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In recent decades, a number of functional nanomaterials have attracted a great amount
of attention and exhibited excellent performance for biomedical and pharmaceutical ap-
plications. Functional nanomaterials usually display unique physicochemical properties,
nano-sized characteristics, controlled shape and versatile modification possibilities as
well as well-defined multifunctionalities. A wide variety of nanomaterials, such as lipo-
somes, polymer-based nanoparticles (NPs), carbon-based NPs, silica-based NPs, metal
and metal-oxide NPs (e.g., Au, Ag and iron oxides), covalent organic frameworks and
metal-organic frameworks NPs, have been developed and employed for the treatment
of various diseases. These functional nanomaterials offer unprecedented opportunities
for the site-specific and controllable delivery of drugs, genes, proteins and other bioactive
agents. Moreover, functional nanomaterials with unique photoelectric properties can be
used for photoacoustic, photothermal or photodynamic as well as hyperthermal therapy.
In addition, some functional NPs can find applications for a new generation of intelligent
biosensing, bioseparation, bioimaging, cell labeling and diagnosis methods as well as for
monitoring cells and tissues.

Despite these tremendous advantages and great advances, clinical applications of
nanomaterials as therapeutic, imaging and diagnostic agents still remain limited. For
example, nanocarriers such as liposomes, micelles, dendrimers and polymeric NPs of-
ten suffer from the premature release of drugs under complex physiological conditions
and uncontrollable drug release rate in vivo. From the injection site to the targeted sites,
nanomedicines will be confronted with sequential drug delivery barriers, the fast clearance
of blood circulation, extravasation from the blood vessels, enhanced penetration into the
deep part of the nidus, effective internalization and controlled drug release inside the
targeted cells. Especially for the treatment of cancer, it is necessary to develop novel and
effective nanocarriers with the ability to efficiently overcome the physiological barriers
for drug delivery in the body as soon as possible; especially to resolve the poor tumoral
accumulation and penetration caused by the dense extracellular matrix and high interstitial
fluid pressure in tumor tissues. Moreover, to overcome drug resistance, it is highly desirable
to develop multifunctional nanomedicines with the combination of multiple therapeutic
modalities, such as chemotherapy, photothermal therapy, photodynamic therapy, chemo-
dynamic therapy, radiotherapy, starving therapy, and immunotherapy. Additionally, the
stability and degradability as well as biosafety of most nanomedicines in biofluids should be
carefully evaluated before their administration to humans. In light of the above-mentioned
issues, it is imperative to develop novel and effective nanomaterials for biomedical and
pharmaceutical applications.

In this Special Issue, we present original research and review articles with a focus
on functional nanomaterials in biomedicine. In the direction of functional nanocarriers,
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Carvalho et al. reported a type of dual functionalized NPs for the synergistic delivery of lev-
odopa and curcumin. The NPs were derived from the self-assembly of positively charged
diblock copolymer NH,—poly(ethylene oxide)- poly(e-caprolactone) (NH,-PEO-PCL) and
were then modified by the addition of glutathione on the outer surface. The results indicate
that the developed biodegradable NPs with blood compatibility and low cytotoxicity can
pass the blood-brain barrier, target the brain tissue, and provide a more sustained release of
drugs for potential application in the treatment of Parkinson’s disease [1]. Lee et al. reported
on pH-responsive metal-based biopolymer NPs for tumor-specific chemotherapy. The ami-
nated hyaluronic acid (aHA) chains were coupled with pH-responsive 2,3-dimethylmaleic
anhydride (DMA). Then, the obtained aHA-DMA was electrostatically complexed with
ferrous chloride tetrahydrate (FeCl, /4H,0) and doxorubicin (DOX). The produced DOX-
loaded Fe-based hyaluronate nanoparticles (DOX@aHA-DMA /Fe NPs) were found to be
able to improve tumor cellular uptake due to HA-mediated endocytosis for tumor cells.
The nanoparticles selectively release DOX in the acidic environment of tumor cells due
to ionic repulsion, which demonstrates that they can serve as promising tumor-targeting
drug carriers [2]. Dong et al. summarized the advances in the tumor microenvironment
(TME)-targeted nano-delivery system, which was demonstrated to be able to regulate
the distribution of drugs in the body; specifically increase the concentration of drugs in
the tumor site; enhance efficacy; and reduce adverse reactions, leading to a significant
improvement in the effect of tumor therapy. This comprehensive review exhibited the
principles and strategies of the design and utilization of the particular microenvironment
of tumors to design functional NPs for the treatment and diagnosis of tumors [3].

