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Advanced nanotechnology has been emerging rapidly in terms of novel hybrid nanomaterials that have
found various applications in day-to-day life for the betterment of the public. Specifically, gold, iron,
silica, hydroxy apatite, and layered double hydroxide based nanohybrids have shown tremendous
progress in biomedical applications, including bio-imaging, therapeutic delivery and photothermal/

dynamic therapy. Moreover, recent progress in up-conversion nanohybrid materials is also notable
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1. Introduction

The biomedical field has been growing enormously to upgrade
the standards and well-being of the public." Specifically,
biomedical nanotechnology, and diagnostic and therapeutic
approaches have advanced dramatically due to recent signifi-
cant developments in emerging theranostic materials.>”
However, they should be economic and affordable for everyone.
There has been constant progress in the bio-engineering field,
especially in the area of pharmaceutical sectors and drug-
delivery agents. In particular, such progress reveals novel
functional drug-delivery carriers capable of loading and deliv-
ering traditional chemo-agents with improved efficacy.® Such
kinds of progress have helped the scientific community to come
up with the term “nanomedicine” which is much better than
traditional chemo-agents. Typically “nanomedicine” is a multi-
disciplinary approach, which utilizes engineering as well as
medical science to combat various diseases, such as cancer® and
neuro-degenerative diseases.’ The multi-disciplinary back-
ground of nanomedicine makes it very interesting and it basi-
cally comprises 6 major areas: pharmaceutical-drug delivery,
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therapy. In addition, their future scope is also discussed in detail.

bio-materials, diagnostics, drug development and therapy, in
vitro/in vivo bio-imaging, and active bio-implants.

Recently, inorganic based nanohybrid materials, classified
into inorganic-inorganic, organic-inorganic, and bio-inorganic
nanohybrids, have shown improved benefits mainly due to their
distinctive material properties. Such novel properties are hard
to achieve by conventional solid-state reactions.'*** Therefore,
in the emerging field of nanomedicine based on nanoscience
and nanotechnology, it is very important to make advanced
hybrid nanomaterials with specific properties with respect to
their single/individual counterparts using synthetic methods
like chemical vapor deposition, Langmuir-Blodgett technique,
self-assembly, and intercalation reaction methods.>*” In the
case of the latter, guest molecules are reversibly intercalated
into 2-dimensional host lattices to form a variety of new nano-
bio hybrids, such as inorganic-inorganic, organic-inorganic,
and bio-inorganic hybrids with advanced properties.?® It should
also be noted that recent progress in nanochemistry has also
helped to develop novel, creative multifunctional emerging
nanohybrids simply by modifying the molecular re-
arrangement of heterogeneously oriented organic-inorganic
materials.?>** This novel, eccentric research field enable us to
come up with a wide variety of nano-bio hybrid materials with
already known/unknown properties which would be useful for
drug delivery, bio-imaging and photo-therapy.

Since such nanohybrid materials have synergetic function-
alities, this specific research area becomes very interesting for
developing further intelligent hybrid materials. For instance,
very highly photo-catalytic inorganic-inorganic nanohybrids
could be developed via a simple exfoliation/restacking
approach.*” Several such approaches have been tried to
develop novel functional nanohybrids based on inorganic-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chemical approaches: for example, nanoporous hybrids which
can be utilized for both loading and releasing therapeutic
agents.®® This kind of hybrid approach of two or more inorganic
materials has given birth to novel nanohybrids with potential
multifunctional properties. Furthermore, by coupling multiple
nanomaterials, the resulting hybrids are expected to possess
better therapeutic efficacy than their individual counterparts.

Previously there were only a few reports on inorganic/organic
nanohybrid materials and their bio-applications.**** For
example, Sreejith et al. (2015) reviewed nanohybrids for fluo-
rescence, photo-acoustic and Raman bio-imaging applica-
tions.>® On the other hand, inorganic-organic nanohybrid
particles and their biomedical applications were reviewed as
a book chapter by Katagiri (Elsevier Series on Advanced Ceramic
Materials, 2021 edition).*® Therefore, we believe that the present
review would be the first on the specific topic of inorganic-
inorganic nanohybrids and their biomedical applications. The
actual purpose of this review is to give readers an insight into
the overall outlook for nanohybrids: in particular, inorganic-
inorganic nanohybrids and their specific uses in biomedical
applications. We believe that this review would be helpful for
understanding ongoing research in this emerging field, along
with its advantages and limitations so that one can come up
with a novel strategy for the betterment of human well-being in
terms of clinical applications.

Therefore, the present review will detail trends in inorganic-
inorganic nanohybrids that have been used for various
biomedical applications, including drug delivery, bio-imaging
and photo-therapy (Scheme 1). The term “inorganic-inorganic
nanohybrids” is used only when there are two or three major
inorganic components in the hybrid system. Drug molecules,
such as DOX (doxorubicin) or PTX (paclitaxel), are considered
here as model drugs, and stabilizing agents such as PEG, and
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Scheme 1 Various inorganic—inorganic nanohybrids and their appli-
cations in drug delivery, bio-imaging and radio/photo-therapy.
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targeting agents like folic acid (FA) or hyaluronic acid are
considered as they are not in the mainstream of our current
review. In addition, our review will specify applications and
limitations associated with inorganic-inorganic nanohybrids
along with future perspectives and scope.

2. Advantages of inorganic
nanohybrids

Hybrid nanoparticles (NPs) are of great interest as they can have
multiple properties when they are combined as a single moiety.*”
When individual molecules fail to give a specific function for
a particular application, usually we prefer to combine them with
a suitable molecule which can either boost, improve or impart
a novel property to the nanohybrids. This is why they are very
interesting for bio-applications including drug delivery**** and
bio-imaging.*** Recently, there have been tremendous
advancements in the inorganic nanoresearch area especially for
biomedical applications. Nanohybrids of silica,”” cobalt,*
copper,* selenium,* ZnS,*** iron*® and layered double hydroxide
NPs (LDH-NPs)* have been explored in order to achieve new
properties. To exemplify this, generally LDH-NPs are acidically
labile without having any specific therapeutic action; however,
when they are intercalated with anionic drugs, LDH becomes an
acidically degradable therapeutic functional molecule. In this
way, hybridization helps to attain novel functionalities in a single
material. In a similar way, LDH NPs have become useful for PET
and SPECT-based imaging when they are hybridized with
positron-emitting or gamma-emitting materials, as shown in
Scheme 1. Pristine LDH NPs have no such properties until they
are incorporated with these radioisotopes.

In addition, hybridization helps to improve the photo-
stability and biocompatibility of QD materials as well. One
such example is the shelling of comparatively toxic Cd-Se QDs
with a biocompatible Zn-Te.* This kind of surface passivation
not only improves biocompatibility, but it also helps to improve
photo-stability as well. Such QD materials are far better than
their single counterparts and have been used for bio-imaging
applications.*® CdTe/ZnTe nanohybrid QDs were also found to
be non-toxic at the experimental dosage, proving that nano-
hybridization has a positive impact on biocompatibility.**

Similarly, iron based NPs were hybridized with silica, in
order to improve the biodegradability of the silica NPs, thereby
improving their therapeutic applications.”® There are many
such studies exploring biomedical applications, including not
only drug delivery, but tissue engineering applications as well.

In general, nanohybrids structures can combine multiple
properties in a single structure. It is well known that hydroxy
apatite (HAP) NPs are biocompatible and they have been
explored for tissue engineering® and drug-delivery applica-
tions.** However, they do not have innate T1 contrasting prop-
erties. To implement this specific character, gadolinium (Gd)
doping has been undertaken so that the new Gd-doped HAP will
have a biodegradable nature along with T1 contrasting property
in its hybrid structure.”® In a similar way, Gd has been incor-
porated with rGO (reduced graphene oxide) in order to obtain
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Table 1 Various inorganic—inorganic nanohybrid systems for drug-delivery applications

Review

Specific
application

Inorganic
materials

Drug

Cell line/tumor
model

Highlights

References

In vitro

In vivo

multiple properties, such as magnetic resonance imaging,
optical coherence tomography and drug-delivery capability in

Fe;0,/MSN

Au/HMSN

CeO,/MSN

SiO,/LDH
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Gd/MSN

LDH/MS

BP/MSN

Fe;0,/WS,/MSN

their nanohybrid system.>®

In general, we can say that nanohybrid materials improve
physical/chemical stability, in vivo clearance, biocompatibility,

DOX

DOX

Vitamin C/glutathione/

camptothecin

MTX

DOX

FA/paclitaxel

FA/DOX

FA/DOX

DOX

DOX
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plumbagin

Curcumin

DOX

DOX
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MDA-MB-231
and 4T1

MCEF-7 for in
vitro and H22 for
in vivo

H22

4T1

Low cytotoxicity, efficient cell uptake ability on
epithelioid human cervix carcinoma cell line
(HeLa cells) and sustained drug release
Controlled drug loading and releasing behavior.
The NPs were well taken up by human breast
cancer cell line (MCF-7 cells)

Controlled drug release and antioxidant
behavior, highly reducing intracellular
environment of cells. The in vitro proof of
concept was done on the human pancreatic
adenocarcinoma cell line (BxPC-3 cells)

Good dispersibility, low cytotoxicity and
effective inhibition of the human epithelial
osteosarcoma cell line (U20S cells)
Biocompatible, effective inhibition of
epithelioid human cervix cancer cell (HeLa cell)
growth and magnetic hyperthermia cancer
therapy

Targeted chemo/PDT/PTT trimode
combinatorial therapy on human liver
hepatocellular carcinoma (HepG2 cells)
Improved media-dispersibility, drug loading/
release, tracking properties. The in vitro efficacy
was tested on human mammary gland epithelial
breast cancer cells (MDA-MB-231)

Non-toxic to normal cells and considerably toxic
to human epithelial carcinoma (Hep2 cells),
chemo- and magneto-hyperthermia

Improved anti-tumor effects and delayed tumor
progression in an in vivo human mammary
gland epithelial breast cancer cell tumor model
(MDA-MB-231) without causing any notable in
vivo toxicity

