 4−7 of
the periodic table (e.g., Mo, W, Ti, V) and X is chalcogen such
as S, Se, or Te.151 In recent years, TMDCs have attracted great
interest for phototherapy and drug delivery due to the excellent
photothermal effect aroused by unique optical properties and
the extraordinary specific surface area enabled by the two-
dimensional structures.70,71,96,103 While the transition metals
evolved in TMDCs provoked particular concerns about the
risk of toxicity, the rapid elimination of TMDCs from the body

becomes a key factor that would affect their further application
in biomedicine.
To study the biodistribution, excretion, and toxicology

profiles of TMDCs, Liu and co-workers systematically
investigated the in vitro and in vivo behavior of three types
of PEGylated TMDCs, including molybdenum dichalcoge-
nides (MoS2), tungsten dichalcogenides (WS2), and titanium
dichalcogenides (TiS2) nanosheets (Figure 5).38 After being
intravenously injected into mice, most of the nanosheets
accumulated in the RES organs. After 30 days, MoS2-PEG
could be almost excreted through both renal and fecal
pathways, while large amounts of WS2-PEG and TiS2-PEG
were still retained in the body. To unclose the mechanism of
different metabolic behavior, PEGylated TMDCs were
dispersed in PBS at room temperature and monitored for
three months. The variation in absorbance exhibited significant
differences in the long-term incubation, where WS2-PEG
showed only a slight decrease, while both MoS2-PEG and TiS2-
PEG decreased remarkably. However, different from the
colorless solution left for MoS2-PEG, white TiO2 precipitate
was observed in the TiS2-PEG sample. Further X-ray
photoelectron spectroscopy (XPS) demonstrated that most
of the MoIVS2 nanosheets were oxidized to MoVIO4

2− after
three-month storage in PBS. Due to the better chemical
stability of WIV and stronger chemical bond of W−S, only a
part of WVI was observed in the WS2-PEG sample, indicating
the formation of WIVS2/W

VIO3 compounds after incomplete
oxidation. Based on the above results, the following different
mechanisms for in vivo behaviors of the three types of TMDCs
were concluded. Due to the distinctive chemical properties,
WS2 possesses relatively high stability and is hardly degraded in
the physiological environment, thus retaining in RES organs
for a long time; TiS2 is unstable and can be gradually
transformed into water-insoluble TiO2 aggregates that cannot

Figure 4. In vitro dynamic measurement of T1-MRI of PEG-MnO2 in either mildly acidic environment (pH = 4.6, a) or neutral conditions (pH =
7.4, b). (c) T1-MRI signal intensities of PEG-MnO2 aqueous solutions under pH 7.4 and 4.6 for prolonged periods. The T1-MRI images were
obtained every 3 min after soaking PEG-MnO2 nanosheets in the buffer solution at various pH values. (Reproduced from ref 69 with permission.
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.) (d) TEM images of hollow mesoporous MnO2-PEG (H-MnO2-PEG) after
incubation in buffers with different pH (7.4 and 5.5) for various periods of time. (e) Degradation behavior of H-MnO2-PEG dispersed in different
pH (7.4, 6.5, and 5.5) determined by the absorbance of MnO2. (Reproduced from ref 148 with permission. Copyright 2017, Springer Nature.)
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be easily eliminated from the body; MoS2, in marked contrast,
can be oxidized and transformed into water-soluble MoO4

2−

species in physiological environment, allowing ready excretion
via both renal and fecal pathways. Given all this, MoS2 may be
more promising for further biomedical applications due to its
biodegradability and relatively rapid excretion. Through the
similar degradation mechanism of MoS2, VS2 nanodots are also
found to be gradually oxidized and degraded into water-soluble
VV-oxide small molecular species (e.g., VO4

3−, V2O7
4−, and

VO3
−), and hence be effectively excreted without appreciable

toxicity. Therefore, integrating the intrinsic paramagnetism
with strong NIR absorbance as well as chelator-free radio-
labeling ability, VS2 has successfully served as a good
nanoplatform for MR/PA/single photon emission computed
tomography (SPECT) trimodal imaging guided photothermal
cancer therapy.70

Similar to the aforementioned nanomaterials, the degrada-
tion of TMDCs also depends on the external environment. As
noted above, degradation of TMDCs is often associated with
the oxidation of transition metals, and therefore, oxidants

undoubtedly have a significant impact on the degradation
kinetics. Zhao and co-workers systematically evaluated the
translocation, biotransformation-related degradation, and
toxicity of polyvinylpyrrolidone-modified MoS2 nanosheets,
and found that the biodegradability in biomicroenvironments
are in the order of H2O2 < catalase < myeloperoxidase, with
typical physiological concentrations.96 Additionally, the degra-
dation rate of MoS2 under various pH conditions is also
distinctly different. The rapid degradation of MoS2 was
observed in neutral pH solution, while degradation was
much slower under the weakly acidic condition simulating
the tumor microenvironment.71 Furthermore, the external
stimulation such as NIR irradiation would also accelerate the
degradation of MoTe2 nanosheets.

