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Recent advancements in biocompatible inorganic
nanoparticles towards biomedical applications

Mingxia Jiao,?® Peisen Zhang,®< Junli Meng,*€ Yingying Li,>¢ Chunyan Liu,*®
Xiliang Luo @ ® and Mingyuan Gao @ *

Due to their intrinsic physical properties potentially useful for imaging and therapy as well as their highly
engineerable surface, biocompatible inorganic nanoparticles offer novel platforms to develop advanced
diagnostic and therapeutic agents for improved detection and more efficacious treatment of major dis-
eases. The in vivo application of inorganic nanoparticles was demonstrated more than two decades ago,
however it turns out to be very complicated as nanomaterials exhibit much more sophisticated
pharmacokinetic properties than conventional drugs. In this review, we first discuss the in vivo behavior of
inorganic nanoparticles after systematic administration, including the basic requirements for nanoparticles
to be used in vivo, the impact of the particles’ physicochemical properties on their pharmacokinetics, and
the effects of the protein corona formed across the nano—bio interface. Next, we summarize the state-
of-the-art of the preparation of biocompatible inorganic nanoparticles and bioconjugation strategies for
obtaining target-specific nanoprobes. Then, the advancements in sensitive tumor imaging towards diag-
nosis and visualization of the abnormal signatures in the tumor microenvironment, together with recent
studies on atherosclerosis imaging are highlighted. Finally, the future challenges and the potential for in-
organic nanoparticles to be translated into clinical applications are discussed.

1. Introduction

The past decade has witnessed rapid advancements in nano-
technology and wide applications of nanoparticles (NPs, gener-
ally defined as particles <100 nm in diameter) in a variety of
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areas including materials science, energy, and medicine."” In
particular, inorganic NPs including iron oxide NPs, gold NPs,
quantum dots (QDs) and rare earth NPs, which possess intrin-
sic magnetic, optical and electrical properties, are opening the
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way for developing advanced technology within the biomedical
field.> ™

One of the two major attractions for applying inorganic NPs
in biomedicine is that their intrinsic physical properties, e.g.,
superparamagnetism of magnetic NPs,"'*>'* surface plasmon
resonance of metal NPs,">"” luminescence of quantum
dots"®?° and upconversion luminescence (UCL) NPs,**"?* can
be tuned by engineering the size, shape, composition, and
structure of the inorganic core for creating sensitive imaging
or effective therapy. The other conspicuous attraction arises
from the large surface-to-volume ratio of NPs, which not only
allows for suitable decoration of the NP surface to regulate
their in vivo behavior, but also offers multiple surface binding
sites enabling NPs combining active targeting imaging and
therapy.>**> On account of these features, NPs can serve as
an excellent platform for developing multifunctional therano-
stic nanovehicles and eventually realizing “precision medicine”
and “personalized medicine”.

In fact, there already exist some inorganic NP-based agents
which have been clinically approved, such as iron oxide NP-
based ferumoxytol (Feraheme®), used to treat iron deficiency
anemia in people with chronic kidney disease, and ferucarbo-
tran (Resovist®), a magnetic resonance imaging (MRI) contrast
agent for the detection and characterization of especially small
focal liver lesions.”® The promising pre-clinical results have
also seen many inorganic NPs move rapidly to clinical trials
recently, e.g., Aurimmune CYT-6091 (phase II), an agent com-
prised of colloidal gold NPs bound with an immune-avoiding
component (poly(ethylene glycol), PEG) and tumor necrosis
factor (TNF) alpha for solid tumors.>® However, the clinical
translation of NP agents falls behind the fast development of
the biological applications of NPs. The toxicity of NPs is an un-
avoidable aspect of concern for in vivo applications, but the
main reason is that the in vivo behavior of NPs is rather com-
plicated and affected by many parameters.'®>">°

Previous investigations have revealed that the in vivo behav-
ior of NPs is largely determined by the size, shape, compo-
sition, and the surface properties of NPs. Particularly, the
surface properties including surface structure and charge,
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hydrophilicity/hydrophobicity, and reactive moieties play an
important role in nanomaterial cellular uptake, transport, and
clearance.'®?#3%3% Once NPs are administered into blood,
they have to first cross biological barriers and then accumulate
in the target site.”®** However, NPs are highly prone to interact
across the nano-bio interface with proteins, lipids, and other
biomolecules in the blood stream, leading to the formation of
a dynamic “biomolecule corona” that influences the in vivo be-
havior of NPs.>*?® Therefore, a deep understanding of the
nano-bio interface interplay between NPs and biological mole-
cules will undeniably benefit the study of in vivo applications
of NPs and further push their clinical translation.

In order to address these problems, various biocompatible
surface modification strategies of inorganic NPs have been
developed. Biocompatible polymers, such as PEG, poly(N-vinyl-
2-pyrrolidone) (PVP), polysaccharides, polyacrylamide, and
poly(vinyl alcohol), are most commonly used to decorate NPs
for providing stealth characteristics to reduce or avoid non-
specific interactions with opsonin proteins and uptake by the
reticulo endothelial system (RES), thus resulting in longer
blood half-life to help NPs accumulate in the site of
interest.’”*° Other strategies have also emerged such as
zwitterionic coating, and bio-inspired coating to obtain highly
biocompatible NPs for in vivo imaging and therapy.>>*®*!
Meanwhile, on the basis of this surface engineering, targeted
nanoprobes, and intelligent and stimuli-responsive probes are
also being developed to improve the efficacy of diagnosis and
treatment.>>*"*

To date, numerous attempts have been focused on control-
lable synthesis, surface modification of inorganic NPs, and
biomedical imaging and therapy based on biocompatible NPs.
Opportunities and challenges exist side by side with the nano-
technology and nanomedicine advancing rapidly. In the
current review, we will provide an in-depth insight into how
the factors influence the in vivo behavior of NPs, followed by
the classical and novel surface coating strategies through
in situ synthesis or post modification of inorganic NPs rep-
resented by iron oxide, gold, semiconductor, and UCL NPs,
and then briefly summarize the bioconjugating strategies and
state-of-the-art in in vivo imaging applications of NPs includ-
ing active targeted tumor imaging and tumor microenvi-
ronment responsive imaging as well as atherosclerosis
imaging in recent years.

2. Invivo behaviors of inorganic NPs

The increasing biomedical applications for both diagnostic
and therapeutic purposes inspire the comprehensive under-
standing of the in vivo behavior of inorganic NPs. Even though
the toxicity of inorganic NPs is a matter of concern among
researchers for in vivo applications all the time, it’s still far
from conclusive and consensus. Yet the superiority of NPs in
biomedical fields promotes the fast development of nano-
medicine. Previous reviews have summarized NP toxicity,
which help to understand their biological effects.”®***° When

Biomater. Sci, 2018, 6, 726745 | 727


http://dx.doi.org/10.1039/c7bm01020f

Published on 14 December 2017. Downloaded by Institute of Chemistry, CAS on 27/03/2018 10:12:37.

Review

NPs enter the physiological environment, the physicochemical
properties or the integrity of NPs could be changed dramati-
cally following protein binding, internalization by cells and
degradation, which would inevitably influence the in vivo be-
havior of NPs. Herein, we’ll focus on the in vivo behavior and
interactions between NPs and biological factors.

2.1 Basic requirements for biomedical applications

For in vivo theranostic applications, inorganic NPs are gener-
ally required to possess basic properties including water solu-
bility and colloidal stability under physiological conditions,
apart from bearing the desired physical properties. Generally,
hydrophobic NPs are poorly dispersed in biological fluids, and
tend to form aggregates due to the hydrophobic interaction,
thus altering their physicochemical properties. Therefore, the
water solubility and colloidal stability under physiological con-
ditions are the first requirement for in vivo applications.
Meanwhile, the physical properties of NPs are expected to be
steady in the circulating system after the particles are adminis-
tered into the body. For example, the fluorescent stability of
QDs needs to maintain within the complex physiological
environments to provide accurate physiological or pathological
processes related to optical signals.

Biocompatibility is the most important prerequisite for in-
organic NPs being used in vivo. The biocompatibility of a
material refers to its ability to perform its desired function in a
medical therapy without eliciting any undesirable local or sys-
temic effects in the recipient of that therapy, but generating
the most appropriate beneficial cellular or tissue response in
that specific situation, and optimizing the clinically relevant
performance of that therapy.! Since the administered NP-
based agents are desired to be eliminated from the body after
exerting their functions, the toxicities of both the inorganic
core and coating materials, local or systemic effects, circulating
behavior and elimination pathways are the major concerns
towards biomedical applications. Biocompatible surface modi-
fication of NPs, on the one hand endows the NPs with water
solubility, stability, and biocompatibility, on the other hand
modulates the pharmacokinetics and medical functions of
NPs aiming at different tissue or organ lesions. For instance,
Bawendi et al. designed InAs-based QDs coating with three
different ligands. Phospholipid micelle coated QDs allowed a
long blood circulation time and thus enabled angiography and
related applications such as vital sign monitoring. QDs incor-
porated into lipoproteins enabled imaging of the energy
metabolism of activated tissues and organs in real time. Large
QDs composite particles coating with both phospholipid and
lipoprotein were bright enough for single particle tracking to
generate large-scale three-dimensional blood flow maps for a
quantitative description of local tissue microenvironments.>!
In addition, in view of specific diagnosis and therapy, suitable
surface functionalization is also an important aspect for estab-
lishing biological targeted nanoprobes.