Enhanced targeting capability, synergistic
chemo- (Se and DOX) photothermal therapy on
epithelioid human cervix cancer cell (HeLa
tumor) bearing mice

Early detection of bone-metastasis, and the
proof of concept was established on a bone-
metastatic breast cancer model (MDA-MB-231)
Controlled drug release and great
biocompatibility, enhanced antitumor effect
against human breast cancer cells (MCF7) in
vitro and anti-tumor efficacy was tested on

a mouse liver cancer model

Enhanced drug-loading capacity, high
photothermal conversion efficiency and
excellent release efficiency. The in vivo efficacy
was studied using hepatoma (H22) bearing mice
Low cytotoxicity, effective inhibition of tumor
growth after combined photothermal and
chemotherapy, as demonstrated on mouse
mammary gland epithelial tumor (4T1) bearing
mice
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and biodegradability to a large extent compared to their
individual forms. Therefore, it is very important to have an

overall understanding of such emerging and trending nano-

hybrids that have been explored recently for various biomed-
ical applications.
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3. Inorganic—inorganic nanohybrids
for drug delivery

In recent years, designing drug carriers that have the ability
to deliver drugs has received a lot of attention. Inorganic
nanohybrids have provided a multi-purpose system for the
transportation of a variety of anticancer and diagnostic
agents.’®*” Moreover, researchers have been working toward
the development of inorganic-inorganic nanohybrids to
provide drug-delivery systems (DDSs) that have great
advantages over conventional carriers, such as improved
drug-retaining ability, better pharmaco-kinetic properties,
well-controlled release properties, and a targeted therapeutic
approach.>®°

Here, some of the major developments and progress made in
the drug-delivery area using inorganic nanohybrids, such as
mesoporous silica NPs (MSNs), layered double hydroxides
(LDHs), metal-organic frameworks (MOFs), metal NPs (e.g., Au
NPs, Ag NPs) and metal oxide NPs (e.g., iron oxide (Fe;0,),
cerium oxide (CeO,), or manganese oxide (MnO,)), will be dis-
cussed. In particular, characterizations of these nanocarriers
are critical to controlling their desired behavior in vitro as well
as in vivo, as described in Table 1.

3.1 Invitro study of inorganic-inorganic nanohybrids for
drug delivery

Among the various materials employed in designing DDSs,
MSNs have become a cynosure, owing to their physico-chemical
characteristics, such as high surface area and large pore-volume
along with their ability for functionalization.®"* It should be
noted that their porous properties and structure are signifi-
cantly governed by the synthesis background. Specific control
over pore-diameter, topography, orientation and nanosize
would help them to achieve selective adjustments to produce
specific on-demand properties.®® For example, Zhu's group
developed an MSN-based hyperthermic, chemo-therapeutic
DDS. This 150 nm sized bio-hybrid was based on Fe;O,,
which was encapsulated within the MSNs, showing significant
cellular localization without harming the cells.*” The model
drug DOX loaded magnetic MSNs showed significantly higher
release at pH ~ 5 than under neutral conditions, ensuring their
tumor-responsive release properties, and could be beneficial for
hyperthermia-mediated chemotherapy to treat a wide variety of
cancers.®’

In 2017, Li and coworkers successfully developed hollow
MSNs (HMSNs) for drug-delivery purposes. Interestingly, these
hollow cores can be controlled by a dual templating method by
Au and cetyltrimethylammonium bromide (CTAB).*® The hollow
core tunability could also be able to control the DOX release
pattern from HMSNs by changing the core size/thickness.

Chemo-radio-therapeutic targeted therapy based on Boron
Neutron Capture Therapy (BNCT) is an emerging and useful
technique to achieve selective tumor targeting with improved
efficacy. Such efficacy is purely dependent on the type of tumor,
intra-tumoral boron concentration and non-toxic absorption of
thermal neutrons by boron.**”*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For example, Choy's group was successful in developing
a new boron-delivering inorganic-nanohybrid system based on
LDH for BNCT.* The as-made inorganic-inorganic nanohybrid
mercaptoundecahydro-closo-dodecaborate (BSH)-LDH
enhanced intracellular boron localization, thereby damaging
the cancer cells effectively within a short irradiation time
(Fig. 1A and B). The novel inorganic-nanohybrids enhanced
BSH in tumor-to-blood significantly more than their counter-
parts (Fig. 1C).*

An economic strategy was used by Kaur et al. to prepare '°BN
nanohybrids using a simple solvo-thermal method. HeLa (epi-
theloid, cervix carcinoma, human origin), MCF-7 (human breast
cancer cell line) cells were used to test its in vitro anti-tumor
activity and it was shown that they are non-toxic anti-cancer
agents.” Typically, a few inorganic-based therapeutic agents
are briefly reviewed from a chemical point of view. Platinum-
based therapeutic agents, such as cisplatin,”” carboplatin™7?
and oxaliplatin,”*”® and a ruthenium(m) complex™ have been
well explored in the drug-delivery field.

For example, Lin et al. developed a novel cisplatin (CP)
delivery system by the modification of mesoporous silica
nanoparticles (MSNs) through carboxyl functionalization.®
This inorganic-inorganic nanohybrid might be advantageous
for sustained release and less hydrolytic degradation in vivo. A
similar study was reported by Kannan et al, where their
research group developed cisplatin/silica hybrids for sustained
drug-delivery applications.®*

Similarly, magnetically targeted silica-nanohybrids were
developed for cisplatin release based on magnetic hyperthermia
under mild conditions.®” Dumbbell-shaped Au-Fe;O, nano-
hybrids were developed with enhanced target-specificity to
deliver platin into Her2-positive breast cancer cells with better
therapeutic benefits than the free cisplatin molecule.®® A
ruthenium-based complex with mSiO, NPs was developed as
a pH-sensitive drug-delivery agent to achieve the controlled
release of Ru(u) to cancer cells without causing adverse effects
on normal cells.®

There has been huge progress in the ceria (Ce)-based hybrid
NP field as well, especially due to their antioxidant properties.
For example, Zhu's group developed an antioxidant-sensitive
therapeutic system consisting of redox-susceptible CeO, NPs.**
The therapeutics-loaded CeO,-covered MSNs under vitamin C/
GSH conditions help the coated CeO, NPs to undergo rapid
degradation, allowing the MSN pores to release the payload
effectively. Preliminary studies using in vitro experiments
showed that this proof of concept could be extended to further
applications.

Another notable advancement can be observed in the LDH
research area. Besides their well-known biocompatibility, and
biodegradability, they are highly economic and easy to modify
with other functional materials, making them a perfect inor-
ganic candidate for hybridizing with various clinically relevant
materials. In addition, their anion exchange capability, pH
responsivity, and cell-penetrability along with endosomal
escape are also noticeable.®®****” For example, Li et al. used
a nanodot-coating technique to make (10-15 nm) sized SiO,
dot-coatings on the LDH (110 nm) to finally achieve 170 nm

Chem. Sci., 2021, 12, 5044-5063 | 5047


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06724e

Open Access Article. Published on 09 March 2021. Downloaded on 2/4/2026 1:06:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

A B
0 /._{_{ BSHADH | § ]
’2 g 80 4
. 2 BSH
i - |
I g N
F ° BSH i BSH-LDH
i i
T vowr) ! M‘ml:m(xw"nlem’)
Cc
5 %1 BSH 5 4 BSH-LDH
% ®
3 3
E 30 5 %
g g
£ 2 s
g g
8 8
c 10 s 10
[ 2
3 a
Muscle Tumor Blood Muscle Tumor Blood
Fig. 1 (A) Cellular boron uptake of BSH and BSH-LDH in the U87

glioblastoma cell line. (B) Colony formation ability for BSH-LDH-
treated U87 cells and BSH-treated cells after thermal neutron irradi-
ation. (C) Bio-distribution studies of boron in each tissue of U87
xenograft tumor-bearing mice treated with BSH and BSH-LDH for 2 h
after administration.®® Reproduced from ref. 69 with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, copyright 2018.

sized (SiO,@MgAI-LDH) nanohybrids. The as-made nano-
hybrids were well-dispersible with an optimum size range for
drug-delivery applications® (Fig. 2A). Methotrexate (MTX) was
loaded on these nanohybrids, showing efficient cellular uptake
on human osteosarcoma cells, inhibiting cancer cell growth
(Fig. 2B). In addition, the new nanohybrids were non-toxic at an
LDH concentration below 200 pug mL ™" (Fig. 2C).%

Similarly, a combined magneto/thermo/chemo therapy
strategy was tested using Fe;O,/LDH nanohybrids.*” The as-
made nanohybrids showed a significantly high DOX loading
capability and good cytocompatibility on tested cell lines, such
as L929 and HeLa cell lines, respectively. The magnetic hyper-
thermia experiments revealed that they are potent agents for
such applications.

Carbon-based NPs such as graphene oxide (GO) and reduced
graphene oxide (rGO) have been used as biomedicines too.****
Their exceptional physico-chemical and mechanical properties
have allowed single-layered graphene to be used as a novel
nanocarrier for drug and gene delivery. For instance, Diaz-
Diestra et al. developed a nanohybrid comprised of rGO/
Mn:ZnS QDs further coated with folic acid to form FA-rGO/
ZnS:Mn®* The DOX was attached on the graphene via m-T
stacking, in addition to hydrophobic interaction. The 35%
entrapment and 60% loading efficiency were associated with
DOX chelation to Zn**. These targeted inorganic nanohybrids
clearly showed that active targeting is a better strategy to treat
cancer cells efficiently.

Similarly, another targeted approach was made using
MnFe,0,@Au nanohybrids for DOX delivery via FA-mediated
targeted therapy.”® The as-made MnFe,0,@Au-FA-DOX nano-
hybrid showed selective toxicity only to Hep2 cells without
harming normal cells under magnetic hyperthermia condi-
tions, clearly showing these novel multifunctional active
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nanohybrids would be very effective for magnetic hyperthermia-
mediated apoptosis.

