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The number of in vitro, ex vivo, and in vivo studies on porous
silicon (PSi) nanoparticles for biomedical applications has
increased extensively over the last decade. The focus of the
reports has been on the carrier properties of PSi concerning the
therapeutic aspect due to several beneficial nanovector charac-
teristics including high payload capacity, biocompatibility, and
versatile surface chemistry. Recently, increasing attention has
been paid to the diagnostic aspects of PSi, which is typically
attributed to the biotraceability of the nanovector. Also, PSi has

been studied as a contrast agent. When both these aspects,
therapy and diagnosis, are integrated into one nanovector, we
can discuss a real nanotheranostics approach. Herein, we review
the recent progress developing PSi for various imaging modal-
ities, specifically focusing on optical imaging, magnetic reso-
nance imaging, and nuclear medicine imaging. Furthermore, we
summarized the knowledge gaps that must be covered before
applying PSi in clinical imaging, highlighting future research
trends.

1. Introduction

Bioimaging is a useful tool for visualizing the biological
structures of cells and tissues in vitro and in vivo.[1] It has
become an indispensable method for doctors to accurately
identify diseased tissues and monitor therapy responses from
physiological and pathological changes.[2] Up to now, several
bioimaging modalities, such as ultrasound,[3] X-ray,[4] nuclear
medicine imaging (NMI),[5] and magnetic resonance imaging
(MRI),[6] have been widely applied in clinical diagnosis. Due to
the blossom of computer-assisted digital imaging and analysis,
it is increasingly common to use these imaging modalities to
guide therapy in situ and predict therapy outcomes.

With traditional clinical regimens, imaging contrast agents
(CAs) and medicines are administered separately.[7] Thus,
inconsistent information to monitor therapy is often provided
with traditional imaging because imaging contrast and medi-
cines are based on different platforms and have different
pharmacokinetics and biodistributions in vivo. Diverse tools to

integrate imaging and therapy into one nanovector have been
provided with the nanotechnology development, i. e., to realize
real nanotheranostics.[2b,8] In this context, an imaging modality
may provide real-time feedback to monitor the therapy
response because the contrast agent and therapeutic agent are
inseparable and delivered in the same target site.[9] Moreover,
other functions, such as targeting, can be endowed to the
nanoparticles (NPs) via surface functionalization.[10] Thus, this
type of ‘all-in-one’ nanovector enhances the advancement of
biomedical engineering with better therapeutic outcomes and
decreased side effects.[11] Up to now, many nanocarriers have
been studied as the platform for theranostics, including
polymeric colloidal NPs,[12] liposome NPs,[13] mesoporous
NPs,[10,14] and iron oxide NPs.[15]

Porous silicon nanoparticles (PSiNPs) have been widely
studied for different biomedical applications due to their
attractive features.[16] First, they are biodegradable. The degra-
dation product silicic acid is non-toxic and is essential for bone
and collagen growth.[17] Second, unlike most polymeric bio-
materials, the surface of PSiNPs can be easily modified through
simple chemical treatments without affecting their overall
performance.[18] Third, PSiNPs have a high surface area and large
pore volume, enabling them to carry drugs, imaging agents, or
both.[19] Fourth, with PSiNPs, the stability of the loaded agents
can be enhanced due to the confined effect of the rigid porous
framework. For example, the photostability of fluorescein
isothiocyanate (FITC) was significantly enhanced after being
loaded into PSi.[20]

In this minireview, the progress in develop PSi-based
biological imaging approaches, including optical imaging, MRI,
positron emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT) imaging, is summarized.
We also review the latest PSi-based imaging research in
nanomedical applications especially pinpointing the promising
prospects in guided drug delivery and cancer theranostics.
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2. Imaging Models

PSi is widely used in various imaging modalities with different
performances in sensitivity and spatial resolution (Table 1).[21]