Besides the above requirements, reproducible and large-
scale production of high quality NPs is indispensable for their
clinical translation, which raises great challenges in batch syn-
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thesis. Fortunately, flow chemistry brings solutions to the poor
batch-to-batch reproducibility, and provides the possibility for
large scale production of first-class nanomaterials. Still, there
is a long way to go for the NP-based agents to eventually live
up to clinical use.

2.2 Pharmacokinetic behaviors of NPs

A comprehensive understanding of NPs’ pharmacokinetic
characteristics is of fundamental significance for their design,
synthesis, and optimization for suitable risk assessment and
safe and efficacious applications in the field of nanomedicine.
Pharmacokinetic data can quantitatively reflect the exposure of
organs and tissues to the NPs, which affects not only toxicity
but also the targeting efficiency. The pharmacokinetic beha-
viors including biodistribution, blood half-life, and the clear-
ance pathway of NPs are often a matter of concern in the
in vivo applications. Taking tumor imaging as an example,
since extravasation of NPs from tumor vasculature to extra-
cellular tumor microenvironment could be considered as an
accumulative process, the long half-life and high concen-
tration of NPs in blood are favorable for enhancing the uptake
of NPs into the tumor site, which improves tumor targeting
efficiency. In general, the pharmacokinetic behaviors of in-
organic NPs are largely dominated by their hydrodynamic size
and surface properties including surface structure and charge,
and conjugated moieties.

2.2.1 Effect of particle size. The particle hydrodynamic
(HD) size, which is determined by both the inorganic core size
and the surface coating, has a tremendous impact on the
uptake and clearance routes of NPs.’>** Generally, particulate
matter with a HD size larger than approximately 100 nm
would be rapidly sequestered by the RES also known as the
mononuclear phagocytic system (MPS), functionalizing
through monocytes circulating in the blood, dendritic cells
and macrophages present in the liver, spleen, lung, and bone
marrow.””> In contrast, particles with a HD size of around
5.5 nm or less are able to pass through the pores of the glo-
merulus in the kidney, i.e., rapidly cleared via renal filtration.
For instance, it was found that more than 50% of neutrally
charged 2 nm glutathione (GSH)-coated Au NPs were excreted
through urine within 24 h after intravenous injection,>® and
5.5 nm PVP-coated CuS nanodots could pass through the
barrier for efficient renal clearance and displayed substantially
less liver and spleen uptake than that of 32 nm PEG-coated
CuS NPs.*® For the particles with a HD size between 5.5 and
100 nm, the blood half-life and biodistribution also vary along
with the particle size. For example, 45 nm PEG-coated Au NPs
were demonstrated to have prolonged blood circulation time
and reduced uptake by the liver and spleen compared with
90 nm PEGylated Au NPs, most of which were rapidly taken up
by the RES.>® Similar results were obtained by the biodistribu-
tion studies on the 6 nm and 13 nm GSH-coated Au NPs which
show that over 40% of the 13 nm particles vs. only 4% of
the 6 nm particles were observed in the liver.”*

Although rapid clearance of NPs from the body may reduce
the concern of influence of NPs on the organs, sufficiently
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long blood half time is desired for enhancing the chance of
NPs to accumulate in the targeted site. Gao’s group reported a
dramatic size-dependent photoacoustic (PA) imaging of
tumors based on PEGylated copper sulfide NPs.>® Three differ-
ently sized NPs were aqueously synthesized, ie., 2.7 nm,
4.8 nm, and 7.2 nm, with HD sizes of 7.1 nm, 10.7 nm, and
14.9 nm respectively, and exhibited satisfying colloidal stability
both in water and PBS. The blood half time was found to be
inversely proportional to the particle size. As expected, the
smaller particles presented a better PA contrast enhancement
effect for tumor imaging in vivo. On the other hand, the
change of NPs’ biodistribution can reveal the different clear-
ance pathways. Liu et al. carefully studied the size-dependent
pharmacokinetic behavior of PEGylated NaGdF, particles, ie.,
18.5 nm and 5.1 nm (core size).>" As shown in Fig. 1, two NPs
presented a similar biodistribution with a little higher liver
uptake for the larger particles. Nevertheless, the detailed quan-
titative analysis revealed that the smaller particle exhibited a
longer blood half time, i.e., 178 min vs. 66 min, but a shorter
biological half time, i.e., 1.4 days vs. 7.0 days, which suggested
that these two particle samples may take different elimination
pathways. Further systematic investigations suggested that the
renal clearance was one of the major elimination pathways for
the 5.1 nm particle, while the biliary clearance acted as the
major elimination pathway for the larger one, although it was
taken by both particles. Excitingly, the large particles found in
the feces collected on the 3rd and 14th day post injection pre-
sented no differences in size, size distribution, and shape,
compared with the mother particle, which helped to relieve
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Fig. 1 (a) Biodistribution of intravenously injected NaGdF,; particles
(5.1 nm) and NaGdF,4:Yb,Er particles (18.5 nm) whose representative TEM
images are shown as insets, together with the blood clearance profiles
of the two particles in Kunming mice (b) and cumulative amounts of
these two particle samples found in feces of mice at different time
points post injection (c). All embedded scale bars correspond to 50 nm.
Reproduced from ref. 31 with permission, copyright 2013, American
Chemical Society.
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the concerns on the toxicity of the NaGdF, particles due to the
possible eroding within the body.

2.2.2 Effect of the surface structure. The surface structure
of inorganic NPs determined by the type and density of decora-
tion molecules dominates the in vivo behaviors of NPs, mani-
festing as direct control over the interface interaction between
NPs and the biological systems. The interplay of NPs and pro-
teins will be discussed in the next section. A suitable design of
the surface structure can maximize therapeutic or diagnostic
efficacy while minimizing unfavorable side effects.

As is known, NPs have large specific surface area and
high surface energy, and thus tend to interact with the abun-
dant biomolecules within the body.'® In order to reduce the
nonspecific adsorption of serum proteins onto the particle
surface, surface modification tactics are popular in achieving
biocompatible NPs, endowing the stealth nature of the nano-
probes, which means evading uptake by the RES organs and
thus prolonging the blood circulation time.””*® Different dec-
oration molecules bring about distinct functions for modulat-
ing the surface structure of NPs so as to affect their in vivo be-
havior. For example, PEG is a typical biocompatible molecule
for effectively overcoming the nonspecific adsorption of pro-
teins, and the chain length appears to influence the pharmaco-
kinetics of NPs. Choi et al. reported an organ/tissue selective
biodistribution and elimination of near-infrared (NIR) fluo-
rescent InAs@ZnS QDs which were coated with a systematically
increasing chain length of dihydrolipoic acid (DHLA)-PEG.>’
QDs coated with a shorter PEG chain length, ie., PEG;
(3 repeating units, HD size of 5.3 nm) and PEG, (HD size of
5.6 nm), exhibited rapid renal clearance. In contrast, a bit
longer chain length (PEGg, HD size of 6.5 nm) resulted in the
excretion of the particles through the liver and bile, and quite
surprisingly, preferential accumulation in the parenchyma of
the pancreas. Along with a further increase in the PEG chain
length (PEGy4, HD size of 8.7 nm), the blood half time of the
QDs increased significantly up to 922 min, rendering the QDs
more likely subjected to hepatic clearance and uptake in
lymph nodes.

Apart from PEG, biomolecules such as zwitterionic
GSH,””* bovine serum albumin (BSA),"® human serum
albumin (HSA),"® cell membrane,®* and self-peptide® can also
help resist the harvesting of RES but result in different effects
on the pharmacokinetics of NPs. For example, Zheng and co-
workers prepared two renal-clearable Au NPs with almost iden-
tical photophysical properties, core sizes, low affinity to serum
protein, high physiological stability and slightly different HD
sizes (5.5 nm vs. 3.3 nm), i.e., PEG1000-Au NPs and GSH-Au
NPs, and compared the ligand effect on renal clearance and
passive tumor targeting.”” Renal clearance kinetics revealed
that the amount of GSH-Au NPs excreted through urine rapidly
reached its maximum within 1 h post injection, while it took
five hours for the PEGylated particles. Systematic studies
showed that the PEG-Au NPs could target tumors with an
efficiency three times higher than that of the GSH-Au NPs,
although both particles exhibited comparable low RES uptake.
This is fundamentally a result of the fact that PEGylation can
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effectively enhance the accumulation of NPs to the tumor site
through increasing the blood half-life relative to zwitterioniza-
tion. Chen and co-workers also found that compared with
GSH-[**Cu]CulInS/ZnS QDs, the PEGylated QDs showed more
than two times higher tumor uptake to a maximum of 10.8%
ID g, although both QDs were largely accumulated in the
liver and spleen at 48 h post injection.®® Inspired by the “self-
recognition” of the living system, Gao and coworkers adopted
the self-peptide as the outermost surface layer of the diphos-
phate-PEG coated Fe;0, tumor imaging nanoprobe for evading
the RES uptake.’® As shown in Fig. 2, the efficient stealth of
the macrophage uptake was firstly demonstrated by in vitro
experimental results. As expected, the self-peptide modifi-
cation largely increased the blood half time to 8.2 h from 2.8 h
for the mother PEGylated Fe;O, NPs.