3.2 Invivo study of inorganic-inorganic nanohybrids for
drug-delivery applications

Pre-clinical evaluation of biomaterials is very important before
considering them as clinically relevant biomaterials. Therefore,
newly developed nanohybrids should also undergo various in
vivo studies which are basically related to their pharmaco-
kinetic and pharmaco-dynamic evaluation. Even though many
researchers could successfully demonstrate the potency of their
developed NPs in vitro, only a few were able to translate such in
vitro studies into in vivo success. For any kind of functional
biomaterial, it is important to have excellent biocompatibility,
blood compatibility, serum stability, and in vivo clearance from
the body without causing any damage to the vital organs.
Therefore, understanding the in vivo fate of newly developed
nano-bio hybrids should be of utmost priority in clinical
perspectives.

Qiao et al. developed a pH-sensitive bone-targetable thera-
peutic agent based on zoledronic acid (ZA) which was anchored
on mSiO,/Gd(m) UC (up-conversion) nanohybrids. These
materials encapsulated plumbagin (PL) for bone metastasis at
an early stage.”” The in vivo analysis using a cancer bone
metastasis model proved their efficacy since there was an
effective reduction in osteo-clastogenesis and tumorigenesis.

Cao et al. developed a pH-responsive nanocarrier based on
LDH modified with mSiO, to form LDH@mSiO, with a thick-
ness of 9 nm.*® The outer silica coating significantly enhanced
nanohybrid stability. Besides that, it showed pH sensitivity
because of silica degradation in acidic conditions. The
curcumin-encapsulated nanohybrids showed improved anti-

N
o ©®
8 & 8

Cell viability (%)
]

Cell viability (%)

n
=]

ﬂﬂ

100.0 200.0 400.0

o

MTX 0.016 0.064 0.256 102 408
LDH 0.16 0.65 262 10.50 42.00
Concentration (pg/mL)

10.0 50.0

Concentration of LDH (pg/mL)

Fig. 2 (A) TEM images of MgAl-LDH and SiO,@MgAl-LDH nano-
composites. (B) MTT assay analysis of the effects of MTX treatments
delivered by MgAl-LDH and SiO,@MgAl-LDH. (C) Cytotoxicity of
SiO,@MgAl-LDHs at different concentrations to U20S cell lines. The
cell viability of U20S exposed to different amounts of MTX associated
with or without MgAl-LDH and SiO,@MgAl-LDH for 72 h.8® Repro-
duced from ref. 88 with permission from Elsevier Ltd, copyright 2016.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cancer efficacy towards mammary cancer cells, which was
translated into in vivo experiments as well. This study clearly
showed that LDH-based nanohybrids would be economic and
reliable therapeutic agents for cancer therapy. The preliminary
studies open up new possibilities for engineering better and
more efficient therapeutic DDSs with enhanced outcomes.

4. Inorganic—inorganic nanohybrids
for bio-imaging

A variety of inorganic-inorganic nanohybrids have been devel-
oped recently for bio-imaging, including optical (visible, IR,
NIR, NIR-II), magnetic resonance imaging (MRI), X-ray, nuclear
and photo-acoustic imaging (PAI). In particular, NIR and PAI
have advanced significantly with inorganic-inorganic nano-
hybrid materials.

4.1 Inorganic-inorganic nanohybrids as optical imaging
agents

There are various diagnostic tools currently available in the
medical field, including optical imaging techniques such as UV,
IR, NIR-I and NIR-II based, MRI, PET and SPECT, which vary in
their sensitivity and spatial resolution.'**'* For example, while
PET and SPECT, which are based on radioisotopic element-
doped nanohybrids, show good sensitivity, they have lower
resolution (~1-2 mm), making it hard for an effective diagnosis
for certain tumors. Similarly, optical imaging techniques (UV,
IR) also have limitations as they have low spatial resolution (2-3
mm) limiting their penetration towards certain solid tumors
(depth of <1 cm), but they have nevertheless been widely
accepted as imaging techniques, especially for studying the in
vitro cellular-trafficking of various bio-fluorescent materials,
mainly due to their being economic and effective in such in vitro

Table 2 Summary of layered metal hydroxides for optical imaging
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experiments. Recent developments in optical imaging agents
using inorganic-inorganic nanohybrids are listed in Table 2.

Typically optical imaging techniques utilize light from the
visible region to the NIR (I & II) and have been widely utilized in
in vitro/in vivo analysis, as mentioned before. This is mainly
because of their high sensitivity, real-time trafficking ability,
and of course low cost. Their basic limitations include scat-
tering with low resolution along with low permeability. In
addition to these, auto-fluorescence is also a limitation associ-
ated with optical imaging, especially under in vivo conditions,
where adjacent tissues, lipids or water molecules can lead to
such auto-florescence conditions.'®**** Nonetheless, this
imaging strategy is beneficial for effectively studying newly
developed nano-bio hybrids and their cellular interactions,
mainly because such sub-cellular level interactions could be
visualized only via an optical imaging strategy.'*"'°>'°® There
has been a wide variety of optical imaging agents, mostly based
on cyanine-based dyes, such as cyanine-5.5 (Cy5.5), FITC, and
rhodamine B iso-thiocyanate (RITC). Typically, inorganic
nanohybrids are utilized to load such dye molecules into their
lattice layers, in particular for LDH NPs. An intercalation tech-
nique has been widely used to make such nanohybrids.**>*%”
Chemical conjugation techniques are also well accepted for
making inorganic-hybrids, where such dye molecules can easily
be attached onto the surface through specific reaction strategies
like the silane-coupling reaction.'*'*

For example, Choy et al. developed an in vivo method along
with in vitro cell localization studies of FITC-LDHs and RITC-
LDH.195:106109110 Ag represented in Fig. 3, FITC moieties are well
attached on the LDH lattice-layers, forming an effective nano-
hybrid (FITC-LDH) (Fig. 3A). In vitro studies using tumorigenic
osteosarcoma MNNG/HOS cell treated samples visualized
improved fluorescent signals within the cells in a 2 h inocula-
tion period (Fig. 3B). The FITC-LDH got into the cell through

Optical imaging

functions Composition of materials Imaging agent In vitro/in vivo highlights Reference
Fluorescent images MgAI-FITC-LDH FITC Investigation of intercellular uptake mechanism for 105
LDH nanovehicles using an MNNG/HOS
osteosarcoma cell line
Fluorescent images MgAI-FITC-LDH FITC Investigation of intracellular trafficking pathway for 109
an LDH nanovehicle using an MNNG/HOS
osteosarcoma cell line
Fluorescent images MgAI-FITC-LDH FITC Drug-delivery carriers with a targeting function due 119
to the chemical conjugation with a specific ligand
Fluorescent images MgAI-FITC-LDH FITC In vitro or in vivo biocompatibility of LDH 110
MgAI-RITC-LDH RITC nanovehicles was evaluated on an MNNG/HOS
osteosarcoma cancer model in vivo
SPECT >’CoMgAI-LDH *Co >’Co-LDH NPs showed effective cellular uptake 120
behaviour in vitro, which was proved by in vivo using
a mouse colorectal cancer cell line, CT-26 tumor
bearing mouse model
PET $4CuMgAI-LDH-BSA %Cu LDH NPs labelled with PET radioisotopes were 121

© 2021 The Author(s). Published by the Royal Society of Chemistry

selectively accumulated in tumor tissues via
a passive targeting effect using a mouse mammary
gland cancer cells line, 4T1 tumor model
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A
B [N Clathrin
.
Fig. 3 (A) SEM representation of FITC-LDH; and intra-cellular time-

dependent localization studies on FITC-LDH-treated MNNG/HOS
cells, and (B) confocal microscopic images showing co-localization by
FITC-LDH and clathrin in MNNG/HOS cells. Cells are treated with
FITC-LDH for 2 h, incubated with clathrin antibodies, followed by
Texas Red/DAPI staining.'®® Reproduced from ref. 105 with permission
from the American Chemical Society, copyright 2006.

a clathrin-mediated pathway, as shown in Fig. 3B. The results
clearly show the cell-penetrating capability of LDH-based novel
inorganic nanohybrids, and their low cellular toxicity makes
them an effective bio-template for making a wide variety of
inorganic-inorganic nano-bio hybrids.1>1¢10%110

This kind of study is very promising and interesting because
such LDH-nanohybrids could be developed into inorganic-
inorganic molecular structures for bio-imaging purposes. For
example, various inorganic-inorganic nanohybrids, such as Au/
ZnO,"™ ZnO/Mn,"? and CdTe/ZnTe nanohybrids,** were devel-
oped in order to improve photo-stability and thereby imaging
capability in vitro and in vivo.

It is well known that most fluorescent dye molecules easily
undergo bleaching, thereby limiting their applications, and they
need a photo-stabilizer to protect them in a biocompatible polymer
matrix. In contrast, inorganic-inorganic nanohybrid based optical
imaging agents are very important as they can significantly improve
optical-imaging properties (for example, CdSe:ZnTe QDs'**). There
has been constant progress in inorganic-based fluorescent dyes
where a doping strategy is used to make such hybrid materials. For
example, LDH NPs have been doped with lanthanide elements in
order to achieve effective bio-imaging."* The f-f, f-d electron
transitions in the lanthanide series achieve such an optical
imaging capability when they are doped into 2D inorganic LDH
NPs. In addition, the lanthanide series has long fluorescence along
with a Stokes shift with improved photo-stability.**® To realize this,
a significantly improved fluorescent inorganic-based fluorescent
dye was developed with MgAI-LDH on doping with Tb*" ions.”*® A
similar trend was observed when Eu®* was doped into Zn-Al-LDH
(dem = 520-720 nm) via a °Dy-"D; (J = 1-4) Eu’" transition.'””
Although these Ln®" hybrids showed better luminescence proper-
ties, there are still drawbacks mainly due to the quenching effect as
they are co-ordinated via the hydroxyl groups with Ln** metallic
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centres, limiting their long-term applications. In order to
compensate for such issues, generally organic UV sensitizers can be
attached which can convert light into Ln*" excitons.® Such kinds
of studies have been undertaken by Liu et al. where a combined
doping of Tb*" and Gd** along with LDH intercalation was
undertaken, boosting the multiple energy transfer channels."*®
Exfoliated LEuH (layered europium hydroxide)-fluorescent mole-
cule HPTS (8-hydroxy-pyrene-1,3,6-trisulfonate) was reported by Gu
et al., showing good photo-stability, high absorbance with a high
quantum yield, etc. The observed blue luminescence at 440 nm
found in formamide (FM) was associated with synergies such as
electrostatic interaction through LEuH layer-anionic HPTS and
hydrogen bonding within HPTS-FM. Besides that, there was Eu®*~
HPTS energy-transfer via the excited state proton transfer (ESPT)
process.*** These initial studies clearly show that such novel
inorganic-nanohybrids with targeting moieties would be effective
for improving the optical imaging properties of a wide variety of
chemically modified inorganic-inorganic hybrid structures with
improved photo-stability for long-term applications.