Optical imaging is an imaging technique that uses visible light,
typically infrared in vivo, to detect various tissues and smaller
objects. With optical CAs, different organelles in cells may be
distinguished in vitro because of its remarkable sensitivity,
thereby monitoring physiological activities at the cell level.[22]

Fluorescence and photoluminescence-based optical imaging
systems have the advantages of low cost, high-resolution, non-
invasive, non-ionizing real-time imaging, which are undoubt-
edly the most cost-effective modality for cancer research.
However, the barriers to tissue autofluorescence and limited
tissue penetration prohibit their broad preclinical and clinical
applications.[23] MRI is an imaging technique based on the basic
principles of nuclear magnetic resonance.[24] High-resolution
images with soft tissue contrast and quantitative assessment of
the disease may be obtained with MRI.[25] Although MRI has an
exceptional spatial resolution, its low sensitivity, expensive cost,
slow data collection, and high CA toxicity are the main
disadvantages hindering its wide clinical applications.[21c] NMI is
a non-invasive imaging technique that includes PET and
SPECT.[26] PET imaging is widely used in drug development,
evaluation, and cancer diagnosis to provide critical anatomy,
pharmacology, and pathology information.[27] Unlike PET imag-
ing, SPECT imaging is performed by detecting single photons of
different energies emitted by the radiotracer. Both PET and
SPECT are more sensitive than MRI, and PET is known to have

the highest sensitivity of all in vivo imaging techniques.
However, low spatial resolution and radiation risk are the main
disadvantages of these two technologies.[16c] Recent progresses
regarding the application of PSi in optical imaging, NMI, and
MRI are summarized in Table S1 (Supporting information). In
the following chapters, the representative examples of the
latest advances are discussed in detail, especially regarding
theranostics and drug delivery.

2.1. Optical Imaging

Optical imaging is a relatively affordable and straightforward
method for biomedical imaging compared with other imaging
techniques, such as CT and MRI. Furthermore, nonionizing
radiation is used to excite optical CAs, indicating an excellent
safety of the imaging modality.[28] The ideal optical CA should
have the following characteristics: (1) high fluorescence quan-
tum yield, (2) good biocompatibility, (3) excellent photostability,
and (4) precise targeting of specific tissues. Near-infrared (NIR)
emission has deeper tissue penetration and causes less tissue
damage than visible light, enhancing the signal-to-noise ratio
and spatial resolution.[29] Thus, we focus on applying PSiNPs in
NIR optical imaging in this review.

PSiNPs have been applied as carriers for NIR probes because
of their high surface area and large pore volume.[30] The Cunin
group successfully constructed multifunctional PSiNPs to deliver
Ru(II)-complex photosensitizers for NIR imaging and photo-
dynamic therapy (PDT).[31] The NPs were modified with mannose
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for cancer targeting and polyethylene glycol (PEG) for improved
biocompatibility. Powerful NIR imaging capability and efficient
inhibition of cell growth were observed in vitro under NIR
irradiation.

On the other hand, PSiNPs can be employed as imaging CAs
without being labeled with fluorescent dyes or quantum dots
because PSi itself possesses tunable photoluminescence in the
range from visible light to NIR.[34] In addition, the photo-
luminescence of PSiNPs is more stable than the fluorescence
from dyes, which can easily be photobleached.[34a,35] The
Zabotnov group used picosecond laser ablation of porous
silicon films and nanowires to synthesize small silicon nano-
particles (14–65 nm), which have fluorescence emission in the
NIR range (600–1000 nm) and created a new prospect used as
optical imaging contrast agents.[32] In addition, they can be used
in OCT imaging (Figure 1A–D). The drawbacks of single-imaging
modalities often limit their applicability, so multimodality
imaging has emerged. In 2017, Xia et al. fabricated

PSiNPs@Fe3O4 nanocomposites for dual-mode imaging by
covalently bonding superparamagnetic Fe3O4 NPs to photo-
luminescent PSiNPs.[33] In this nanocomposite, PSiNPs act as the
NIR imaging agent, and Fe3O4 NPs were the CAs for MRI
(Figure 1E–G). The nanocomposite had excellent biocompatibil-
ity, and it performed well in fluorescence/magnetic resonance
bimodal imaging of cells in vitro and tumors in vivo.