2.2.3 Effect of surface charge. The surface charge of in-
organic NPs directly depends on the molecular structure of the
coating materials. For instance, amine groups usually contrib-
ute to a positive charge on NPs, while a negative charge is
expected for NPs with carboxyl and/or sulfate groups.®® Surface
charge affects the interaction of NPs with serum proteins and
cell membranes as well, thus having non-ignorable influence
on the pharmacokinetics and biodistribution of Nps,'%32:64766
It is generally agreed that a neutral surface charge from
zwitterionic or neutral coatings can effectively weaken un-
expected serum protein adsorption, and thus would lead to a
longer blood half-life. Arvizo et al. used a series of struc-
turally consistent Au NPs (2 nm core/ 10 nm HD size) with
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Fig. 2 Fe content in RAW264.7 cells treated with the mother PEGylated
FesO4 nanoparticles and the self-peptide modified particles respectively
(blank represents untreated cells), and the blood residence profiles of
the two particles in nude mice overlaid with two-compartment fitting
curves for extracting the blood half-lives of the particles. Reproduced
from ref. 30 with permission, copyright 2017, Wiley-VCH.
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different surface charges, i.e., negative (carboxyl group termi-
nated, —37.9 mV), zwitterionic (quaternary ammonium and
sulfate groups terminated, —2.0 mV), neutral (hydroxyl group
terminated, —1.1 mV), and positive (quaternary ammonium
group terminated, 24.4 mV), to quantify the role of surface
charge on the pharmacokinetics, tumor uptake and biodistri-
bution of Au NPs.®” Neutral and zwitterionic NPs were demon-
strated to exhibit a longer circulation time via both tail intra-
venous and intraperitoneal injections, whereas negatively and
positively charged particles possess relatively short half-lives.
These pharmacological characteristics were reflected on the
enhanced tumor uptake for neutral and zwitterionic NPs via
passive targeting. With respect to the metabolic pathway,
surface charge was demonstrated to affect whether the NPs
can be degraded through renal clearance by Choi et al.®® It was
verified that upon zwitterionic or neutral coatings, CdSe/ZnS
QDs could be eliminated from the body by rapid and efficient
urinary excretion due to the HD size smaller than 5.5 nm.
Conversely, negative or positive coating resulted in the HD size
to be increased from 3 nm up to 15 nm or more via protein
adsorption, leading to the renal non-removable QDs which
mainly accumulated in the liver, lung, and spleen.
Nevertheless, even when the HD size is below 5.5 nm, the NPs
can still not be eliminated by the kidney if possessing unsuita-
ble surface charge. Liang et al. found that the negatively
charged CdTe/CdS QDs with a HD size of 3.7 nm were lack of
urinary excretion due to the barrier of the anionic glomerular
basement membrane, rather than the increased HD size
caused by protein binding, because the same type of QDs
(HD size of 5.6 nm) with positive surface charge did show
quick renal clearance after administration.®® This result
strongly emphasizes the impact of surface charge on the renal
excretion of inorganic NPs.

Apart from the particle size, surface structure and charge,
other factors including NPs’ shape,'® the mode and dose of
systemic administration,”® etc., can also uniquely alter the
pharmacokinetics, and the uptake of inorganic NPs in the tar-
geted site. Despite the remarkable progress, enormous chal-
lenges still exist in uncovering how the above parameters indi-
vidually affect the pharmacokinetic behavior of inorganic NPs,
because it is technically difficult to maintain all the other para-
meters the same and compare the influences only based on
one parameter.®® Therefore, precise control over the construc-
tion of NP-based agents from the inorganic core to surface
coating needs to be further improved to promote the clinical
translation of NPs.

2.3 The nano-bio interface

Towards in vivo diagnostic or therapeutic applications, NPs are
usually introduced into the biological environments such as
blood, at which point they are exposed to highly complex sur-
roundings containing a plethora of ions and biomolecules
such as lipids, sugars, and especially proteins.*®**>”" In this
context, they will inevitably adsorb onto the surface of the NPs,
mediated by van der Waals, electrostatic, hydrogen bonding,
and/or hydrophilic/hydrophobic interactions. The sum of all
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adsorption processes across the nano-bio interface will result
in the unintended formation of the so-called “biomolecule
corona”, of which the “protein corona” has been studied the
most so far.”® It’s of great significance to consider the further
biointeraction and biomodification of NPs in biological
environments, which may adversely impact their final utility.

The protein corona formed in the body is far more complex
than in vitro trials due to the complex environment (nearly
2000 different proteins in widely varying concentrations) and
dynamic processes of corona formation.*® Proteins involved in
both physiological and pathophysiological relevant processes
have been identified in the coronas of various NPs.* The
protein corona not only influences the adhesion to the cell
membrane and subsequent internalization of NPs, but also
has a severe effect on the physicochemical properties of NPs
and further on their pharmacokinetic behavior.'® The formed
protein corona may trigger the transformation of NPs by alter-
ing their colloidal stability, either exhibiting a stabilizing effect
by inducing steric stabilization or destabilizing impact caused
by protein mediated bridging, charge compensation or the
introduction of charge inhomogeneity onto the NP surface.”
For example, Gao et al. found that both negatively and posi-
tively charged iron oxide NPs lose their colloidal stabilities
when exposed to plasma proteins including serum albumin
and immunoglobulin G (IgG).>> Moreover, the HD size of NPs
with the corona was dramatically increased, which would
accelerate the macrophage uptake of the NPs into the liver,
spleen, and bone marrow in the RES system. In addition,
binding of opsonins such as IgG and complementary factors
could promote the clearance.”” Such an accumulation of the
opsonized NPs into the RES organs is considered to be favor-
able when these organs are the intended target sites. However,
for delivering the inorganic NPs to tissues other than the RES
organs, the accumulation of NPs would lead to tissue toxicity
as well as low theranostic efficiency by losing the targeting
ability, and therefore in this context minimizing the opsoniza-
tion of protein to NPs becomes essential.

Currently, the protein corona is far from being understood
and still remains unpredictable, therefore, attempts to partially
or even completely prevent protein adsorption are persistently
investigated, although some proteins in the corona present a
positive effect on the theranostic represented by apolipo-
protein which can promote the movement of nanoprobes
across the blood brain barrier.' The appropriate surface
engineering of NPs, which dominates their interaction with
plasma proteins, should be pursued for preparing stealth NPs
or “corona-free” NPs.

3. Synthetic strategies of
biocompatible NPs

Wet-chemical synthesis techniques provide a reliable way to
prepare diversified inorganic NPs with high quality, on the
basis of which biocompatible NPs for biomedical applications
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can be obtained via in situ “one-pot” synthesis of hydrophilic
particles or post surface modification of hydrophobic NPs.

3.1 In situ coatings via “one-pot” synthesis

Aqueous synthesis is in principle the simplest method to
prepare water dispersible NPs, which can commonly be
obtained in the presence of hydrophilic ligand molecules.®**
Small molecules bearing chelating groups like carboxylic,
thiol, and amine groups, such as citric acid, tartaric acid,
mercaptoacetic acid, dimercaptosuccinic acid, phosphoryl
choline, and GSH, can bind onto the particle surface as well
as the precursor or monomer surface to stabilize and regu-
late the formation of NPs." For instance, aqueous synthesis
has long been used to grow QDs including CdTe, CdSe, and
CdS, involving mixing of cadmium precursors in the pres-
ence of thioalkyl acids or amines in aqueous solutions fol-
lowed by the injection of tellurium, selenium, or sulfur pre-
cursors.>”* In addition, biopolymers such as carbohydrates
(dextran, chitosan, alginate, and arabinogalactan), proteins
such as lipoproteins, as well as synthetic polymers such as
PEG, poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA),
PVP, and polyethylenimine (PEI), are often used as biocom-
patible ligands in the aqueous synthesis."***%*® One repre-
sentative example is an MRI contrast agent Feridex, ie.,
superparamagnetic iron oxide NPs coated with dextran,
which shows good biocompatibility for FDA-approved clini-
cal use.”®