Even though the optical imaging strategies are really bene-
ficial for inter/intra-cyto localization and studying intra-cyto
pathways, along with pharmaco-kinetic mechanisms such as
in vivo distribution, bio-accumulation and clearance of nano-
particles and hybrid materials, an imaging agent is still
required for modifying the surface of inorganic-biomaterials
through surface-functionalization methods. We should also
clearly understand the electronic structure and PL character-
istic of lanthanide®* ions for developing novel LDH-based
inorganic-inorganic nanohybrids by tuning their chemical
structure for improved theranostic applications, including
imaging-guided therapeutic strategies.

It is well known that organic fluorochromes are necessary for
in vitro/in vivo imaging. However, this dependency on organic
molecules could be avoided by making novel inorganic-inor-
ganic nanohybrids that have tunable opto-electronic properties.
For example, deep-rooted in vivo tissue imaging is possible with
NIR-responsive gold/silica nanohybrids."**

Similarly, recent developments in up-conversion materials
give us hope that we can completely depend upon novel inor-
ganic-inorganic nanohybrids for safer optical imaging under in
vitro/in vivo conditions.

4.2 Inorganic-inorganic nanohybrids as magnetic imaging
agents

There have been various developments in improving MRI con-
trasting agents with high resolution. Currently available MRI
agents have serious disadvantages as they are complexed with
organic chelating agents which could leach out the Gd ions and
could be detrimental to the human body. Therefore, novel
inorganic-inorganic MRI agents are necessary for their eligi-
bility as next-generation MRI agents.

With this context, there have been various progressive pieces
of research, in particular for iron-based inorganic nanohybrids.
For example, silica-coated superparamagnetic iron oxide NPs
were developed as better T1-weighted MRI agents. 30-40 nm
sized superparamagnetic iron oxide nanoparticles (SPIONS)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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showed improved T1 magnetic resonance spectroscopy (MRS) in
vivo after intravenous injection (i.v.) using an animal model.**

Zn**-doped Fe;0, core/mesoporous silica nanohybrids were
developed for MRI enhancement and tumor-targeted agents. In
vitro studies clearly demonstrated their MRI imaging capability
as T2-weighed contrasting agents."*

4.3 Inorganic-inorganic nanohybrids as photo-acoustic
imaging agents

In 1880, Alexander Graham Bell introduced photo-acoustic
imaging (PAI), and from then on PAI has been emerging progres-
sively as a promising imaging agent based on the PA effect.”” This
imaging technique can provide detailed real-time information with
high spatial resolution™ on the anatomical, functional and
molecular level of pathogenic tissues without using ionizing radi-
ation.'* In addition, it has higher spatial resolution (as low as 5
pm) than fluorescence optical imaging, along with a deeper
imaging depth (up to 5-6 cm).”® This is because it uses the low
scattering effects of ultrasonic signals rather than light in patho-
genic tissues. In addition, it is non-ionizing and characterized by
deep tissue contrasting properties.

Au-NPs have been widely used as a PA contrasting agent
mainly due to their surface plasmon resonance effects."”® In
addition, various inorganic-inorganic nanohybrids have been
reported for similar applications. For example, graphene oxide
modified Au-SiO, core-shell nanohybrids were developed for
PA signal generation and bimodal imaging via PA and fluores-
cence.” Similarly, gold/silica nanohybrids were tested for their
in vivo PAI effects by Park et al. (2018).*** Unlike other inorganic
hybrid NPs, these coating- or stabilizer-free nanohybrids show
unbelievable improvements in vivo, which should be under-
stood and well studied for further clinical applications.

4.4 Inorganic-inorganic nanohybrids as nuclear imaging
agents

In 1896, the prominent scientists Becquerel and the Curies
introduced radium and opened up a Pandora's Box, enabling
a wide variety of possibilities in the radio-research field. One
such research field is the development of nuclear medicine and
nuclear imaging. The latter was produced by the gamma
camera, invented by Anger (1958), to detect tomographical
features of living tissues in the form of SPECT or PET™' with
very high detection sensitivity, in the concentration range of
10 to 10 > M2

In SPECT, imaging agents or carrier molecules are generally
doped with a wide variety of gamma-emitting radioisotopes such as
99me 1231 Ml $’Ga or *’Co. In contrast, PET utilizes positron-
emitting radioisotope labeled nanomaterials for detection anal-
ysis. PET agents include radionuclides such as °0, **N, ''C, '®F,
%Cu and **Ga.’®® Typically, such SPECT-imaging agents are
administered into the body through intraperitoneal injection (i.p.)
or iv. so that the images can be obtained from y-rays generated
from the radioactive imaging agents inside the body. To exemplify
this  phenomenon, 'F can be  shown  as:
38F — 38F + © B(positron) + ve(neutrino). This emitted positron
comes into contact with an electron from adjacent surroundings

© 2021 The Author(s). Published by the Royal Society of Chemistry
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right after a short distance of travel; then those two particles
“annihilate” to produce y-rays (511 keV) in opposite directions.
These y-rays are e-detected for PET imaging through a reconstruc-
tion strategy using software. It should be noted that such radio-
isotopes do not bear any tumor-homing capability, apart from
iodine ones (**’I, '**1, I, and '*'I for SPECT, PET, and radio-
therapy). This could be mainly because of the targeting nature of
iodine towards the thyroid. Iodine is an important chemical for
thyroid hormonal function; therefore, iodinated inorganic-inor-
ganic nanohybrids would be a useful radiotherapeutic strategy to
treat various types of thyroid malignancies. Therefore, radioiso-
topes need to be incorporated or bound with a chemically stable
carrier to be transferred to the target area.’*

As mentioned before, incorporating such radioisotopic
materials into the lattice layers gives birth to a wide variety of
nano-bio hybrids for theranostic applications. To make nuclear
imaging agents, therefore, the incorporation of radioisotopes,
including *’Co, ®*Cu, *’Ga and ®*Ga, has been reported owing to
their excellent chemical stability with improved biocompati-
bility in in vivo conditions.** Previously there have been reports
for making radioisotope-labeled LDHs, where *’Co and ®’Ga are
directly incorporated into the LDH lattice.’® *’Co-labelled-LDH
(Co-57/LDH) was successfully synthesized via hydrothermal
substitution reaction reported by Kim, along with biological
assessment on mouse colon carcinoma cell cells (CT-26) and
human hepatocellular carcinoma cells (HepG2) showed prom-
ising results both in vitro and in vivo. The in vivo PK studies on
bio-distribution assessment using a CT-26 xenograft model
using a BALB/c mice model showed that such hybrids based on
radioisotope-labeled LDHs could be a potential delivery carrier
for inducing radioactivity at the tumor site.*

Another study by Shi et al. showed that LDHs when coated
with BSA and labeled PET radioisotopes (**Cu, **Sc, and *Zr)
(Fig. 4A) were able to produce very high resolution PET images,
as demonstrated by animal studies using a 4T1 mouse tumor
xenograft model. The **Cu-LDH-BSA hybrids were well localized
into the 4T1 tumor mainly through the EPR effect, confirming
their targetability (Fig. 4B).*** Such kinds of 2D-inorganic
nanohybrids with radio-labelling strategies are quite inter-
esting, though they are in the early stages. New nano-bio
hybrids materials are on the way to improve the current limi-
tations associated with 2D hybrids.

In another study, 150 nm sized silica NPs were radio-labeled
with **Ti to impart PET. The in vivo results on 4T1 tumor
models showed that these nanohybrids were effective for PET
imaging.”* Similarly, a chelator-free approach has been adopted
for developing *°Zr-labelled silica NPs for PET-guided drug-
delivery applications. Compared to traditional chelator-based
nano-approaches, these new nanohybrids would improve the
long-term in vivo integrity along with better stability. These
developed nanohybrids showed 20 day long-term in vivo stability,
confirming their suitability as a good PET imaging agent (Fig. 5)."*

It should be noted that simple mixing of radioisotopes with
LDHs results in low labelling yield and thereby poor stability.
This could be because of the low chemical interaction of
radioisotopes with the LDH surface. Therefore, one has to think
of an appropriate research strategy to compensate for such
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Fig.4 (A) ®*Cu-LDH-BSA schematic representation, autoradiographic
images of TLC plates of chelator-free labeled-64Cu LDH for 1 h, with
a labeling yield of LDH, LDH-BSA and BSA after chelator-free labeling
with ®*Cu at different reaction times calculated from autoradiography
images of TLC plates and (B) post-injection, time-dependent PET
images for ®*Cu-LDH-BSA and 5*Cu-BSA on 4T1 tumor-bearing mice.
Strong tumor signals observed in the mice post-injection with %4Cu-
LDH-BSA.** Reproduced from ref. 134 with permission from Nature
Publishing Group, copyright 2015.

limitations for better imaging techniques. Immobilization of
radioisotope on the LDH surface is another strategy to over-
come the limitations mentioned here. For example, recently
Eom et al. demonstrated the successful synthesis of Y-LDH,
where AI*" ions in an LDH lattice were isomorphically
substituted with Y** ions, hoping to develop such a proof of
concept in real applications in radiotherapy.**” However, more
research is required to expand the possibility of radioisotope-
labeled LDH-based inorganic nano-bio hybrids with very good
chemical and physical stability not just for imaging purposes,
but for simultaneous radiotherapy as well. Finding a proper
synthetic method with high biocompatibility with excellent
radio-labelling capacity would be highly preferable for use of
such materials for real application purposes.