The lifetime of microsecond-level photoluminescence is a
unique feature of PSiNPs that can be used in biological imaging.
Because of this long response time, the photoluminescence of
PSiNPs can be distinguished temporally from the autofluor-
escence of living tissues, and this improves the resolution of
spatial imaging.[36] The Sailor group prepared PEG-coated
PSiNPs, and they used a commercial imaging system to evaluate
the intensity and lifetime of fluorescence from NPs.[37] The
results showed that PEG-PSiNPs can be successfully applied to
time-gated (TG) imaging in vivo, as the interference from the
short-lifetime fluorescence signal from the tissue autofluoro-
phores was almost completely eliminated. With a delay of
25 ns, the signal-to-noise ratio with PSiNPs increased by 20-fold
in vivo. However, the imaging contrast was much lower than
the theoretical prediction in the commercial animal imaging
system because of the fixed repetition rate of the pulsed laser
and the relatively short delay time. Therefore, a specific system
was designed for the microsecond domain of PSiNPs TG
imaging, and it obtained a photoluminescence attenuation of
about 500 μs (Figure 2).[38] When tracking the in vivo fate of
target NPs relative to steady-state imaging, the signal-to-noise
ratio was significantly improved compared to previous work
(more than 100-fold). In addition, a light-emitting diode can be
used as a source of excitation instead of a pulsed laser,
providing a convenient and low-cost imaging system.

Although NIR imaging greatly improves the shortcomings of
optical CAs in terms of limited tissue penetration and spatial
resolution, there are still huge challenges for imaging CAs
in vivo.[31] Unlike fluorescent molecules or atoms that absorb
only one photon at a time in ordinary optical imaging, two-
photon imaging means the fluorescent molecules being able to
absorb two photons simultaneously under strong light excita-
tion. Consequently, the two-photon microscopy has a higher
signal-to-noise ratio, deeper penetration, higher spatial resolu-
tion, and it causes less damage to biological tissues than single-
photon microscopy.[39] Kim reported iRGD-PEG modified PSiNPs
for two-photon imaging of live animals. The intensity of
photoluminescence and signal-to-noise ratio of the two-photon

Table 1. Characteristics of some imaging modalities.[21]

Imaging modality Sensitivity (mol/L) Spatial resolution Merit Shortcoming

NIR imaging 10� 15–10� 17 3–5 mm High sensitivity Low resolution
Limited depth
(<5 cm)

MRI 10� 3–10� 5 25–100 μm High resolution Low sensitivity
high cost

PET 10-11–10� 12 1–2 mm High sensitivity Low resolution
high cost

SPECT 10� 10–10� 11 1–2 mm High sensitivity Low resolution
high cost

Figure 1. Fluorescence spectra of the initial SiNW arrays (black lines) of A)
low- and B) heavily doped Si and corresponding SiNP suspensions (red lines).
C) Fluorescence image of SiNP suspensions fabricated by low-doped SiNWs
in water 1) and ethanol 2) and heavily-doped SiNWs in water 3) and ethanol
4); D) optical coherence tomography (OCT) images of agar gel phantoms
without nanoparticles (left), with the SiNP suspension in water (middle) and
ethanol (right).[32] Adapted with permission from Ref. [32], Copyright 2020,
CC by License 4.0. E) Graphic abstract of multimodality imaging work
showing the composition of nanomaterials and the scheme of the experi-
ment in vivo; F) Fluorescent images of a tumor-bearing nude mouse after
intratumoral and subcutaneous injections of oxidized PSiNPs@Fe3O4. G) MRI
images of the mice after an intratumoral injection.[33] Adapted with
permission from Ref. [33]. Copyright 2017 American Chemical Society.
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imaging of the NPs was significantly improved by increasing
the two-photon absorption cross-section by restricting the size
of PSiNPs to 60 nm (Figure 3).[40] In addition, the tumor-
targeting effect of 60-nm PSiNPs-iRGD was confirmed by the
mouse orthotopic HeLa tumor model experiment (Figure 3D).