Although biocompatibility can be achieved by aqueous syn-
thesis, the properties of the resulting NPs are often unsatis-
factory, e.g., the quantum yield of QDs tends to be relatively
lower than those prepared through non-hydrolytic synthetic
routes, and the iron oxide NPs synthesized by the co-precipi-
tation method show broad size distribution and low satur-
ation magnetization. For developing biocompatible high
quality magnetic NPs, Gao’s group pioneered a novel “one-
pot” approach by using a carboxylated PEG ligand for in situ
coating the iron oxide core during the synthetic process
through thermally decomposing Fe(acac); as shown in
Fig. 3.>”7° 2-Pyrrolidone was firstly used as a high boiling
point solvent to synthesize monodisperse iron oxide NPs in
the presence of monocarboxyl-terminated PEG2000
(MPEG-COOH).?>” The resulting particles possess an excellent
solubility in aqueous solution as well as in physiological
saline, and the particle size can be tuned in a range of
4-10 nm by altering different reaction parameters such as the
molar ratio of PEG and Fe(acac);, the molecular weight of
PEG, and the concentration of Fe(acac);.*”””> The MRI results
indicated that the developed “one-pot” synthetic approach
opens up a new way for directly synthesizing magnetite NPs
with very good biocompatibility and long blood circulation
time which are potentially useful as MRI contrast agents.””
Furthermore, by wusing «o,0-dicarboxyl-terminated PEG
(HOOC-PEG-COOH) as a surface capping molecule instead of
MPEG-COOH, magnetite NPs with surface reactive moieties
were obtained, and used straightforwardly as effective MRI
contrast agents in cancer diagnosis after conjugation with a
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Fig.3 The wupper panel: the representative TEM images of
MPEG-COOH and HOOC-PEG-COOH modified Fes04 NPs, respectively.
The lower panel: a sketch of the gelification process for producing
differently sized biocompatible FezO, nanoparticles, together with the
photographs of precursor solutions with different gelification degrees
and representative TEM images. All embedded scale bars correspond to
50 nm. Reproduced from ref. 14, 37, 75 with permission, copyright 2005
and 2006, Wiley-VCH, and Copyright 2011, American Chemical Society,
respectively.

specific cancer-targeting antibody.”® In addition, the particle
size was successfully tuned from 12 nm to 27 nm by increas-
ing the precursor concentration while maintaining the
monodispersity.

Since the iron oxide NPs costabilized by carboxylated PEG
and 2-pyrrolidone were demonstrated by the same group to
show obvious nonspecific adsorption of plasma proteins due
to the positive surface potentials, diphenyl oxide, a non-coor-
dinating high boiling point solvent, was used instead of
2-pyrrolidone to synthesize biocompatible Fe;0, NPs in the
presence of oleylamine and HOOC-PEG-COOH.'*’”7% The
resulting NPs exhibited terrific colloidal stability and a
strongly enhanced MR contrast effect compared with the pre-
vious results. Quite interestingly, the particle size of the bio-
compatible Fe;0, NPs could be effectively tuned through a
unique gelification effect which is sketched in the lower
panel of Fig. 3.'* Molecular networks could spontaneously
form between Fe(acac); and HOOC-PEG-COOH with the help
of oleylamine, and be accelerated by temperature and time,
which reduced the thermal decomposition rate constants of
the Fe precursor, consequently altering the particle size. In
fact, the strong coordination between the ligands and metal
ions is ubiquitous for synthesizing colloidal particles, which
always opens up new ways for tuning the particle size or
morphology.
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3.2 Post surface modification with biocompatible coatings

Non-aqueous synthesis represented by a thermal decompo-
sition method, with the absence of complicated surface
binding situations involving water and hydroxyl ions, can yield
high quality inorganic NPs with perfect monodispersity, high
crystallinity degree, and satisfying size tunability."* Adequate
surface modifications are essentially required to enable the
water soluble, biocompatible, and surface functionalizable
NPs for biomedical applications.

Generally, polymers, zwitterionic molecules, and bio-
molecules are all available as biocompatible coating
materials.*>”°"®" Among all the polymers used for improving
the solubility and biocompatibility of NPs, PEG and PEG-copo-
lymers are currently most popular and found to be most
effective, and with respect to in vivo applications, the improved
stealth properties of NPs upon PEGylation are attractive due to
their high hydrophilicity, nearly neutral charge, and steric hin-
drance.>®*® PEG-based modification of hydrophobic NPs post
synthesis can be categorized into two approaches: encapsula-
tion typically by amphiphilic molecules,*® and ligand exchange
by coordinating with the anchoring groups.'®>"** Amphiphilic
molecule encapsulation is principally based on hydrophobic—
hydrophobic interactions between the hydrophobic surface
ligand of NPs and the hydrophobic segments of amphiphilic
molecules such as PEG-phospholipid, which is quite effective
for transferring particles to aqueous phase solution but leaves
a hydrophobic layer behind heavily shielding the inorganic
core.>® In contrast, surface ligand exchange determined by the
binding affinity of the anchoring group of the biocompatibility
ligand to metal ions of NPs is proved to be a reliable approach
upon suitable selection of ligands. For example, the PEG
ligand carrying two phosphate groups at one end and a male-
imide group at the other end, denoted as dp-PEG-mal, was suc-
cessfully designed by Gao and coworkers, and demonstrated to
effectively replace the oleate ligand of NaGdF, or NaGdF,:Yb,
Er NPs.>#>%¢ Because of the improved binding affinity to the
particle surface, the dp-PEG-mal-coated NPs exhibited long-
term colloidal stability in both water and PBS, which endowed
the particles with excellent blood circulation behavior in the
following in vivo applications. Notably, the anchoring groups
of surface ligands not only determine the affinity to metal
ions, but also tune the physical properties of NPs. For
example, iron oxide NPs coated with PEG ligands with
different anchoring moieties, i.e., PEG2000 molecule bearing
diphosphate (DP), hydroxamate (HX), and catechol (CC)
groups, respectively, were found to show different relaxation
performances as MRI contrast agents (shown in Fig. 4 and
Table 1).*

For in vivo applications, anti-biofouling properties of the
surface coating are indispensable for efficiently directing the
NPs to the region of interest. Apart from PEG molecules as out-
standing anti-biofouling materials, zwitterions, containing
both positively and negatively charged groups but with overall
neutral surface charge, are also found to be superior anti-bio-
fouling materials through strong ionic structuring of water and
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Fig. 4 Chemical structures of three PEG ligands bearing different
anchoring groups for post surface modification of the 3.6 nm and
10.9 nm FezO4 nanoparticles, together with TEM images of the particles
and photographs of their aqueous solutions. All embedded scale bars
correspond to 50 nm. Reproduced from ref. 87 with permission, copy-
right 2014, Wiley-VCH.

Table 1 The different relaxivities (MM~ s and r,/r; of PEGylated
FesO,4 nanoparticles. Reproduced from ref. 87 with permission, copy-
right 2014, Wiley-VCH

3.6 nm Fe;04 NPs 10.9 nm Fe;O, NPs

ry 1 ralry Iy r ralry
NP@DP-PEG 24.6 3.21 7.69 79.1 3.24 24.4
NP@HX-PEG 48.8 4.2 11.6 92.1 3.12 29.6
NP@CC-PEG 44.8 3.47 12.9 89.7 2.48 36.2

creating a highly hydrophilic surface.>>®” Particularly, zwitter-

ionic coating with low molecular weight molecules can endow
NPs with good biocompatibility with little apparent increase of
the HD size under physiological conditions, which is much
larger for PEGylated NPs.>>®® This shows great advantages
regarding the engineering of rapid-circulating particles for
renal clearance as discussed in section 2. Also through the
surface ligand exchange process, Bawendi and coworkers
reported a 10 nm-sized zwitterionic iron oxide NP using a
compact dopamine sulfonate ligand, with good colloidal stabi-
lity against time, pH (6.0-8.5), and salinity.?® It was further
shown that the zwitterionic particles had a reduced nonspeci-
fic affinity compared to the negatively charged NPs toward
serum proteins. Apart from the sulfobetaine derivatives, zwitter-
ions also include amino acids,®®°® carboxybetaine deriva-
tives,”"*> phosphorylcholine copolymers,” etc., and can be
coated onto the particle surface upon covalent or noncovalent
interactions.

Recently, the cell membrane coated NPs have been emer-
ging as a biomimetic and camouflaged platform for in vivo
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diagnosis and therapy, which consist of a nanoparticulate core
coated with a membrane derived from a cell, such as red blood
cells (RBC), platelets, macrophage cells, cancer cells or stem
cells.”*® The cell membrane translates multiple functional
membrane components to the NP surface, thus allowing the
NPs to be perceived by the body as the source cell by interact-
ing with its surrounding using the translocated components.
Zhang and coworkers reported the functionalized Au NPs with
cellular membranes derived directly from natural RBCs, and
obtained Au NPs fully enclosed by continuous RBC mem-
branes through extrusion, which endowed the particles with
immunosuppressive functionalities for effectively evading
macrophage uptake.*® Similarly, Fe;0,@RBC NPs were also
prepared through the same way to exhibit prolonged circula-
tion time and reduced accelerated blood clearance by function
of a “don’t eat me” marker CD47 on the RBC surface.'®® He
and coworkers constructed a biomimetic photodynamic
therapy (PDT) platform by fusing mesoporous-silica-encapsu-
lated p-NaYF,:Yb** Er*" UCL NPs with stem-cell membranes
through extrusion, which resulted in long circulation time and
tumor-targeting ability for the designed probes.”*> Apart from
the conventional extrusion strategy, microfluidic electropora-
tion was also demonstrated to facilitate the magnetic NPs to
enter into RBC-vesicles, resulting in better colloidal stability
and improved in vivo MRI and photothermal therapy (PTT) per-
formances.®> Same as cell membrane coating, self-peptide is
also a shiny biomimetic coating material for biocompatibility
and most importantly the “stealthy” properties. It was revealed
by Discher’s group that the minimal “self” peptide computa-
tionally designed from human CD47 protein delayed macro-
phage-mediated clearance of NPs, which promoted persistent
circulation that enhanced dye and drug delivery to tumors."**
Gao’s group also proved the modification of self-peptide onto
the nanoprobe could efficiently delay the clearance of the NPs
from the bloodstream.*’