103

3.5. Carbon Nanomaterials. Carbon nanomaterials, in
particular, carbon nanotubes and graphene, have gathered
increasing attention in drug delivery and bioimaging.152,153 In
the early stage, carbon nanomaterials were assumed to be inert
to the biological systems due to their rigid and robust
structures, and thus were expected to be highly persistent in

Figure 5. (a) Scheme of transition metal dichalcogenide MS2-PEG (M = Mo, W, Ti) nanosheet synthesis process and the different pathways of the
clearance of MS2-PEG nanosheets. (b−d) UV−vis-NIR spectra of MS2-PEG (I) before and (II) after three months standing in PBS at the
concentration of 0.02 mg/mL, (b) MoS2-PEG, (c) WS2-PEG, and (d) TiS2-PEG. Inset: Photos of the MS2-PEG samples before (I) and after (II)
three months standing in PBS solution. (e,f) TEM images of PEGylated MoS2, WS2, and TiS2 nanosheets (e) before and (f) after three months
standing. (Reproduced from ref 38 with permission. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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organs and tissues. It has been found that the persistence of
single-walled carbon nanotubes (SWNTs) in the biological
systems can induce obvious toxicities, including oxidative
stress, inflammatory response, and pathogenicity.72,154,155

Nevertheless, recent studies showed that oxidative enzymes
derived from the organism may be capable of degrading
functionalized carbon nanomaterials. For example, Star and co-
workers reported that the carboxylated SWNTs could be
degraded under the catalysis of horseradish peroxide in the
presence of H2O2, whereas nonfunctionalized SWNTs showed
insignificant change under the same condition.73,156 Similar
degradability behavior was also observed for graphene oxide
when using human neutrophils-derived myeloperoxidase as
enzyme.157 Additionally, it was found that the degradability of
graphene oxide was largely dependent on the oxidation degree
of the graphene crystal lattice. On one hand, higher oxidation
would result in a higher percentage of carboxyl groups on the
surface, leading to better colloidal stability given by the
increased negative surface charge, which could avoid
aggregation and increase the interaction chance between
graphene and myeloperoxidase. On the other hand, the
positively charged amino acid residues of myeloperoxidase
could bind more strongly to the negatively charged surface,
thereby enhancing the degradation capability.157 The
enhanced biodegradability would undoubtedly promote the
biomedical applications of carbon nanomaterials in vivo.17

3.6. Other Inorganic Nanoparticles. In addition to the
previously mentioned nanomaterials, biodegradability is also
found for some other inorganic nanomaterials, such as calcium
phosphate (CaP),112,158 calcium carbonate,19,159,160 black
phosphorus (BP),33,55,161 transition metal carbides,162 nitrides
and carbonitrides,163 and layered double hydroxide nano-
particles,51 which have been investigated for cancer theranos-
tics. CaP, which has similar components to human bone,
belongs to ceramic inorganic materials and has good
biocompatibility and biological activity.110,158,164 With porous
structure and large specific surface area, CaP nanoparticles
could be degraded into Ca2+ and PO4

3− required by the human
body in vivo.112,165,166 However, the special surface properties
and high reactivity of CaP nanoparticles also lead to a series of
complex reactions in cells, which may cause apoptosis and
necrosis. To reduce the reactivity, Zhu and co-workers
designed a Eu3+-doped CaP mesoporous microsphere.
Compared with the undoped ones, the Eu3+-doped CaP
mesoporous microspheres are more stable with a slower drug
release rate, which is beneficial to tumor treatment and can
avoid toxicity problems caused by increased calcium ion
concentration.167 BP nanomaterial can also be easily degraded
both in vitro and in vivo due to its inherent susceptibility to
oxidation. It has been explored as a photothermal/photo-
dynamic therapy agent due to the wide range of light
absorption, high photothermal conversion efficiency, and
high singlet oxygen yield under near-infrared laser irradi-
ation.37,55,108,168 However, due to the easy degradation caused
by oxidation, the BP nanoparticles show unstable and short-
term photothermal effects.107,161 To overcome this problem,
PEGylation was adopted to improve the physiological stability
of BP nanodots in biological applications.168 Moreover, the BP
nanosheets modified with cellulose was also found to have
excellent photothermal response and enhanced stability.107

4. CONCLUSION AND OUTLOOK
Inorganic nanoparticles have been widely used in the diagnosis
and therapy of cancer, while the biopersistence is currently
considered to be a key issue hindering their further clinical
translation. Biodegradable inorganic nanoparticles that can
decompose in vivo accelerate the excretion and largely improve
the biosafety. In this Review, the theranostic applications of
biodegradable inorganic nanoparticles as well as their
degradation behaviors are explored. Although great progress
has been made in the effective excretion of inorganic
nanoparticles by adjusting the biodegradability, many concerns
still remain when translating them from the bench to the clinic.
First, not only does the accumulation of original inorganic
nanoparticles in the body cause harmful side effects, the
degradation products may also provoke adverse responses,
which need to be systematically evaluated. From this point of
view, inorganic nanoparticle such as iron oxide nanoparticles
hold greater promise for future clinical translation as the
degradation products are the essential elements in human
body. Furthermore, inorganic nanoparticles (e.g., silica nano-
particles) with fast degradation kinetics and easily excreted
degradation products also have more chances for further
translation. Second, the degradation process and metabolic
pathways should be clearly investigated to help assess the
biosafety and the possible side effects of inorganic nano-
particles, especially when the degradation products cannot be
utilized by the organism. Third, it should be noted that
degradable nanoparticles are still largely captured by RES.
Compared with small molecular probes that can be quickly
eliminated from the body,169,170 the drugs loaded in inorganic
nanoparticles would largely accumulate in the RES organs and
eventually be released with the nanoparticles decomposing,
leading to unexpected toxicities. Finally, to achieve optimal
efficacy and biosafety, the degradation kinetics in vivo are
needed to be adjusted to suit a specific theranostic application.
Therefore, the influences of different factors on the
degradation behavior, especially the in vivo degradation
kinetics, of different inorganic nanomaterials need to be
investigated in depth. Overall, a great deal of work is still
needed to remove the obstacles hindering the clinical
applications of inorganic nanoparticles. Nevertheless, we
believe that biodegradable inorganic nanoparticles have a
strong chance of revolutionizing future cancer diagnosis and
therapy.
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