In general, PSi-based nanosystems have great potential in
bioimaging, as the long-lived photoluminescence emission can
be employed to eliminate the interference of tissue autofluor-
escence. This enhanced the discrimination of the CA from the
endogenous fluorophores of living tissues. In addition, two-
photon imaging also effectively improves spatial resolution.
Combined with the other attractive features, such as high
surface area and good biocompatibility, the unique photo-
luminescence of PSiNPs forms the basis for the next generation
optical imaging-based theranostic.

2.2. Magnetic Resonance Imaging

Oxidized PSiNPs without any special additives or surface
modification can work as CAs for MRI by decreasing the T1 and
T2 relaxation times (Figure 4A,B).[41] The decrease was correlated
with the increase in the specific surface area (SSA), where the
crystalline silicon had the lowest SSA, and microporous PSi

(pore size�2 nm) had the highest SSA. Alteration in the T1 and
T2 relaxation times was attributed to the presence of para-
magnetic defects called Pb centers (Figure 4C). These centers
are dangling bonds of unbound Si atoms formed during
oxidation of Si surfaces because of the lattice mismatch
between Si and SiO2. Pb centers are thus located close to the
protons, and they can influence them through dipole-dipole
interaction. This interaction, combined with the partial restric-
tion of the movement of water molecules in the pores of PSi,
decreases T2 more significantly than T1 (Figure 4A,B).

[41a] Proton
relaxation was further enhanced by increasing the concentra-
tion of PSiNPs and using thermal annealing of PSiNPs.[41a] The
annealing resulted in the ~1017 g� 1 of Pb centers per mass of
PSiNPs and a transverse relaxivity rate R2 of 0.5 g� 1 s� 1 or
~10� 2 mmol[Si]� 1 s� 1.[41a] However, because of the small relaxiv-
ity rate (!4–5.7 mmol[Gd]� 1 s� 1 for conventional Gd3+ CAs),
additional surface coatings are needed for biocompatibility.[42]

Moreover, because of the difficulty of further increasing the
number of Pb centers, the use of oxidized PSiNPs is challenging
for proton-based T1- and T2-weighted MRI.

To achieve high contrast in MRI, PSiNPs were combined
with Gd3+-based CAs.[43] Interestingly, Gd3+-based complexes
demonstrated a significantly enhanced longitudinal relaxivity
rate R1 of up to ~24 mmol[Gd]� 1 s� 1 when loaded into PSiNPs
with 5–10 nm pores compared to the free CA value of 3.6–
6.9 mmol[Gd]� 1 s� 1 in water.[44] The R1 enhancement was
attributed to the increase in both rotational and diffusion
correlation times. The increase of rotational correlation time
was governed by the restricted rotation of Gd3+- complexes
adsorbed or conjugated to the pore walls, while the diffusion
correlation time increased because water diffusion in the pores
was constrained. However, despite the promising enhancement
in vitro and biodistribution studies,[44a] to our knowledge, Gd3+

Figure 2. A) Schematic diagram of the TG fluorescence imaging instrument.
B) Notional waveforms of laser, continuous wave (CW), and TG fluorescence
imaging. C) CW and TG fluorescence imaging of mouse brain before and
after locally injected PSiNPs and AF647 (a fluorescent dye). D) Normalized
intensity of the attenuation of the photoluminescence/fluorescence signal
after the excitation pulse.[38] Adapted with permission from Ref. [38]. Copy-
right 2015 American Chemical Society.