We expect that 2D nanomaterials could play a vital role as an
excellent nuclear biomedicine, owing to their significantly high
radio-labeling efficiency and chemical stability. To be utilized
further as better nuclear medicines, it is important to study their in
vitro and in vivo toxicity profiles in detail. Therefore, pre-clinical
analysis on long-term toxicity and detailed pharmacokinetics and
bio-accumulation and their impact on the human body etc. should
be well understood in order to fully utilize such radio-labelled
inorganic nanohybrids. Safety, accumulation in the body and
clearance from the circulation etc. are very critical prior to any
clinical analysis. We believe that such precise and accurate infor-
mation could help us to realize LDH as “excellent nuclear nano-
medicine” sooner or later.

5. Inorganic—inorganic nanohybrids
for photothermal and photodynamic
therapies with imaging properties
Photo-therapy uses photo-energy to convert it into heat of
reactive singlet oxygen species which can have significant

therapeutic benefits on malignant cells/tissues. Photo-therapy
mainly consists of two approaches, PTT (photothermal
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Fig. 5 In vivo radio-stability and ex vivo bio-distribution studies. (A)
Schematic representation for 89Zr-dSiO,. (B) Bio-distribution study of
897r—dSiO, on day 21 p.i (post injection). (C) TEM image of 89Zr—dSiO..
(D) In vivo serial coronal maximum intensity projection PET images of
mice at different time points after i.v. injection of 89Zr-dSiO,. (E) TEM
image of 8Zr-MSN. (F) In vivo serial coronal maximum intensity
projection PET images of mice at different time points after i.v.
injection of 897r—MSN. (G) Schematic illustration of 9Zr—MSN. (H) Bio-
distribution study of 8°Zr—MSN on day 21 p.i.’*¢ Reproduced from ref.
136 (https://pubs.acs.org/doi/10.1021/acsnano.5b00526) with
permission from the American Chemical Society, copyright 2015.

therapy) and PDT (photo-dynamic therapy), and a combination
of PTT/PDT, which is also widely used for treating various
malignancies (Table 3).

5.1
Imaging applications

Inorganic-inorganic nanohybrids for combined PTT/

Inorganic-inorganic nanohybrids include metals, alloys, and
composite-based nanohybrids for photo-therapy.****** A main
focus will be on recent developments within the last 5 years.
Gold and iron metal-based nanohybrids have already been well
explored in this field. New materials include LDH-based
composites for such applications. The future scope and clin-
ical perspectives of such inorganic-inorganic nanohybrids will
be detailed in this section.

Selective tumor targeting of plasmonic materials along with
multimodal imaging strategies are the key to a successful
photo-thermal treatment.™® A nanohybrid multi-potent system
was made using iron oxide/gold (Fe,Os/Au) core-shell NPs to
realize the above-mentioned goals. The Au shell was meant for
PTT, while MRI was enabled by the Fe,O; core along with
localized drug targeting through the iron core, enabling direct
effective accumulation of these nanohybrids into the tumor
region. Intravenously injected Fe,O;@Au on BALB/c mice
bearing a CT26 colorectal tumor model was exposed to
a magnet for 3 h to locate the NPs, followed by near infrared
(NIR) laser irradiation. Intratumoral accumulation of these NPs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Specific
application Materials Highlights Remarks Ref.
PTT Iron oxide/gold core-shell nano- Magnetic core with an average Improved magnetically targeted 140
nanohybrids diameter of 22 nm and Au shell thermotherapy against a BALB/c
with ~5 nm thickness uniformly mice bearing a CT26 colorectal
covers the magnetic core. The tumor model
hydrodynamic diameter of
Fe,O;@Au measured by DLS
shows that the effective diameter
of the NPs is ~37 nm
PTT Silica/gold with a thermo-sensitive For imaging-guided interventional Imaging-guided interventional 143
gel therapy in patient-derived therapy, clinical thinking of
xenograft of pancreatic cancer surgical resection and
postoperative chemotherapy,
single administration and
exemption from repeated
punctures, no recurrence,
multimodality imaging and
omnidirectional treatment
PTT Co-P/Mn0O,/mSiO, MRI-guided effective PTT Dual modal T1/T2 MRI-guided 142
effective PTT along with pH
sensitivity and demonstrated on
a 4T1 (mouse mammary gland,
epithelial cancer cell line) bearing
mouse model
PTT Se@SiO,-FA-CuS nanohybrids Size-Se@SiO, nanospheres had Improved chemo-thermotherapy 144
a uniform size of about 66 against epithelioid human cervix
(composite particle size was not carcinoma cell line (HeLa cells)
mentioned) zeta-Se@SiO,-FA-
CuS/DOX (19.2 mV). Since the
loaded DOX has fluorescence, it
can be used for cellular imaging
purposes.
PTT Gold nanostar-coated hollow All in one for (1) ultra sound (US), Improved efficacy on a C6 (rat 145
mesoporous silica (2) PTT, (3) CT and (4) PAI glioma cell line) tumor model.
PTT Iron-doped copper sulfide hybrid (PA) imaging and PTT, MRI CusFeS,-PEG exhibits a high 146
NPs (CuFeS,) tumor uptake (~10% ID g~ ") after
intravenous injection. In vitro and
in vivo cancer treatment further
confirmed that CusFeS,;-PEG
could act as a novel therapeutic
agent for PTT towards a mouse
mammary gland cancer cell line,
4T1 tumor bearing mouse model
PTT Reduced graphene/Au nanostars Effective killing of micro- Significant enhancement in 147
organisms (bacteria) - methicillin- bactericidal efficiency, (complete
resistant Staphylococcus aureus death) by hyperthermic effect of
(MRSA) rGO/AUNS
PTT/PDT Gd oxide-gold nanoclusters Simultaneous PTT/PDT/CT/NIRF/ In vivo therapeutic studies are not 148
hybrid MRI given, though they showed triple
modal imaging in vivo
PTT/PDT Ultrasmall MoS, nanodot-doped Clearable FL/CT/MSOT imaging- Detailed toxicity of such NPs is not 149
biodegradable SiO, nanoparticles guided PTT/PDT combination given in the manuscript
hybridized with Clorin-e6 (Ce6) tumor therapy against a mouse
and HA mammary gland cancer cell line,
4T1 tumor bearing mouse model
PTT NaBiF,;: GA@PDA@PEG Real-time temperature in vivo In vivo toxicity is needed for such 150
nanomaterials monitoring for MR-guided composite nanohybrids
imaging
PTT Albumin-Gd-CuS 9 nm sized NPs were tested for Simultaneous MRI, PA and PTT 151

their multimodal imaging in vitro/
in vivo using a SKOV3 (human
adenocarcinoma cell line)/tumor
model

© 2021 The Author(s). Published by the Royal Society of Chemistry

possible and in vivo studies on
a SKOV3 tumor model showed
excellent anticancer effects.
However, long-term toxicity data
needed
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Table 3 (Contd.)
Specific
application Materials Highlights Remarks Ref.
PTT/PDT Ce6-modified carbon dots Mean hydrodynamic diameters of Multimodal-imaging-guided and 152
RCDs and Ce6-RCDs are found to single-NIR-laser-triggered
be around 9.8 and 9.9 nm, photothermal/photodynamic
respectively synergistic cancer therapy on
mouse mammary gland cancer
cell line, 4T1 model
PDT Biodegradable hollow MoSe,/ The particle size (400-150 nm) PDT-enhanced agent for 153
Fe;0, anospheres and the shell thickness (40-20 multimode CT/MR/IR imaging
nm) were further adjusted by the and synergistic antitumor therapy
addition of F-127 on an H22, mouse liver tumor
bearing model
PTT Clearable black phosphorus ~7 nm particle size For targeted cancer 154
nanoconjugate phototheranostics on a mouse
mammary gland cancer cell line,
4T1 model
PTT Coated carbon nanospheres with For production of highly efficient Improved therapeutic benefits on 155
patchy gold photothermal agent a human breast tumor model
(MCF7)
PTT Mn-porphyrin metal-organic The size of NMOFs was 60 x MRI-guided nitric oxide and PTT 156
frameworks 140 nm (TEM) synergistic therapy on a human
breast tumor (MCF7) model
PTT PB@Au core-satellite CSNPs have 138.8 nm particle size MR/CT imaging, in vivo and 157
multifunctional nanotheranostics and —10 mV zeta potential synergetic photothermal and
radiosensitive therapy have been
confirmed on a mouse mammary
gland cancer cell line, 4T1 tumor
model
PTT Gd/CuS-loaded functional These composite NPs are 85 nm MRI/PAI-guided tumor-targeted 158
nanogels sized and have specific targeting PTT has been tested on human
capability for FA over-expressing papilloma cancer cell line, KB
cancer cells bearing BALB/c mice.
PTT Carbon dots/Prussian blue 50 nm as overall size The therapeutic effects were tested 159
satellite/core nanocomposites on a rat brain cancer cell line, C6
glioma bearing mouse model
PTT Development of multifunctional For elimination of primary The multifunctional clay medicine 160
clay-based nanomedicine invasive breast cancer and was studied on a mouse mammary
prevention of its lung metastasis gland cancer cell line, 4T1 bearing
and distant inoculation tumor model
PTT Noncovalent ruthenium(u) The lengths of the Ru@SWCNTs Bimodal photothermal and 161

complexes-single-walled carbon
nanotube composites infrared
irradiation

ranged from 20 nm to several
micrometers

photodynamic therapy tested on
a human epitheloid cervix cancer
cell line, HeLa tumor bearing
mouse model

was confirmed by MRI. The temperature rise was higher in the
magnetically targeted group than in the non-targeted group
(~12°Cws. 8.5 °C). Systemically injected NPs showed maximum
efficacy analysis with this simultaneous photo-magnetic treat-
ment strategy under external NIR irradiation.**

Similarly, black phosphorus (BP) is a 2D layer-structured
nanomaterial, where those independent layers are stacked by
weak van der Waals forces almost similar to those of pristine
graphite. BP-based NPs are considered to be a promising bio-
inorganic nanomaterial.'' Ren et al. made a multi-potent
therapeutic system comprising amino-modified, porous silica
nanohybrids (FMSNs). The as-made nanohybrids had a large
surface area and pore volume, enhancing the attachment of
DOX, and BP QDs (PTT agent). In addition, this could induce an

5054 | Chem. Sci., 2021, 12, 5044-5063

improved PTT and bio-stability of degradable BP-QDs.'® In
vitro/in vivo studies clearly demonstrate that these BP-based
inorganic nanohybrids have superior anti-cancer activities
compared to single chemo and PTT.