In the direction of multimodal imaging and phototherapy of cancer and bacterial
infections, Ling et al. summarized the recent progress of the general preparation and
functionalization of graphene and related nanocomposites as theranostic materials. The
graphene nanocomposites act as outstanding carriers for various therapeutic organic drugs
or imaging probes. Moreover, graphene nanocomposites provide a robust platform for
self-acting luminescent for confocal laser scanning microscopy, magnetic resonance imag-
ing, computed tomography, positron emission tomography and photoacoustic imaging.
Additionally, graphene nanocomposites can be applied in photothermal and photodynamic
therapies against different cancers and bacterial infections [4]. Zhang et al. comprehensively
summarized the strategies and applications of organic NPs, especially polymer-based NPs,
for the delivery of iodinated contrast media in X-ray computed tomography (CT) imaging.
They mainly focused on the use of polymeric nanoplatforms to prolong circulation time,
reduce toxicity and enhance the targetability of iodinated contrast media. These organic
NPs, such as PEGylated liposomes, nanoemulsions, micelles, polymersomes, dendrimers
and natural NPs, have exhibited great potential in the development of functionalized
contrast media with better biocompatibility, a longer circulation time and more efficient
targeting capabilities [5].

In the direction of antibacterial, antimicrobial, antiviral and antioxidant applications of
functional NPs, Tong et al. systematically summarized the preparation, characterization and
regulation of single-atom nanozymes (SAzymes) through pyrolysis and defect engineering.
The strategies of surface modification for SAzymes for their biomedical applications were
also discussed. Due to their high atom utilization, the unsaturated coordination of active
centers, and geometric structures similar to those of natural enzymes, SAzymes were
demonstrated to possess tremendous potential for application in the biomedical field,
especially in those of reactive oxygen species (ROS) scavenging and antibacterial therapy [6].
Zhang et al. systematically summarized the principles for the preparation and application
of electrostatic spinning, especially of electrospun fibers or membranes functionalized with
metal-based nanocrystals. The metal-based nanocrystal-modified nanofibers exhibited
high potential in many applications, especially for antimicrobial applications [7]. Liu et al.
reported that the label-free peptide substrate was able to induce the aggregation of gold
nanoparticles (AuNPs) through electrostatic interactions, leading to the cleavage of the
peptide by the severe acute respiratory syndrome coronavirus 2 main protease (Mpro).
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As a result, the visual analysis of Mpro activity according to color change of the AuNPs
suspension can be achieved. Moreover, the co-assembly of AuNPs and peptides was coated
on the peptide-covered electrode surface, thereby facilitating the development of a simple
and sensitive electrochemical method for Mpro detection in serum samples, which was
valuable for the development of effective antiviral drugs [8]. Pyrzyriska et al. investigated
the influence of reaction conditions and clean-up procedure on shape, size and antioxidant
activity of selenium nanoparticles (SeNPs). They found that the size and morphology of
SeNPs can be controlled by the clean-up step. Moreover, the antioxidant activity often
depends on the nanoparticles size and homogeneity of SeNPs [9].