3.3 Reproducible synthesis of inorganic NPs

Until now, most NPs reported in the literature have been syn-
thesized through batch preparations. To achieve large-scale
production of high quality NPs to fulfill their clinical appli-
cations, however, the poor batch-to-batch reproducibility
remains hindered, due to the complexity of the nanoparticle
formation process especially within the thermal decompo-
sition method involving not only the nucleation and growth
processes but also the decomposition of the precursor.'®?
Any random variations of reaction parameters would lead to
unpredicted effects on the particle size, composition, and
size/composition distributions, and further on their physical
properties. Fortunately, developing flow chemistry from
industrial production of organic compounds to nanoparticle
synthesis seems to bring solutions to the reproducibility
issue, mainly because of the automatic and continuous syn-
thetic conditions without man-made intervention.'%'%* In
view of the above advantages, flow synthesis has stimulated
interest in the preparation of nanomaterials such as semi-
conductor nanocrystals (CdSe, ZnS, etc.)'*>'°® and metal NPs
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Fig. 5 Sketch of the flow synthetic system for producing biocompatible
NPs, together with the representative TEM images of the particles
obtained under the impact of monomer concentration inside the tube
reactor, and changing the species and concentrations of the low boiling
point solvent. The embedded scale bars correspond to 50 nm and
25 nm respectively. Reproduced from ref. 102 and 110 with permission,
copyright 2015, American Chemical Society, and copyright 2016, Royal
Society of Chemistry, respectively.

(Au, Ag, Ni, etc.).'°” "% Recently, Gao’s group reported a flow
synthesis of biocompatible Fe;0, NPs with steady quality by
utilizing a coil reactor through a one-step reaction, which is
illustrated in the upper panel of Fig. 5.'°> The flow para-
meters including residence time, linear velocity, and tube
diameter were tailored for narrowing the particle size distri-
bution, combined with theoretical simulations. It was found
out that lowering the linear velocity of the laminar flow nar-
rowed the particle size distribution due to effectively sup-
pressed residence time distribution, but the simultaneously
prolonged residence time encouraged Ostwald ripening
leading to a reverse tendency for particle size distribution.
Most importantly, the effect of the monomer concentration
distribution within the tube reactor on the particle size distri-
bution was uncovered for the first time. Accordingly,
PEGylated Fe;0, NPs with size distribution sufficiently nar-
rower than that achieved through batch preparation were
obtained. Moreover, the resulting 4.6 nm particles exhibited
excellent colloidal stability and high longitudinal relaxivity
up to 11.1 mM ™" s™', manifesting the reliability of flow syn-
thesis of NPs as MRI contrast agents. Based on the flow
chemistry, Gao and coworkers also achieved monodisperse
magnetic/UCL NaGdF,:Yb,Er NPs with a tunable size in a
range of 4-10 nm shown in the lower panel of Fig. 5.'*°
Benefiting from the high pressure preparative conditions, low
boiling point solvents such as cyclohexane and methanol
were allowed to be used as a co-solvent with 1-octadecene,
which offers flexible room for size tuning without sacrificing
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the monodispersity of particle size through reducing
the viscosity and/or increasing the solubility of the
precursors. Upon further biocompatible surface modification
with PEG2000 bearing a biphosphate group, the NPs exhibi-
ted a terrific T, contrast enhancement effect as well as the
UCL, which can be used to construct multimodal imaging
probes.

Apart from size control, the composition of multicompo-
nent inorganic NPs can also be tuned through flow synthesis.
For example, a continuous production of Cu,ZnSnS, NPs was
reported by Cabot’s group, which allowed simple and efficient
control of the NP composition over a wide range by adjusting
the solution flow rate and an appropriate choice of the precur-
sor concentration.'®® Most importantly, several grams of par-
ticles were steadily obtained under open-air conditions, which
validated the reliability of flow chemistry for large scale pro-
duction of high quality NPs. This is highly desirable for their
practical applications.

4. Bioconjugation strategies for
biocompatible NP-based probes

Targeted recognition attracts increasing interest among diag-
nosis and therapy of disease based on NPs. Functionalized
NPs can be conjugated with biomolecules such as proteins,
nucleic acids, peptides and so on for obtaining active targeting
nanoprobes. Abundant chemistries upon conjugation between
NPs and biomolecules summarized by Sapsford et al. provided
a comprehensive understanding of the nanoprobe construc-
tion."™ Generally speaking, the conjugation reaction can be
carried out through covalent or noncovalent interactions as
briefly shown in Fig. 6.

Biotin-Avidin

Electrostatic
Interaction

Inorganic
Nanoparticles

Fig. 6 Brief summarization of the bioconjugation strategies for bio-
compatible nanoprobes.
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4.1 Covalent coupling of biomolecules onto NPs

The surface ligands of NPs terminating with functional groups
endow biocompatible NPs with reactive properties, which can
be conjugated with biomolecules via covalent bonds. The gen-
erally used functional groups encompassing -COOH, -NH,,
-SH, and maleimide can be directly or through a cross-linker
coupled with biomolecules.

The carboxylic group and primary amino are commonly
found in biomolecules, and the amidation reaction between
them is often used for the preparation of nanoprobes. In order
to increase the reactivity of -COOH in aqueous solution, a
water-soluble carbodiimide that can form an intermediate
compound with the carboxylic moiety is usually involved in
mediating the formation of the amide linkages. For example,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) hydro-
chloride is often used to activate the carboxylic group, together
with N-hydroxysulfosuccinimide (NHS) or sulfo-NHS which
can increase the stability of the active intermediate and thus
improve the yield of derivatization."'> PEG-coated Fe;O, NPs
with surface reactive carboxyl moieties conjugated with the
amino group from an antibody mediated by EDC/sulfo-NHS
for obtaining tumor-targeting nanoprobes were reported by
Gao’s group.”>®»™* Apart from the carboxylic group, isothio-
cyanate as well as isocyanate compounds can also react with
primary amino groups, which occurs rapidly with high selecti-
vity and high yield."** Rana and Meares found that a mono-
clonal antibody could be selectively modified only at its
N-terminal-amines while leaving lysine amines unmodified
using isothiocyanate at pH 7 for maintaining better
immunoreactivity.'*>*°

Mercapto and maleimide groups are another couple of
active moieties, and the “click” reaction between them shows
very high efficiency. The double bond of maleimide can
undergo an alkylation reaction with the mercapto group to
form a stable thioether bond at near neutral pH in
water.""”"° Liu and coworkers used tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP) to partly reduce the anti-epider-
mal growth factor receptor monoclonal antibody (anti-EGFR
mAD) in order to convert the disulfide groups in the Fc frag-
ments to thiols, and then mixed the (mal-PEG-dp)-coated
NaGdF4:Yb,Er particles to construct a tumor specific probe.*!
Notably, the yield of the “click” reaction approaches 95%.
Following a similar strategy, Qiao et al. prepared another nano-
probe from the UCL NPs and MGb, antibody for gastric cancer
imaging.®® However, a cross-linker is needed in the coupling
reaction between NPs and biological molecules sometimes.
For instance, 2-iminothiolane hydrochloride (Traut’s Reagent)
is a useful reagent for converting primary amines into free
sulfhydryl groups, which can easily react with the maleimide
group.’®® Liu and coworkers reported a primary colorectal
tumor imaging probe constituted of (mal-PEG-dp)-coated
NaGdF,:Yb,Er NPs and jeffamine-modified folic acid (FA) con-
nected by the linker of 2-iminothiolane hydrochloride.'*!

In addition, hydroxyl is also considered as a functional
group for obtaining conjugates due to a large number of bio-
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molecules and ligands containing ~OH. Some crosslinkers can
easily connect hydroxyl with other functional groups such as
amino groups. For example, N,N'-carbonyldiimidazole (CDI) is
a highly reactive carbonylating agent that contains two acylimida-
zole leaving groups. It can activate hydroxyl to form an inter-
mediate imidazolyl carbamate with subsequent coupling of
amines under non-aqueous conditions. Proteins such as BSA,
glucose oxidase, streptokinase, chymotrypsin, dispase, and
alkaline phosphatase have been successfully attached to mag-
netic particles whose surfaces are modified with the ampho-
teric hydroxyl groups using CDI as a coupling agent.'**™***

In some sense, the dative bond, also known as the coordi-
nate bond, is also included in covalent binding interactions,
however, it’s not as strong as regular covalent bonds and easily
effected by pH, oxidation, and other competitive binding
ligands. A well-known example is the coordination between Au
and sulfhydryl. The sulfur atom of a thiol contributes a lone
pair of electrons to the empty orbitals of gold atoms at the
interface, which is the predominant basis of Au NPs conju-
gated with thiolated proteins, peptides, or DNA.'"