For example, Ramasamy et al. developed mSiO,-capped Au
nanorods covered with nano-selenium overcoat (Se-Au/mSiO,/
DOX) nanohybrids. These multi-potent nanohybrids were
developed to impart collective actions such as therapy and
chemo-prevention, along with hyperthermic photo-ablation to
cancer cells, expecting enhanced therapeutic benefits against
multi-drug-resistant breast cancers (Fig. 6A).>* The in vivo study
confirmed effective accumulation in the tumor and the intra-
tumoral release could be well controlled by external NIR laser
irradiation (Fig. 6B). The in vivo therapeutic mechanistic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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analysis showed that tumor inhibition was mainly through cell
cycle arrest by Src/FAK/AKT pathways. The excellent synergy
through an Se PTT/chemo combined effect enabled excellent
anti-tumor effects by delaying tumor progression in in vivo
studies (Fig. 6C and D).”® The pre-clinical studies clearly showed
that these novel inorganic nanohybrids are clinically relevant
for further studies for translational applications.

WS,-nanosheets were used with an iron oxide NP (IONP)
coating on their surface, and further functionalized with mSiO,
followed by PEG stabilization to make WS,-IO@MS-PEG bio-
hybrids. These nanohybrids were effective agents for multi-
modal imaging and therapy, specifically PTT."*® Chemo-drug
DOX loaded in the mSiO, shell in the nanohybrid could be
released depending on external NIR exposure for effective PTT
towards cancer cells. The in vitro results were further validated
with in vivo experiments confirming their effectiveness for
multimodal image-guided cancer therapy in combination with
chemo and PTT.

Jin et al. developed a brand new theranostic platform based
on Co-P nanohybrids as the core, shelled with mSiO, which was
further decorated with MnO, as a pH-sensitive bi-modal MRI
guided chemo/photo thermal agent in in vitro/in vivo applica-
tions (Fig. 7A). The core Co-P could be well utilized for an
effective MRI-guided PTT, thanks to their NIR sensitivity and
magnetic characteristics which allowed them to be used as bi-
modal imaging agents. The gatekeeper MnO,, being acid
labile, could dissolve into Mn?* ions in addition to their T1-
contrasting properties. This kind of multi-potent theranostic
system would be able to give better detailed contrast informa-
tion about the pathogenic tissue in pre-clinical evaluation using
animal models (Fig. 7B-F). The pre-clinical evaluation of these
inorganic-inorganic nanohybrids clearly confirmed their
potential as an effective multimodal imaging-guided PTT agent
to treat cancers. We hope that such nanohybrids would also be
useful for treating deep-rooted cancers where better penetration
of PTT agents is necessary.'*

Advanced pancreatic cancer patients can be treated with
imaging-guided interventional therapy since it is an effective
and invasive and targeted drug-delivery system. The effective-
ness of such a treatment regimen relies on high-resolution
imaging and complete removal of cancer cells, specifically in
the peripheral region along with a distant metastasized area, to
make sure that there will be no recurrence on-going. To impart
such advantages, hollow mSiO, NPs, Gem-PFH-Au-star-HMS-
IGF1, were developed. Here, gemcitabine (Gem) and per-
fluorohexane (PFH) were loaded in the core, while Au nano-
stars (NSs) and insulin-like growth factor-1 (IGF1) were func-
tionalized on the surface of the nanohybrids. This hybrid
construct enhanced multimodal ultrasound (US)/CT/PAI/
thermal imaging-guided PTT, with real-time monitoring. A
thermo-responsive gel that solidifies at body temperature was
used to enhance Gem release control and with single-
administration, the patient-derived xenograft (PDX) mouse
model was effectively treated by this therapy. Cell death of the
remaining viable pancreatic cancer cells was achieved by Gem,
eliminating further chances of recurrence.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Another inorganic-inorganic nanohybrid was reported
based on Se-SiO,-FA-CuS/DOX which can be well localized in
tumor tissues, inducing effective PTT on NIR exposure along
with chemotherapy via DOX and Se release. Since the synergistic
effect is due to the combined release of DOX and Se via
chemotherapy and PTT, these nanohybrids are expected to have
excellent in vitro effects on cancer cells which might be trans-
lated into in vivo conditions as well. Such nanohybrids could
effectively terminate tumors due to their dual function via
chemo and PTT. The well-known, unwanted side-effects of DOX
in in vivo conditions might be reduced significantly because of
Se, an added advantage for this theranostic system. All these
properties make this inorganic-inorganic nanohybrid system
a suitable chemo-photo-thermal ablating agent with no serious
side-effects for future clinical applications.™**

Au nanostar modified, perfluorohexane (PFH)-loaded hollow
mSiO, nanocapsules (HMS) were further PEGylated for multi-
modal (US/CT/PAI)/thermal imaging, along with PTT. HMSs
were silanized to obtain thiol surface groups, and coated with
Au NPs via an Au-S bond. Au NS modified HMSs were further
loaded with PFH inside the HMSs followed by thiolated PEGy-
lation on the surface to make multifunctional HMSs@Au-PFH-
mPEG NSs (HAPP for short) (Fig. 8A). Multimodal HAPP showed
significant therapeutic benefit on a C6 tumor model with US/
CT/PAl/thermal imaging after intravenous or intratumoral
injection.'**

Multifunctional dual-modal PEG-coated iron-doped copper
sulfide (CusFeS,-PEG) NPs were developed for tumor imaging/
PTT applications. The obtained CusFeS;-PEG NPs with high
NIR absorbance could be used for PA imaging and PTT, while
Fe’" doping offers the NPs an additional property for MRIL
Intravenously administered CusFeS,-PEG had significantly
higher tumor uptake (~10% ID g ') as per PAL These NPs
showed significant therapeutic benefits on a 4T1 bearing mouse
model."*

In another study, 2D reduced graphene oxide supported an
Au nanostar (rGO/AuNS) nanocomposite made by the seed-
mediated growth method (Fig. 8B) for synergistically killing
multidrug-resistant bacteria. The prickly/sharp-edged nano-
structure of these composite NPs enhanced their prominent
antibacterial property by damaging the cell walls/membranes.
The cell viability was 32% for methicillin-resistant Staphylo-
coccus aureus (MRSA) when incubated with these NPs. When
exposed to an 808 nm NIR laser, complete bacterial death was
achieved through the PTT effects of rGO/AuNS."” NaBiF4:Gd-
PDA-PEG NPs have been developed by integrating T1-MRI
(MRTI) for precisely tracking photothermal agents with real-
time MRI guidance (T1) for in vivo thermal variations during
PTT (Fig. 8C). The extremely weak susceptibility (1.04 x 10 °
emu g ' Oe ') of the developed nanohybrid, due to marginal
interaction with the local phase, allowed the precise recording
of real-time thermal variations in intra- and peri-tumoral
healthy vs. tumoral tissues in MRI. 19 s per frame was the
time resolution with a precision detection of ~0.1 K for the
thermal changes. This approach helps to achieve MRI/guided
PTT for a wide variety of relevant clinical applications.'*®
Biocompatible PTT agents are of greatest interest as they can

Chem. Sci., 2021, 12, 5044-5063 | 5055


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06724e

Open Access Article. Published on 09 March 2021. Downloaded on 2/4/2026 1:06:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

A - B
yll”"llm’/é " R - g“l“mw%
>3 > >
=y ?Mmmm!:vf 3"« TN Se@AU@mMSIOL/DOX (NIR-)

Augmsios Oy

100

N SNnig, g —& Se@Au@msiO,/DOX (NIR+)
N TS ﬁ
qrerensooox
S ]
; o “‘,,,«5 < ﬁ
p '|' _tnmiivy 2
- Z. a
pisplCaspases | 2 S )
e IS )‘( q
8.5 wRiignt
Time (h)
c Au@mSi02/DOX (NIR-) D
o 2 Au@msSio2/DoX (NIR)
&~ Se@Au@mSI02/DOX (NIR-) . Au@mSIO2/DOX (NIR-)
= NaneSe L G e@Au@mSI02/D0X (NiR+) P — ;‘;’:"" B Au@mSiO2/DOX (NIR+)
[ . == Nano se Bl Se@Au@mSiO2/DOX (NIR-)
£ C] B Se@Au@mSiO2/DOX (NIR+)
e -
E <4
g :
s 5,
£ :
2
0 ; 10 15 2'0 2‘5 3'0 3‘5
Time (days)
Fig. 6 (A) Schematic illustration for selenium-Au@mSiO,/DOX

(Se@AuU@mSIO,/DOX) for NIR-sensitive chemo-PTT. (B) In vitro DOX-
release profile from the hybrid NPs with and without NIR exposure
(808 nm, 2 W cm™2 for 5 min); in vivo therapeutic efficacy of the
nanohybrids confirmed by (C) tumor volume changes and (D) non-
toxic post-treatment effects (in terms of their body weight changes)
observed in female BALB/c athymic nude mice bearing MDA-MB-231
xenografts after treatment with different formulations. The formula-
tions were administered via the tail vein at a fixed dose of 5 mg kg~* as
DOX on days 1, 4, and 7. Data are presented as the mean + SE (n = 7).
*p < 0.01 and ***p < 0.001 compared to a control.®* Reproduced from
ref. 93 with permission from Nature Publishing Group, copyright 2018.

facilitate theranosis in a better way than conventional PTT
agents. In order to achieve this, a Gd-modified CuS nano-
theranostic agent (Gd:CuS@BSA) was prepared with a BSA
bio-template (Fig. 8D). These 9 nm sized NPs showed high PTT
efficiency with significant photo-stability under NIR laser irra-
diation. These NPs had excellent PA/MRI modalities with
excellent hepatic clearance from the body. Therapeutic benefits
have been studied in a SKOV3 tumor model (Fig. 9A-F)."*!