In the direction of the treatment of neurogenic disease, Wang et al. comprehensively
summarized the recent progress in nanomaterials-based methodologies for inhibiting
amyloid-3 peptides aggregation. Some nanomaterials, such as gold NPs, carbon-based
NPs, transition oxide two-dimensional (2D) nanomaterials, metal-organic frameworks
(MOF) and self-assembled nanomaterials were demonstrated to be able to directly interact
with amyloid-f3 peptides to inhibit their aggregation. In addition, some nanomaterials with
photosensitive properties can influence the format of amyloid-f3 peptides, exhibiting great
potential in Alzheimer’s disease treatment [10]. In the direction of the treatment of cardio-
vascular disease, Wang et al. systematically summarized the advances in the preparation
and utilization of cell-membrane coated nanoparticles (CMCNPs) for the treatment of car-
diovascular disease. Due to their biomimetic properties, such CMCNPs can avoid immune
clearance and thus prolong nanocarriers’ circulation time. Moreover, the functional proteins
on the cloaked cell membranes can impart CMCNPs with additional biological properties,
such as selective adherence, inflammatory site targeting and endothelium penetration.
All these features significantly enhance the therapeutic efficacies of CMCNPs in treating
cardiovascular diseases [11].

We hope this Special Issue provides researchers with information to help them under-
stand the advanced strategies of functional nanoplatforms in biomedical and pharmaceuti-
cal applications, inspiring new ideas for future research directions and research activities.
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Abstract: The advancements in nanotechnology and nanomedicine are projected to solve many
glitches in medicine, especially in the fields of cancer and infectious diseases, which are ranked in the
top five most dangerous deadly diseases worldwide by the WHO. There is great concern to eradicate
these problems with accurate diagnosis and therapies. Among many developed therapeutic models,
near infra-red mediated phototherapy is a non-invasive technique used to invade many persistent
tumors and bacterial infections with less inflammation compared with traditional therapeutic models
such as radiation therapy, chemotherapy, and surgeries. Herein, we firstly summarize the up-to-date
research on graphene phototheranostics for a better understanding of this field of research. We
discuss the preparation and functionalization of graphene nanomaterials with various biocompatible
components, such as metals, metal oxides, polymers, photosensitizers, and drugs, through covalent
and noncovalent approaches. The multifunctional nanographene is used to diagnose the disease with
confocal laser scanning microscopy, magnetic resonance imaging computed tomography, positron
emission tomography, photoacoustic imaging, Raman, and ToF-SMIS to visualize inside the biological
system for imaging-guided therapy are discussed. Further, treatment of disease by photothermal
and photodynamic therapies against different cancers and bacterial infections are carefully conferred
herein along with challenges and future perspectives.

Keywords: graphene; nanocomposites; multimodal imaging; phototherapy; theranostics; cancer;
bacterial infection

1. Introduction

Humankind have faced many threats, especially from cancer and infectious diseases,
in the past and in the current times. These problems have remained persistent for many
decades. Science has provided remedies alongside many religious beliefs, especially during
the pandemic times. This scenario increased the need for non-invasive, economic, therapeu-
tic models to fight cancer, Alzheimer’s disease, cardiovascular disease, influenza, COVID-19,
and other microbial infections, and existing diseases [1-4]. Scientific advancements are
required to find solutions to these problems. Innovations in science have provided many
therapeutic models, such as chemotherapy and surgeries, after traditional treatment meth-
ods such as Chinese medicine and Indian. Innovations in nanotechnology and nanomedicine
aim to provide better solutions in medicine [5-8]. Nanotechnology offers small size delivery
systems inside cellular and subcellular levels owing to high surface area to carry many
therapeutic drugs with biocompatibility and inherent theranostic properties [9].