4.2 Noncovalent coupling of biomolecules onto NPs

Noncovalent attachment offering rapid and facile bioconjuga-
tion between NPs and biological molecules is also generally
used in the preparation of nanoprobes. Electrostatic inter-
action is the simplest approach to modify NPs with bio-
molecules, which depends on the affinity between two oppo-
sitely charged species. For example, cetyltrimethylammonium
bromide (CTAB)-stabilized Au NPs with high positive charge
can adsorb onto the nucleic acids in which the phosphate
backbone endows strong negative charge.">” The pH value and
ionic strength play an important role in the electrostatic inter-
action between NPs and biomolecules because the hydrolysis
or ionization process changes with ambient solvent.">*"*”

The biotin-avidin system is very useful and versatile, com-
monly used to conjugate inorganic NPs and a wide range of
biomolecules or non-biomolecules including DNA, antibodies,
peptides, or fluorescent dyes."”®**° The binding between
avidin and biotin is extremely stable with an association con-
stant (K,) of 10"> M ™" so as to obtain firm bridge-linking not
influenced by pH and temperature. Analogue proteins such as
neutravidin and streptavidin can replace traditional avidin for
higher binding affinity. Gao and coworkers utilized the specific
recognition of the streptavidin-biotin pair to prepare a fluo-
rescent probe capable of detecting Epstein-Barr (EB) virus
infection in patients’ serum samples.”*" Streptavidin was first
covalently conjugated with CdTe@dBSA, and then captured by
the biotinylated antilgA antibody which can specifically be
recognized by EB virus capsid antigen IgA (VCA-IgA) in serum
of nasopharyngeal carcinoma patients. Overall, the biotin-
avidin system provides a utility conjugation platform due to
the strong affinity and wide selection of bio-reagents, which is
an available method to design and construct nanoprobes for
diagnosis.

In addition, other types of noncovalent interactions are
involved in the preparation of nanoprobes, including hydro-

Biomater. Sci., 2018, 6, 726745 | 735


http://dx.doi.org/10.1039/c7bm01020f

Published on 14 December 2017. Downloaded by Institute of Chemistry, CAS on 27/03/2018 10:12:37.

Review

phobic interactions and base-pairing interactions'***° for
better serving the in vitro detection and in vivo diagnosis
applications.

5. Biocompatible NP-based in vivo
imaging

Benefitting from the fast development of preparing techniques
of high quality inorganic NPs and the various surface modifi-
cation and conjugation strategies, biocompatible NPs rep-
resent highly promising platforms in the biological and bio-
medical applications. With respect to in vivo applications,
many attempts from different fields have been devoted to
exploring the applications of NPs in imaging, therapy, and
drug delivery. Recently, a lot of reviews have summarized the
various biomedical applications of NPs in therapy and drug
delivery’Z,SZ,41743,1377140

focus on the recent progress of imaging based on biocompati-

and in this section we will mainly

ble NPs, with a special emphasis on atherosclerosis imaging
and tumor imaging by active targeting and tumor microenvi-
ronment stimuli-responsive ones.
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5.1 Atherosclerosis imaging

Cardiovascular disease is one of the leading causes of death
worldwide, and the morbidity and mortality increase year by
year. Atherosclerosis is a major component of cardiovascular
disease, and differentiating vulnerable plaques from stable
plaques remains challenging in the clinic. Recently, Qiao et al.
exploited a macrophage specific upconversion molecular
probe to distinguish the vulnerable atherosclerotic plaques.**"
Osteopontin (OPN), a secreted biomarker associated with
macrophages and foamy macrophages, was selected as the
target for identifying the vulnerable plaques. In vivo imaging
studies and ex vivo immunohistochemical analysis confirmed
that OPN was expressed more in vulnerable atherosclerotic
plaques than in stable ones. The resulting UCNP-anti-OPN
probe presented excellent optical imaging and MRI results of
differentiating vulnerable and stable atherosclerotic plaques as
shown in Fig. 7. Wang’s group fabricated a second NIR
window (NIR-II) Ag,S-PEG@ICG nanoprobe for sensitive ather-
osclerosis imaging, in which the lipophilicity of the C18 chain
to the atherosclerosis microenvironment benefited the selec-

tive accumulation of probes in the region of atherosclerosis
plaques.

The high spatial resolution NIR-II fluorescence
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Fig. 7 (a) Schematic drawing for showing the varied stress-induced plagues in ApoE™'~ mouse, (b) in vivo UCL images based on the UCLNP-anti-
OPN probe (the region of interest is encircled with red circles for showing the oscillatory shear stress (top) and the lowered shear stress region
(bottom) of the constrained vessel), (c) histological analyses, and (d) quantified data of the different plaque regions upon various staining (*P < 0.05).
Reproduced from ref. 141 with permission, copyright 2017, American Chemical Society.
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imaging of Ag,S QDs combining with real-time PA imaging of
ICG proved the feasibility of the nanoprobe for atherosclerosis
targeting in an ApoE~~ mouse model.***

5.2 Active tumor targeting imaging

Unprecedented progress has been made in the diagnosis of
many diseases based on nanoprobes, especially various forms
of cancer. NPs can be preferentially accumulated in the tumor
area by the enhanced permeation and retention (EPR)
effect due to the disordered and leaky tumor vasculatures and
poor lymphatic drainage. Tumors can be detected in this
passive targeted manner, however, the uptake of NPs not only
strongly depends on the particle size, shape, and surface
coating, but also is highly related to the tumor microenvi-
ronment.””'*>'** For instance, gastric and pancreatic cancers
show an insufficient EPR effect due to certain character-
istics of the tumor microenvironment, including hypovascular-
ity and thick fibrosis.'** Therefore, developing an active target-
ing imaging strategy is urgent for the sensitive detection of
tumors.

With the fast developments of molecular biology, it is
found that the onset and progression of various diseases,
especially for cancer, are highly correlated with the aberrant
activities of certain biological molecules."**™**” various bio-
markers, enzyme-responsive substrates, disease targets and
corresponding target ligands have been discovered, which pro-
motes the active targeting molecular imaging technique-based
nanotechnology widely used in the area of biomedicine. Active
targeting methods function on the basis of the specific
binding between biomolecules on the surface of NPs and the
surface receptors of diseased cells. Therefore, the selection of
suitable specific bioligands is essentially pivotal for construct-
ing the targeting nanoprobes. Antibodies, peptides, protein,
aptamers, or small molecules (FA and hyaluronic acid) are typi-
cally used in in vivo imaging to increase the accumulation of
NPs into tumor sites on account of the biological differences
between diseased and normal tissues.*"*?11487150

Through utilizing tumor-specific antibody mediated reco-
gnition, Gao’s group developed a series of tumor targeted
probe-based NPs for realizing tiny tumor detection.*"%>%°
Three sized PEGylation NaGdF, NPs (5.4 nm, 15.1 nm, and
19.8 nm) were conjugated with anti-EGFR mAb, which can
specifically bind to EGFR overexpressed in most solid tumors
through a “click reaction” via the surface maleimide ending
group of the dp-PEG-mal ligand.*® As shown in Fig. 8, the
in vivo imaging results revealed satisfactory tumor-specific tar-
geting ability and strong MR contrast enhancement effects for
intraperitoneal xenografts of human colorectal cancer, and the
probes presented greatly enhanced tumor uptake efficacies in
comparison with the mother particles, by a factor of nearly
four. Furthermore, MRI and UCL dual-modality nanoprobe
was established based on NaGdF,:Yb,Er NPs.*" Through the
rational design of the probe, tiny tumors of 1.7 mm x 1.9 mm
could be clearly visualized in optical imaging, and the MRI
results were in good accordance with UCL ones, which
improved the detection accuracy. Furthermore, they syn-
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Fig. 8 Illustration of the synthesis of the NaGdF, nanoprobe for tumor
imaging, and T;-weighted MR images of tumor-bearing mice acquired
before and at different time points based on NaGdF,-5 and NaGdF,-20
nanoprobes, and Gd-DTPA, respectively. Reproduced from ref. 86 with
permission, copyright 2013, American Chemical Society.

thesized a gastric tumor targeted probe by conjugation of the
anti-gastric cancer antibody MGb, with NaGdF,:Yb,
Er@NaGdF, NPs, and then built a reliable orthotopic gastric
cancer mice model that enabled the occurrence of lymphatic
metastasis.®> Tumor targeting ability was confirmed by UCL
imaging and MRI, and lymphatic micrometastasis smaller
than 1 mm, and omentum lymph node metastasis could opti-
cally be detected. Conde et al. also developed a highly sensitive
probe for in vivo tumor detection on account of the recognition
between EGFR and anti-EGFR mAb."”" The 90 nm gold NPs
were surrounded by a Raman reporter, encapsulated and
entrapped by the PEG polymer and mAb, and the resulting
nanoantennas presented a high Raman signal both in cancer
cells and in mice bearing xenograft tumors.