Figure 3. A) Schematic illustration of the 60-nm PSiNP-iRGD. B) Photograph
of xenograft tumor in the hind limb of a mouse under ambient light. C)
Intensity of signals from two-photon microscopy for normal (blue box, left)
and tumor (red box, right) regions of a xenograft tumor in the hind limb of a
mouse. D) Two-photon microscopy images of sections from normal and
tumor regions post-injection of either PBS or 60-nm PSiNP-iRGD for 1h.[40]

Adapted with permission from Ref. [40]. Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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-loaded PSiNPs have not yet been applied for T1-weighted MRI
in vivo.

Similar to Gd3+, iron oxide NPs (SPIONs) were combined
with PSi NPs.[45] Loading 9-nm Fe3O4 NPs into the PSi matrix
enhanced the weighted transverse relaxivity rate R2* from
333 mmol[Fe] � 1 s� 1 to 556 mmol[Fe] � 1 s� 1. This might be
because of stronger magnetic interaction of closely located
Fe3O4 confined in the pores (Figure 4D).[45a] Fe3O4 NPs also were
precipitated directly in the pores of PSiNPs.[45b,c] These hybrid
SPION-PSiNP complexes were used to study the dependence of
systemic residence time for smartly designed PEG coatings.[45b]

It was shown that dual coating with 0.5 kDa and 2 kDa PEG
molecules increased the circulation half-life from 1 min for bare
PSiNPs to 241 min for dual-PEG coated PSiNPs (Figure 4E). This
is a necessary improvement for imaging other tissues besides
the liver and spleen.

Finally, there have been substantial efforts to perform MRI
with hyperpolarized 29Si nuclei in bulk Si NPs,[46] PSiNPs,[47] and
Si microparticles.[48] Hyperpolarization is the process of increas-
ing the polarization of nuclei beyond thermal equilibrium.[49]

Thus, each SiNP has large magnetization that can be detected
without the need for a high magnetic field, and the imaging

can, in principle, be performed at a low field. This opens the
possibilities of on-site diagnosis. To date, PSiNPs have been
imaged only in a phantom (Figure 4G).[47] The first successful
MRI in vivo included intratumorally, intravenously, rectally, and
intraperitoneally injected Si microparticles[48a] and real-time
catheter tracking (Figure 4H).[48b] However, there are still major
technological challenges to be resolved before Si NPs can reach
practical MRI applications. These challenges include expensive
polarization equipment, long hyperpolarization time (~20 h),
polarization loss during the transfer of NPs from the polarizer,
and storage and redispersion of NPs into suspension before
injection.

2.3. Nuclear Medicine Imaging

NMI methods have been extensively explored in the biomedical
field. The NMI modality includes two main techniques: (1) PET
detects gamma (γ) rays from the annihilation of electrons in the
body and positrons from the decay of radionuclides. Today,
several radionuclides (i. e., 68Ga, 89Zr, 64Cu, 18F, and 124I) have
been used in PET imaging. (2) SPECT detects gamma (γ) rays