Au/carbon-based hybrid NPs are expected to possess
combinatorial NIR light absorption and could have improved
PTCE (photothermal conversion efficiency). To achieve this,
a patchy gold coating on the carbon nanospheres via a facile
adsorption-reduction method was adopted in order to give
these composite NPs a Janus structure. The study clearly
confirmed that these inorganic-inorganic nanohybrids have
better PTCE as well as better thermal stability than traditional
PTT agents, as was confirmed using various in vitro as well as in
vivo experiments.**®

MRI-guided nitric oxide and photothermal synergistic
therapy was accomplished using an Mn-porphyrin MOF. Since
nitric oxide (NO) therapy in combination with imaging-guided
physical therapy is a promising alternative for clinical
purposes, a nanoscale MOF (NMOF) integrating MRI, NO, and
PTT was developed as a promising theranostic agent. The
concept was proved by establishing NMOFs with Zr*" ions and
Mn-porphyrin as a bridging ligand. Introducing paramagnetic
Mn ions into porphyrin rings allows us to achieve a significantly
high Ti1-weighted MRI property and high PTCE. Thermal-
induced NO generation was achieved by S-nitrosothiol (SNO)
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Fig.7 (A) Illustration for the synthesis steps involved in Co—P-mSiO,—
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volume changes post-treatment. (D) Images for the corresponding
tumors after euthanasia post-treatment. (E) Tumor weights and (F)
representative tumor histology images for various treated groups after
treatments ((I) PBS solution as control; (Il) NIR; (Ill) Co-P@mSiO,@-
DOX-MnO;; (IV) Co-P@msSiO,—MnO, + NIR; (V) Co-P@amSiO,@-
DOX-MnO, + NIR; *p < 0.05 and **p < 0.01 by the Student's two-
tailed t-test).**> Reproduced from ref. 142 with permission from the
American Chemical Society, copyright 2017.

on the NMOF surfaces. Interestingly, single NIR light exposure
simultaneously allowed NO as well as PTT. Intravenously
injected NPs showed maximum therapeutic benefits, as
confirmed using an in vivo MCF7 bearing tumor model.***

Multifunctional nano-theranostic PB@Au core-satellite NPs
(CSNPs) were made by using Prussian blue NPs (PBNPs) and
AuNPs. These integrated NPs have specific roles for MRI and CT
imaging and synergistic PTT and radiotherapy (PTT-RT), as
confirmed using 4T1 tumor bearing mice.*”

Second NIR (NIR-II, 1000-1700 nm) therapy has recently
attracted attention, especially in cancer management, mainly
due to its two major properties: (1) low scattering ability and (2)
deep penetration capability compared to the NIR-I (700-950
nm) region. NIR-II light absorbing NPs have been made of a Gd
and CuS based nanogel (NG) platform for MRI/PAI dual
imaging-guided tumor-targeted photo-therapy. Cross-linked
PEI NGs were modified with Gd chelates, FA through a PEG
spacer and 1,3-propanesultone. Finally, CuS NPs were loaded
into these modified NGs. These aqueous dispersible 85 nm
sized NGs have a very good protein resistance character with
good reflexivity (11.66 mM ™' s '), along with a high NIR-II
absorption capability. In addition, they have an excellent
PTCE of ~26.7%. These nanohybrids were well homed into the
tumor via an FA targeting pathway, as confirmed by KB-bearing
BALB/c mice."*®

A simple and economic, ecofriendly technique was used to
design and fabricate carbon dot (CD) modified Prussian blue
(PB NPs) (CDs/PBNP) hybrids with a satellite/core structure. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CDs/PBNPs possess distinct green PL emission and NIR photo-
absorption with high efficiency and photothermal stability.
These biocompatible composite NPs were tested on a C6 brain
glioma bearing mouse tumor model, confirming that CDs/
PBNPs possess promising imaging and effective tumor abla-
tion properties.*®

It is well known that the PTCE (n) of Au NRs can be well
tuned with an enlarged aspect ratio, and preferably with a core-
shell structure. Such a core-shell GNR-LDH nanostructure
constructed with GNRs and LDHs has been developed. The Au
and LDH interaction allows an electron deficiency on the Au
surface, inducing thermal energy conversion. When exposed to
an 808 nm laser, these GNR@LDH had ~60% 7, and dramati-
cally improved PTCE over already-existing GNR-based PTT
agents. These core-shell inorganic-inorganic composite NPs
can be applied in various biomedical fields, such as PTT, as anti-
bacterials, and in cancer therapy and bio-imaging with lower
dose and nontoxicity.**

There is an NIR light-regulated bio-sensing technique which
utilizes Pt@Au nanoring@DNA (PAD) probes for fluorescence-
guided PTT on tumor cells. The developed nanohybrids have
an Au nanoring and Pt framework (Pt@AuNR) acting as a photo-
sensitizer and functionally modified double-stranded DNA
(dsDNA) hybrids as a sensor. Thermo-sensitive de-hybridization
of dsDNA localized on the PAD probe allows specific cellular
recognition and NIR fluorescence imaging guided PTT upon

laser exposure.'®

TEOS+C,.TMS

sSi0;

™
Na,C0y MPTMS. Au NPs
— — L —
“
"
HMSs

sSi0;@msio, HMSs-SH HMSs-Au seed
A & |z
: |E
S |8
T |2
i 3 l
US/CT/PA ~ mPEGSH PEH
PTT
HMSs@Au-PFH-mPEG NSs HMSs@Au-PFH-NSs HMSS@AU-NSs

IR S
oI ¥ A SERTETI

BEER e S SN

B PRNEE —> T . R
w‘\"‘{ '\:\‘\W 3;\' Sodium Citrate ﬁ%“%“ AgNOs h‘:':& ?‘,“i""\i\?&;\‘

1o 223s1 IS Ascorbic Acid 18200
GO ¢ AuNP 4&  AuNS
|
c - :
Coprecipitation i
© & © < < :
{BI(NO,), - SH,0 GdCl, - 6H,0 NHF NaBiF,; Gd NaBIF,; GI@PDA  NaBIF,; GA@PDA@) |\
! z’é}' \Q,cv Y NaoH ]
[ = g ( !
D | ‘;p..ﬂ.b»u o > | |
] T (Blea B Na,S Ny > :
! Gd”-BSA-Cu™ Gd:CuS@BSA !
L Complex Nanotheranostic agent |
Fig. 8 (A) Schematic illustration of the synthesis of HMSs, HMSs@Au

NSs, and HAPP,** reproduced from ref. 145 with permission from the
American Chemical Society, copyright 2017. (B) rGO/Au NSs nano-
composite,**” reproduced from ref. 147 with permission from the
American Chemical Society, copyright 2019. (C) NaBiF4:Gd-PDA-PEG
NPs,**° reproduced from ref. 150 with permission from the American
Chemical Society, copyright 2020. (D) Gd:CuS@BSA NPs,*s* repro-
duced from ref. 151 with permission from the American Chemical
Society, copyright 2016.
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5.2 Inorganic-inorganic nanohybrids for combined PDT/
imaging applications

Up-conversion materials (UC) have been widely used for PDT
applications, mainly because they can solve the limitations
associated with low tissue penetration, and overheating by
excited 980 nm NIR light, and an insufficient amount of photo-
sensitizing agents.

NaGdF,:Yb/Tm@NaGdF,:Yb@NaNdF,:Yb@NaGdF,@-
mSio,@TiO, (UCNPs@msSiO,@TiO,) nanohybrids were
successfully developed through TiO, PSs/photocatalyst coating
on an effective 808 nm-to-UV/visible up-conversion luminescent
(UCL) core. This nanohybrid system could be used for multi-
modal imaging along with PDT. In vivo studies on H22 (murine
hepatocarcinoma) as the xenograft mode clearly showed that
these NPs are non-toxic multimodal/PDT agents, making them
suitable for further clinical trials.***

A similar study was conducted by Wu et al. (2020), where the
research group developed an NIR light responsive UC material
for effective PDT along with imaging capability. The nanohybrid
system was based on mSiO,-coated NaGdF,:Yb,Er@NaGdF,:-
Yb,Nd. Even though the in vitro results are promising, the lack
of pre-clinical studies using an animal model makes it difficult
to predict their clinical relevance.*®

5.3 Inorganic-inorganic nanohybrids for combined PTT/
PDT/imaging applications

BSA-stabilized Gd,O;-Au nano crystals (NCs) were made as
contrast agents in MRI and CT imaging (Fig. 10). AuNCs show
fluorescence as well PDT properties by producing singlet oxygen
under NIR at 808 nm. Coating BSA on these NPs served as
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Fig. 9 In vivo PTT effects. (A) Thermal imaging of SKOV-3 tumor-
bearing mice pre- and post-injection with PBS or nanohybrids under
980 nm laser exposure for 5 min. (B) Corresponding intra-tumoral PTT
temperature changes; (C) relative tumor volume changes; (D) body
weight analysis during the therapy. (E) Representative excised tumor
images after euthanizing the animals and (F) corresponding histology
analysis for each group, as shown in (E).*** Reproduced from ref. 151
with permission from the American Chemical Society, copyright 2017.
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a carrier for an ICG (Indo Cyanine Green) PTT agent. Thus, the
composite NPs showed multifunctional properties, such as
imaging and combined PTT/PDT. The imaging capabilities were
tested using in vivo Kunming mice without any studies on the
therapeutic benefits.**®