Tumor-specific small molecular ligands such as FA and
arginine-glycine-aspartate (RGD) peptide are also widely used
for enhancing the accumulation of nanoprobes in the tumor
site. Their “small size” can increase the loading amounts of
targets on the nanocarriers. Liu et al. chose FA, a high affinity
ligand for folic receptor overexpressed in colorectal tumor, to
prepare the nanoprobes.'*' There were nearly 500 FA mole-
cules attached on the surface of one UCL NP. The high payload
of targeting molecules together with the outstanding optical
properties of core-shell UCL NPs enabled the probe to sensi-
tively visualize the primary colorectal tumor in the compli-
cated intestinal tract. Chen et al. reported a dual tumor target-
ing probe constituted of dye labelled-Au nanoclusters and
cyclic RGD together with aptamer AS1411 (Apt)."*® Cyclic RGD
is specific to o,f; integrins overexpressed on the surface of
tumors, and Apt is of high affinity to nucleolin overexpressed
in the cytoplasm and nucleus of tumor cells. The dual target-
ing probes exhibited a higher uptake of NPs revealing a higher
tumor targeting ability in in vivo fluorescent imaging.

Up to now, various functional inorganic nanomaterial-
based active targeting probes have been applied in the in vivo
tumor imaging and therapy.>” However, the major obstacle is
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the poor uptake efficiency of the nanoprobes to the tumor site
even through the active targeting delivery strategy (less than
10% ID g~ "). The ability of target binding of the active probes
is of some dispute, for example, most studies show that target-
ing ligands increase the total accumulation of NPs in the
tumor, while some studies can’t observe the increasing total
accumulation but instead show influence on the distribution
within the tumor tissue.”””**” In fact, the specific ligand-recep-
tor interaction alone does not necessarily ensure that the
nanoprobes could be effectively delivered to the lesion. To
manipulate the nanobiointerface interplay between the NPs
and biological environment remains the main issue of
concern for the nanoprobe design.

5.3 Stimuli-responsive tumor imaging

Researchers gradually realize that the tumor microenvi-
ronment is strongly correlated with the growth, invasion, and
metastasis of malignant tumor.®*'>**>* For example, the aber-
rant physicochemical features such as the overexpressed pro-
teases destroy extracellular matrix integrity and correlate with
an advanced tumor stage, while the reduced pH and lowered
oxygen pressure are critical to the initiation and maintenance
of tumorigenesis.*>'>*"**” Therefore, developing noninvasive
methods for visualizing the tumor microenvironment is criti-
cal for tumor diagnostics, therapy, and prognostics.
Tremendous studies have been devoted to design stimuli-
responsive and intelligent nanoprobes for tumor and micro-
environment imaging.

5.3.1 Tumor microenvironment imaging. As is known,
tumors are heterogeneous due to the dynamics and the diver-
sity of the tumor microenvironment.'*® Acquiring the detailed
information of different regions of tumor is helpful for diagno-
sis and therapy. Commonly, tumor microenvironment imaging
can be realized via the signal changes, such as optical, MRI,
PA, and so on, caused by tumor environmental characteristics
including overexpressed proteins, acid, redox, hypoxic sur-
rounding, which allow us to gain a new perspective on tumor-
specific detection and imaging.®*°91¢4

Normally, matrix metalloproteinases (MMPs) occur in the
unactivated zymogen form, whereas they are activated and
upregulated in almost all types of human cancers.'®**®* Liu’s
group reported a novel activatable PA imaging nanoprobe for
in vivo detection of cancer-related MMPs for the first time.'®*
CuS NPs with strong NIR absorbance were conjugated with a
red-light-absorbing dye, black hole quencher 3 (BHQ3), via a
MMP cleavable peptide. The obtained CuS-peptide-BHQ3
probes exhibited strong PA signals at 680 nm and 930 nm
before enzyme cleavage owing to the absorption of BHQ3 and
CuS NPs, respectively. Once the probes encountered MMPs in
tumor areas, free BHQ3 would be released and washed out
from the tumor, and the PA signal at 680 nm quickly dimin-
ished. The PA signal ratio of 680 nm/930 nm could thus serve
as an indicator of MMP activity inside the tumor. The in vivo
PA imaging results demonstrated that the designed probe
could be used for the detection of a specific enzyme activity.
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The tumor microenvironment is also characterized by
abnormal extracellular pH resulting from anaerobic glycolysis,
typically in a range of 6.2-6.9 and slightly lower than that for
normal tissues (7.2-7.4).">*"%%1%7 A protease-activated pH-sen-
sitive fluorescent “off to on” probe for imaging the pH of sub-
cutaneous tumor xenografts shown in Fig. 9 was reported by
Hou et al.®* The targeted probe was constructed based on bio-
compatible Fe;O, nanocrystals and a ratiometric fluorescent
dye (ANNA), and a peptide substrate of MMP-9 as a linker
between them to act as a “switch” to control the off and on
state of ANNA. The in vitro cell imaging results revealed that
the fluorescence of the probe could be effectively activated
because MMP-9 cleaved the peptide linker to destroy the fluo-
rescence resonance energy transfer (FRET) between the
chromophore (ANNA) and the quencher (Fe;O, particles).
In vivo animal imaging studies revealed that the probe rapidly
responded to the MMP-9 expressed in tumor, and further
semiquantitative analysis suggested that the current probe
could be used for realizing sensitive pH mapping of the tumor
microenvironment for visualizing the heterogeneity of tumors
with respect to pH.

Apart from abnormal protease expression and pH, hypoxia
is also a characteristic feature among most solid tumors due to
the imbalance between rapid cancer cell proliferation and
limited oxygen supply.'*®'**'°® Shi’s group reported an oxygen
nanosensor for selectively and reversibly detecting the level of
hypoxia both in vitro and in vivo."’® They encapsulated the
UCL NPs and the oxygen indicator ([Ru(dpp);]>*Cl,) into meso-
porous silica. The blue emission of the UCL NPs was used to
excite the oxygen-sensing dyes. The UCL NP-based nanosensor
exhibited sensitive oxygen-responsive imaging within living
cells as well as in zebrafish. Jiang’s group developed a hypoxia-
specific optical nanosensor which was a kind of co-micelle
comprising of poly(e-caprolactone)-b-poly(N-vinylpyrrolidone)
(PCL-PVP) and PVP-conjugated iridium(u) complex (Ir-PVP),
for in vivo cancer metastasis tracking.'> The NIR phosphor-
escence emission of Ir-PVP could be activated in the hypoxic
microenvironment, and the in vivo experimental results
revealed that the probe could not only visualize the hypoxia
distribution of the tumor region, but also effectively detect the
metastasis of cancer cells to the lungs through the blood-
stream or to the lymph node via lymphatics.

5.3.2 Tumor microenvironment stimuli-responsive
imaging. Traditional diagnosis of tumor based on nanoprobes
suffers from some shortcomings, such as a low signal to noise
ratio and low sensitivity, limited targeting efficiency, and inter-
ference by the complex environment in different types of
cancers, which limit their applications to diagnose tumors uni-
versally. Recently, motivated by the advanced surface engineer-
ing of NPs and the profound understanding of nano-bio inter-
faces, stimuli-responsive strategies provide new opportunities
for improving the performance of the nanoprobe-targeted
imaging and therapy. With a rational stimuli-responsive
design, the nanomaterials are manipulated spatiotemporally
to accumulate at tumor sites via interacting with various

microenvironment physicochemical aspects, ie.,
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enzymes, p redox, which induce structural
changes of the nanoprobes and in consequence alter the
detection signals and then improve the imaging outcome.
FRET is generally involved to design activatable optical
imaging nanoprobes to amplify or boost imaging signals only
in response to the tumor sites. Wang’s group developed a pH-
fluorescence/MRI  dual-modality = FA-targeted
imaging nanoprobe by coencapsulating MnO NPs and cou-
marin-545 T with a silica shell."””” The fluorescence of cou-
marin-545 T was originally quenched by MnO NPs, while

activatable

would be recovered due to the dissolution of MnO NPs in an
acidic tumor environment. Meanwhile, the releasing Mn**
showed an obvious T; contrast enhancement in MR imaging
of the tumor cell. Yan and coworkers reported a dual-stimuli-
responsive and reversibly activatable theranostic nanoprobe
for precise tumor-targeting imaging and fluorescence-guided
PTT."”® Cyanine served as a photothermal agent owing to the
reversible pH-responsive NIR absorption and fluorescence as
well as acting as a tumor-specific imaging signal. Glycosyl
functionalized gold nanorods were conjugated with cyanine
through MMP-specific peptide as a linker for achieving a
MMP/pH synergistically and reversibly activatable theranostic
nanoprobe. The as-prepared probes showed tumor-targeted

This journal is © The Royal Society of Chemistry 2018

optical imaging with high specificity and negligible back-
grounds. More importantly, an ultra-strong photothermal
effect made the probes exhibit tremendous potential in thera-
nostics application. Hu’s group reported a Co>'-induced
coordination self-assembly of luminescent GSH-modified Au
NPs for in vivo pH-stimuli fluorescence imaging.'”® The fluo-
rescence of the Au clusters was partly quenched when the Au
aggregated caused by the coordination between Co®>" and the
thiol group of GSH modified Au NPs. While in a slightly acidic
microenvironment of the tumor, the assembled structure
would be disintegrated, and the fluorescence regained.