Figure 4. MRI of PSiNPs. A) Longitudinal and B) transverse proton magnetization of pure water (black dashed line) and aqueous suspensions of NPs (with a
concentration of 1 g/l) prepared from bulk crystalline Si (c-Si, blue line), mesoporous Si (MPSi, black line), and microporous Si (μPSi, red line).[41b] Reproduced
with permission from Ref. [41b]. Copyright 2018 AIP Publishing. C) Mechanism of MRI contrast of bare PSiNPs. Single PSiNPs (orange silicon core and yellow
SiO2 shell) induce fast relaxation of nearby protons (light blue circles) because of dipole–dipole interaction with paramagnetic (spin 1/2) dangling bonds in
PSiNPs (green loops). The remote protons (dark blue circles) keep their magnetization in the direction of applied magnetic field H.[41a] Reproduced with
permission from Ref. [41a]. Copyright 2015 AIP Publishing. D) MRI phantom experiments showing the weighted transverse relaxation time (R2*) versus Fe
concentration (nanomoles Fe per liter ultrapure water) for 25% (by mass Fe) Fe3O4-loaded PSiNPs (blue squares) and Fe3O4-containing PEG micelles (black
x’s).[45a] Reproduced with permission from Ref. [45a]. Copyright John Wiley and Sons. E) Measured T2 relaxation rates (R2, mean � std, n=3) for plasma samples
taken from rats injected with NPs. The injected samples were 5% mannitol reference (black crosses), the PSiNPs with precipitated Fe3O4 NPs (MaPSi, red
circles), and the DPEG-PSiNPs with Fe3O4 NPs (DPEG-MaPSi, blue triangles), both administered in 5% mannitol solution. F) MRI T2* map of a rat liver before and
40 min after injection with 2 mL and 0.5 mg/mL of MaPSi or DPEG-MaPSiNPs. The liver is circled with a black line, the white triangle designates the cardiac
part of the stomach, and the black asterisk shows the spinal cord. Subcutaneous fat is seen as having longer relaxation times. The four spots above the rat
body were from the water-heated pad.[45b] Reproduced with permission from Ref. [45b]. Copyright 2016 American Chemical Society. G) Hyperpolarized 29Si MRI
with a shaped phantom taken 5 min after ~18 h polarization of PSiNPs. 45 mg of NPs were dispersed in PBS and placed into the phantom. The field of view
(FOV) shows the spatial dimensions of the MRI scan.[47] Reproduced with permission from Ref. [47]. Copyright John Wiley and Sons. H) Real-time catheter
tracking in vivo with co-registered 1H: 29Si MRI of hyperpolarized Si microparticles administered intravenously through a tail-vein catheter. The figure shows
the movement of the catheter with Si NPs (inset) over the course of 3.2 seconds.[48b] Reproduced from Ref. [48b], open access.
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during radionuclide decay.[21b] There are several SPECT radio-
nuclides (i. e., 99mTc, 111In, 198Au, 123I, and 186Re) available. The
most widely used SPECT radionuclide is 99mTc because of its
easy production with a 99mTc generator. Because of the limited
spatial resolution of NMI, it is common to integrate PET and
SPECT with computed tomography (CT) to get a better 3-
dimensional image of the object.[21a]

The traditional NMI CAs are radiolabeled molecules (i. e.,
proteins), which usually suffer from short circulation times in
blood.[50] A variety of radiolabeled NPs have been considered
advanced CAs for NMI. These radiolabeled NPs possess excellent
cargo-loading capacity and facile surface functionalization
methods being ideal NMI CAs for accurate cancer diagnosis and
therapy to promote efficient treatment. Among various nano-
materials, PSi with excellent biocompatibility, easy surface
functionalization, and high surface area is a promising radio-
nuclide carrier material for NMI. In a typical example, Dave and
coauthors labeled dual-PEGylated thermally oxidized porous
silicon (DPEG-TOPSi) NPs with 111In for SPECT/CT dual-modality
imaging of 4T1 murine breast cancer. The blood radioactivity of
mice treated with 111In-DPEG-TOPSi was clearly higher than that
of the control groups (111In-TOPSi and free 111In). This indicated
the prolonged systemic circulation of the 111In-DPEG-TOPSi
group. However, it was difficult to visualize the 4T1 tumor from
the SPECT/CT imaging because of a poor EPR effect in 4T1
tumors.[51]

Santos’s group designed PEGylated and 111In-labeled PSiNPs
functionalized with atrial natriuretic peptide (ANP) for SPECT/CT
imaging (Figure 5).[52] They compared the targeting of the NPs
with and without ANP to the heart in vivo. Based on SPECT/CT
imaging and the corresponding standardized uptake values, the
ANP-functionalized PSiNPs indicated increased accumulation in
the ischemic heart. The study also showed the improved ability
of NPs loaded with trisubstituted-3,4,5 isoxazole to repair the
endocardial layer. For the labeling process, the p-NH2-Bn-DOTA-
tetra(t-Bu-ester) served as the metal chelator for 111In, and the
as-prepared PSiNPs presented good colloidal and radiochemical
stability because of the PEGylation. The work was a good

demonstration of the possibility of constructing a PSi-based
nanoplatform by combining imaging and drug therapy.[52]