Chlorin e6 (Ce6) and hyaluronic acid (HA) were composited
with ultra-small MoS,/nanodot biodegradable SiO, NPs for
clearable multi-imaging-guided simultaneous PTT/PDT photo-
therapy. A 4T1 bearing tumor model was used for under-
standing its therapeutic as well as imaging benefits and the
studies proved the major points that the authors had claimed
(Fig. 11).**

The drawbacks associated with multimodal dual PTT/PDT
therapy include the need for exposure to a high-power laser
which has limited benefit due to intra-tumoral hypoxia. Addi-
tionally, two excitation laser sources are required to separately
activate the PTT/PDT technique. Besides that, high-power laser
irradiation for PTT is required and this problem has not been
resolved. To solve these issues, a single-laser PTT/PDT trigger-
able technique with a smaller amount of photo-sensitizer
loaded with PTT agent was reported by Sun et al. To confirm
this idea, a small quantity of photo-sensitizer chlorin e6 (Ce6)
(0.56% by mass) was functionalized onto amino-rich red-
emissive carbon dots (RCDs) with significantly higher PTT
effects under 671 nm NIR laser exposure. Interestingly, the
same laser can be used to activate PDT via Ce6. These novel
inorganic-nanohybrids were very promising as they could
impart multiple functions under a single roof where one could
make use of PTT and PDT along with bi-modal imaging such as
photo-acoustic and fluorescence based imaging.**>

Wen et al developed FA-modified MT-LPTX-FA nano-
hybrids. This was based on the in situ formation of tellurium
nanodots (Te NDs) in PTX-loaded LDH modified with mSiO,
NPs.** The newly made nanohybrids showed excellent in vitro
PDT and PTT actions along with intra-cellular pH-responsive
drug release. Further, selective cancer targeting was achieved
mainly due to the FA coating.

FA-targeted bio-non-accumulating black phosphorus nano-
conjugates were made for cancer photo-theranostics (combined
PTT/PDT). For this, copper sulfide nanodot anchored FA-
modified black phosphorus nanosheets (BP-CuS-FA) were
made which had better therapeutic efficiency of PDT-PTT when
conjugated with FA. In vivo tracking was possible via the PAI
properties of the developed NPs. A highlight is that these NPs
can undergo renal clearance once they enter the body after PTT/
PDT. The therapeutic effects were studied on a 4T1 tumor
model.***

Gd,0,-BSA Gd;0,-AUNCs
5; e % HAUCI, ‘ @’r 1
o Hogen oy

Gd;0,-AuNCs-ICG

Fig.10 Preparation of Gd,Oz—AuNC nanohybrid.**® Reproduced from
ref. 148 with permission from the American Chemical Society, copy-
right 2017.
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Ru(u) complex-modified single-walled carbon nanotubes
(RU@SWCNTs) were developed as nanotemplates for bimodal
PTT and two-photon PDT. The m-m interactions allowed
SWCNTs to interact and load a significantly high amount of
Ru(n) complexes (Rul or Ru2). On NIR exposure (808 nm diode
laser (0.25 W c¢m™?)), TPDT is achieved through the Ru(u)
complexes by generating singlet oxygen. Taking advantage of
both PTT and two-photon PDT, these novel nanohybrids
showed better therapeutic outcomes compared to their indi-
vidual therapies. The bi-modal therapeutic efficacy was
confirmed using a tumor model. In vivo tumor (HeLa tumor
model) ablation was achieved with excellent treatment efficacy
under 808 nm irradiation at a power density of 0.25 W cm ™ for
5 min. Preliminary analysis clearly showed that this bimodal
therapeutic approach would be beneficial for treating various
cancers.'®

Similarly, a tri-modal imaging-guided inorganic PDT/PTT
nanohybrid was developed in order to achieve CT/MRI/IR
imaging plus PDT/PTT for antitumor therapy. The nanohybrid
was based on MoSe,/Fe;O, nanospheres, whose size and hollow
topography can be tuned by F-127 modification. Compared to
pristine MoSe,, the modified nanohybrid MoSe,/Fe;0, doubled
the generation of reactive oxygen species (ROS), with twofold
ROS generation helping to achieve PDT." Since most of the
deep-rooted tumors are suffering hypoxia conditions, the newly
developed nanohybrids are expected to overcome such biolog-
ical barriers. In order to achieve better penetration in such
circumstances, it is essential to load perfluorocarbon (PFC) and
O, onto nanohybrids of hollow MoSe,/Fe;0, (MF-2) to make
0,@PFC@MF-2, which is expected to triple ROS production.
The as-made nano-bio hybrids have a narrow band gap and
a hollow structure which help to achieve higher PTCE. Fe;0, in
the nanohybrids is expected to improve the biodegradation by
accelerating an endogenous redox reaction to form aqueous
soluble Mo-VI-oxide species. The model drug, DOX attached
onto the nanohybrids would impart chemo-effects as well. In
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Fig. 11 Synthesis and mechanism of MoS,@ss-SiO,-Ce6/HA nano-
composites and subsequent GSH-triggered biodegradable phenom-
enon and renal clearance*® Reproduced from ref. 149 with
permission from the American Chemical Society, copyright 2017.
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treatment. (I) H&E stained images of heart, liver, spleen, lung and
kidney obtained from various groups after two weeks of treatment
(scale bars: 15 um, ***p < 0.001).**®> Reproduced from ref. 153 with
permission from the American Chemical Society, copyright 2019.

a nutshell, these inorganic nanohybrids are best for multi-
functional image-guided PTT/PDT/chemo-therapy (Fig. 12A-
I1)."*® Similarly, biodegradable, immuno carbon/silica nano-
hybrids showed excellent PTT/PDT in vivo using a 4T1 tumor
model as well as a patient-derived xenograft model.**®

6. Conclusions and future
perspectives

In the current review, we have focused mainly on inorganic-
inorganic nanohybrids that have been explored for various
biomedical applications, as highlighted. Apart from the very few
commercially available inorganic nanohybrids for practical
medical applications, there are so many such nanohybrid
systems that only end up as just “publications”. One has to
really think about it and work on bringing such pipeline work
into commercial applications in terms of real-life usage. The
major difficulty in bringing such kinds of work to reality is
associated with toxicity issues. Of course, there have been
tremendous efforts in making new functional inorganic-inor-
ganic nanohybrids along with in vivo imaging applications.'””
Here one of the major problems noted is that most such work
has not given any deserved attention to the toxicity area,
limiting its clinical applicability. For example, a recent study
used iron-gold (Fe-Au) composite nanohybrids as potential
exogenous contrast agents for Magnetomotive Optical Coher-
ence Tomography using an animal model. This study did not
give any information about adverse effects on the animal they
had used.*®® On the other hand, there are studies highlighting
the negative impacts of nanohybrid materials as well. Chen
et al. (2020) studied the toxicity on the eye of mesoporous silica/
Ag nanohybrids using a rat animal model, showing that even
a safe dosage could cause adverse effects such as dry eye and
corneal damage. They advised that these negative impacts could
be reduced by fetal bovine serum (FBS) treatment."*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Even so, we have few commercially available T1 contrasting
agents, which are not under the category of inorganic-inorganic
nanohybrids. In fact, they are inorganic-organic nanohybrids.
Magnevist (Gd-DTPA) and Dotarem (Gd-DOTA) are a couple of
examples of T1 contrast agents.”®'”* Unfortunately, Gd-
chelator complexes have been reported to have serious limita-
tions mainly associated with Gd** ion leaching, which can
accumulate in the body. Since they are unable to be metabo-
lized, clearance would be difficult, leading to severe detrimental
effects to humans, including nephrogenic system fibrosis in
patients with renal dysfunction, and may also inhibit calcium
channels.'” In some recent reports, engineered Gd** ions with
nanocarriers have been proved to be effective in preventing
leaching while enhancing T1-shortening capacity. Nevertheless,
looking at the number of publications in this relevant area is
actually giving us hope that there are aggressive ongoing studies
either to improve or to modify the existing strategies.

However, since we are concerned about clinical applications,
exclusive attention should be given to the area where their
actual application should be tested vigorously using pre-clinical
tests on animal models. Typically, in in vivo clearance of hybrid
nanosystems, their safety effects on major organs, such as the
heart, kidney, liver, brain, stomach, spleen, and lungs, should
be tested in detail using various pharmaco-kinetic and
pharmaco-dynamic studies, including bio-distribution clear-
ance, organ accumulation and histo-pathology evaluation.
Specifically, long-term exposure to such inorganic nanohybrids
should be evaluated in the same way to make sure that the
newly developed inorganic-inorganic nanohybrid materials are
safe for clinical translations.

It is also very important to choose proper materials for
making novel nanohybrid materials. The LDH-based hybrid NP
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Scheme 2 Authors' perspectives on the advantages, limitations and
future scope of emerging inorganic—inorganic nanohybrids.
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research area should be well utilized for making novel inor-
ganic-inorganic nanohybrids, mainly because they are biode-
gradable and biocompatible in nature. Recent developments in
LDH-based nanohybrid materials clearly show that next-
generation nanohybrid materials are most likely to be LDH
based. In addition, LDH's acidically degradation could lead to
the development of various pH-sensitive nanohybrids specifi-
cally for anti-tumor applications, where one can modify their
surface to boost selective targeting to cancers without harming
normal/healthy cells. Additionally, during the ongoing
pandemic situation, inorganic chemists can think of utilizing
these novel inorganic based hybrids for treating the SARS-Cov-2
virus as well. The authors' perspectives are summarized in
Scheme 2.

Yes, there is still hope that inorganic-inorganic nanohybrids
could be beneficial since they are not just bare molecules as they
used to be, but are hybridized with a suitable biocompatible
counterpart. Therefore, such newly made bio-functional nano-
hybrids could reduce all the negative aspects of their single
entities, leading to them having novel properties, making them
stable, human-friendly biomaterials for various biomedical
applications, including drug delivery, bio-imaging and
photothermal/dynamic therapy.
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