The above-mentioned “off to on” switchable probes
responded to the specific factors at the tumor site are ben-
eficial for improving signal to noise ratios and overcoming the
false positive imaging results.

Another kind of nanoprobe manifests as enhancing the
original signals or changing the types of detection signals of
the tumor region upon the stimulus from the tumor micro-
environment. An intelligent pH-triggered fabrication of Au
nanoprobes for tumor PA imaging and PTT was reported by
Tang’s group.'*” Complementary single-strand DNAs with pyri-
dine-2-imine-terminating groups were modified on the surface
of Au NPs, respectively. Alpha-cyclodextrin (a-CD) can encircle
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pyridine-2-imine to prevent hybridization of DNA strands on
Au NPs under neutral pH. When the nanoprobes reached the
tumor area, a-CD was separated from the ends of DNA due to
the protonation of pyridine-2-imine in the decreased pH.
Consequently, Au NPs self-aggregated through complementary
base pairing. The in vivo results indicated that the obtained
probes could act as an efficient agent for tumor-targeted PA
imaging and PTT. Gao and coworkers designed a legumain-
triggered aggregatable Au NPs for enhanced PA imaging and
retention of chemotherapeutics in brain tumors.'®® The
surface of Au NPs was modified with Ala-Ala-Asn-Cys-Lys (Au-
AK) and 2-cyano-6-amino-benzothiazole (Au-CABT), respect-
ively. In the presence of legumain, a click cycloaddition reac-
tion occurred between 1,2-thiolamino groups on hydrolyzed
Au-AK and the cyano group on Au-CABT, which caused the
aggregation of Au NPs. Doxorubicin (DOX) was further loaded
on Cy5.5 labelled Au NPs through a pH-sensitive linker. The
obtained probes could not only enhance the retention of NPs
in glioma cells for sensitive in vivo tumor detection by fluo-
rescence and PA imaging, but also showed a positive pre-
clinical significance in improving the therapeutic outcome of
glioma with reduced systemic toxicity of DOX. Wen et al
reported a novel ultrasmall biocompatible WO;_, nanodot for
PA/CT imaging and therapy of tumor. WO;_, nanodots could
act as a potential radiosensitizer, and show a strong pH/O,-
responsive localized surface plasmon resonance (LSPR) in the
NIR region. Such properties were well aligned with the weakly
acidic and hypoxic microenvironment of tumors. Thus, WO;_,
nanodots revealed enhanced PA imaging of tumor with the
combination of excellent PTT and radiotherapy.'®!

Recently, Gao’s group reported another tumor microenvi-
ronment induced aggregation of magnetic nanoprobes for
enhanced T,-weighted MR imaging as shown in Fig. 10.>° They
designed a GSH-responsive °™Tc-labeled Fe;O, nanoprobe
with active targeting (RGD-targeted) and dual modality
imaging capacities. Dp-PEG-mal was used to coat the NPs
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through the diphosphate group, and the remaining maleimide
group was used to covalently attach RGD peptide and the self-
peptide linked through a disulfide bond. As we know, GSH is
highly abundant in tumor regions, and once the disulfide
bond was cleaved by GSH, the adjacent NPs will be crosslinked
through the “click” reaction between the maleimide residues
and mercapto group. The in vivo MRI results revealed that the
T, value of the tumor site could decrease nearly 50% at 8 h
post-injection, while the T, value of the control group only
gave rise to a decrement of 18%. Hyeon and coworkers
reported pH-responsive T;-weighted MR imaging of tumor
based on the disassembly of magnetic nanogrenades triggered
by the acidic pH of the tumor microenvironment.'®> The mag-
netic nanogrenades were prepared via chlorin e6 (Ce6) labelled
amphiphilic diblock copolymer-assisted self-assembly of small
iron oxide NPs. The imidazole on the polymer served as an
ionizable group to impart pH sensitivity to the tumor micro-
environment, and the increased imidazole ionization in acidic
PpH led to the surface charge of polymers reversing and poly-
mers swelling, which made nanogrenades disassemble into
separated NPs in the tumor site. The obtained nanogrenades
showed a pH-responsive T;-weighted MRI contrast effect, fluo-
rescence, and PTT activity in in vivo tumor treatment. Liu et al.
reported a tumor microenvironment redox/pH/H,0, respon-
sive multistage and multifunctional nanoplatform.'®® MnO,
NPs stabilized by BSA are encapsulated by coordination
polymer shells constructed using c,c,t-(diamminedichlorodi-
succinato)Pt(v), hafnium (Hf) ions, and a chemoradiotherapy
drug. High-Z element Hf ions can serve as a radio-sensitizer
owing to the strong X-ray attenuation capability of Hf to
enhance radiotherapy. MnO, can trigger the decomposition of
tumor endogenous H,0, to produce O,, which can overcome
the hypoxia-associated resistance of therapy. Meanwhile,
within the acidic tumor microenvironment, the decomposition
of MnO, to release Mn** could enhance the 7, contrast effect
in MRI. The multifunctional biodegradable theranostics nano-

1 OJ -o- Responsive probe
g J 1\ Non-responsive probe %,f/g
S o8] ¥ et I
f Y \ I / 1
% 0.6 ‘ L\I '\[ . ! /J
g pis
0.4/ ]
0 3 6 45 90
Time (h)

-~ Responsive probe
4 -0~ Non-responsive probe

o >
&8 ,/L\\
1= /—J 0 \_‘
04
0 4 8 24
Time (h)

Fig. 10 T,-Weighted MRI and SPECT/CT images of tumor-bearing mice injected with the responsive probe and the control probe, respectively,
together with corresponding T, values and the y-signal of the tumorous areas respectively. Reproduced from ref. 30 with permission, copyright

2017, Wiley-VCH.
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platform not only enabled tumor specific imaging, but also
exhibited a satisfactory therapeutic effect in vivo. Xu’s group
also reported a pH-ultrasensitive Mn-based layered double
hydroxide (Mn-LDH) NPs for tumor T;-weighted MRL'®* The
obtained Mn-LDH exhibited an ultrasensitive pH response and
enhanced 7; imaging for at least 2 days in vivo.

Apart from the reinforcing of the MRI effect, intelligent
nanoprobes with the T;-T, switchable MRI contrast effect have
also been designed for tumor imaging. By means of the degra-
dation of hyaluronic acid (HA) by hyaluronidase (HAase), a
tumor-associated enzyme, Chen’s group developed a HAase-
responsive aggregation of Fe;O, NPs for in vivo tumor MR
imaging, which exhibited transition between T; and T, relax-
ation character.’® Ultrasmall Fe;O, NPs coated with HA were
first prepared, which showed obvious T; relaxation. However
upon the degradation of HA on the surface of NPs, the Fe;0,
NPs were assembled and exhibited enhanced T, relaxation.
The in vitro results showed that the T, signal was enhanced by
36%, and the T; signal decreased by 22% in the presence of
HAase and acidic environment. Further in vivo results revealed
that the enzyme-induced self-assembling nanoprobes tuned
the Ty- and T,-weighted MRI in the tumor site. Li et al
reported a bioeliminable magneto plasmonic nanoassembly
constituted by Fe;O, nanoclusters and a gold nanoshell for
CT, PA, and MRI trimodal imaging-guided tumor PTT.'®
Superparamagnetic Fe;O, NPs were fabricated into nano-
clusters with the mediator of gelatin which could be degraded
by MMPs such as MMP-2 and MMP-9. The obtained NPs were
collapsed into small ones in response to the tumor local
microenvironment of acidic pH and enzyme, and showed
obvious transition from the bright 7; signal to the dark T,
signal together with enhanced PA and CT imaging effects.

6. Conclusion and outlook

Bearing excellent intrinsic physical properties and versatile
surfaces, inorganic NPs have shown great potential for con-
structing multifunctional nanoprobes for in vivo applications
covering both imaging and therapy, which in turn raise indis-
pensable requirements for the particles including biocompat-
ibility, colloidal stability and high efficacy. Even though the in-
organic NP-based probes for biomedical applications have
been investigated for many years, the studies on how they
behave in vivo especially the pharmacokinetics and uninten-
tionally formed protein corona are still in their infancy, and
remain challenging for improving the treatment efficacy.
Biocompatibility of NPs has been achieved by either in situ
coating during the synthesis or post surface modification
using various ligands, and biofunctionality can meanwhile be
realized by conjugation of biomolecules. Nonetheless, develop-
ing reliable strategies for suitable surface coatings to construct
specific nanoprobes needs more efforts, because most of the
reported NP-based probes have very poor delivery efficiency
towards the site of interest. A multi-targeting NP system that
consists of two or more targeting stages or stimuli-responsive

This journal is © The Royal Society of Chemistry 2018
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targeting moieties represents a promising targeting strategy.
The ultimate goal of developing nanomedicine is clinical
translation; therefore, sufficient supply of high quality NPs is
essential, and flow chemistry emerges as a promising way to
achieve large-scale production without sacrificing the NPs’
quality, yet the reports on mass production are currently
limited and still underway to be further developed for the prac-
tical applications of NPs.
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