Besides SPECT/CT imaging, there are several PSi-based
nanoplatforms for PET/CT imaging. For example, Outi and co-
workers reported 18F-tetrazine ([18F])-labeled trans-cyclooctene
(TCO)-PSiNPs based on inverse electron-demand Diels-Alder
cycloaddition (IEDDA) reactions. The researchers determined
that the molar ratio of TCO/[18F] played an important role in vivo
IEDDA labeling. Moreover, the isomerization of TCO groups or
the formation of protein corona on the PSi surface may
significantly affect the process of IEDDA, finally causing
uncertainty in PET/CT imaging results.[53]

3. Summary and Outlook

Progress in the use of PSiNPs for optical imaging, NMI, and
magnetic resonance imaging was reviewed. The unique advan-
tages of PSi, such as good compatibility, intrinsic photo-
luminescence (PL), high surface area, and easy surface function-
alization, may allow clinically applicable PSi-based contrast
agents (CAs) for biomedical imaging.[18b,54] For example, the
microsecond-level PL lifetime of PSi enables time-gated imag-
ing for a significantly enhanced signal-to-noise ratio of PL
imaging by eliminating the interference of tissue autofluor-
escence. The high surface area of PSi allows for the loading of
different CAs for different imaging modalities. In addition,
therapeutic agents can be simultaneously loaded into the PSi
with the Cas. This integrates imaging and therapy to develop
“all-in-one” theranostic nanoplatforms. Furthermore, surface
functionalization of PSi empowers NPs to be smart platforms
with cancer-targeted functions.

Despite the promising progress, several aspects need
improvement to promote the development of PSiNPs in the
future. First, a long-term and systematic study of the safety of
PSiNPs is required. Studies have proven that PSi has good
biocompatibility, but the reports have been based on short-
term studies with small animals.[54a,55] Long-term and detailed
safety profiles are required to convince administrative agencies
and pharmaceutical investors. Second, personalized imaging
CAs are required. Optical imaging, MRI, and NMI are versatile
medical imaging modalities. Different persons have different
biological environments and different developmental stages of
their disease. Thus, there is a need to develop personalized
imaging contrasts for intelligent biomedical imaging. The use of
cell membrane coating is a feasible approach to developing
personalized CAs. The cell membranes can be extracted from
the diseased tissues of patients. The cell membrane-coated
nanoparticles have excellent biocompatibility and homologous
targeting for personalized biomedical imaging.[56] Third, a
systematic design of PSi-based NPs should be considered for
developing next-generation CAs. The NPs must overcome
several biological barriers before reaching the targeting tissue.
Different physicochemical parameters of PSi NPs affect their
biological performance. The conventional “one variable at a
time” method to optimize the design of NPs requires huge
experimental resources and a long time to test the effect of

Figure 5. A) SPECT/CT image quantification of the standardized uptake
values (SUVs) in the rat heart 10 min, 20 min, and 4 h after intravenous
injection of NPs. B) Representative sagittal SPECT/CT images showing the
biodistribution of the NPs 10 min after IV administration. Arrows indicate the
location of the heart. Un� P� D: PEGylated and 111In labeled PSi; Un-P� D-ANP:
PEGylated and 111In labeled PSi loaded with natriuretic peptide (ANP).[52]

Adapted with permission from Ref. [52]. Copyright 2017, Wiley-VCH.
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different parameters. This is not likely to be feasible in the
development of NP-based imaging modalities. Fortunately, the
development of advanced computational technologies, such as
machine learning, has opened a new avenue for optimizing the
design of NPs with low cost and high efficacy.[57] Thus, the use
of a machine learning-assisted strategy will be a new trend to
develop novel PSi-based imaging modalities.
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