Theranostics is an emerging field in nanomedicine which may provide simple, eco-
nomic diagnoses and therapy solutions to many cancers and infectious diseases. Rather
than rely on single diagnosis and therapy models, multiple practices are important to
provide accurate results of disease confirmation and cure. Nanomaterials with multiple
diagnosis and therapeutic characteristics are highly desired in nanomedicine [10,11]. The
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current diagnosis techniques for cancer and infectious diseases in research are Confo-
cal Laser Scanning Microscopy (CLSM), Magnetic Resonance imaging (MRI), Computed
Tomography (CT), Positron Emission Tomography (PET), Raman, and Time-of-Flight Sec-
ondary Ion Mass Spectrometry (ToF-SIMS). However, each model has its own advantages
and disadvantage [12,13]. Other than multiple imaging guided techniques, multiple thera-
peutic models are also important, and chemotherapy, immunotherapy, gene therapy, and
surgeries which can provide good results [14-17]. However, these treatments may prone to
some kind of tissue damage and inevitable side effects [18-21].

In recent years, phototherapy has become emerging research topic in nanomedicine to
treat cancer and bacterial infections [22]. Phototherapy is a non-invasive technique due to
its usage of low laser powers and short time interactions to the patent [23]. This is due to the
utilization of low energy NIR light which has better tissue penetration in biological systems
than visible and UV light, which may burn the skin and harm the patient [24]. Any system
which can absorb NIR light and create a local heat to burn tumors and bacterial cells would
be beneficial to nanomedicine [25]. Many nanomaterials with different size, shape, and
biofunctionality have been demonstrated to target cancer and bacterial invasion [26-28].
The most successful photo and chemotherapeutic nanomaterials, such as Au, Ag, Fe, carbon,
and polymeric nanomaterials, are well studied [29]. Due to its very good biocompatibility,
low toxicity, tunable size, and high surface areas, we selected 2D graphene and reviewed
the status quo of this nanomaterial in nanomedicine and theranostics [30].

Graphene is an allotropic form of carbon where the carbons are arranged in a 2D
hexagonal chicken-net-like network which can offer high surface area, better electrical
and thermal conductivity with optical transparency, and tuneable surface functionality
with the olefin carbon network [31,32]. The intriguing properties of size, shape, and
toxicity of graphene and graphene-related nanomaterials, such as graphene oxide (GO),
reduced graphene oxide (RGO), and functionalized graphene nanocomposites (GNCs),
are investigated in this review for multimodal imaging guided targeted phototherapy.
Herein, we discuss the preparation of GNCs functionalization with many metals, metal
oxides, polymers, photsensitizers, as well as other therapeutic drugs by covalent and non-
covalent approaches to treat malignant tumors and antibiotic resistant bacterial infections
by NIR triggered photothermal therapy (PTT) and photodynamic therapy (PDT) as well as
synergistic effects of other combination therapies (Scheme 1).

Infected mice Diagnosis Therapy Healthy mice
4 = )
. Drug Y
Ly X = =
\ 25 I 3 _3
Light ~ Gene .t

-

'IgNCs ss.a CLSM PTT
SRaNoalie Infected Mice MRI PDT
probe

CT, PET. PAI PTT/ PDT

RAMAN Multiple-
ToF-SIMS therapies
Multi-diagnosis

Scheme 1. Graphene nanocomposites for multimodal imaging guided therapy.

2. Preparation of Graphene Nanocomposites
2.1. Graphene Oxide

GO belongs to the graphene family which is a densely packed honeycomb-like struc-
ture made from a sheet of sp? and sp> bonded carbon atoms. Graphene nanomaterials have
benefits such as high mechanical strength, Young’s modulus, surface area, conductivity,
and carrier mobility, making them a perfect nanomaterial for various applications [33].
Graphene and its derivatives are widely used due to their excellent inherent properties and
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extraordinary composition in drug delivery, cancer treatment, biosensing, and bioimag-
ing. Apart from these advantages of GO, the study has also focused on its toxicity and
demonstrates GNCs are less toxic than carbon nanotubes. This outcome supports the use
of GNC:s for cancer and hyperthermia treatment [34]. Scheme 2 presents the various types
of graphene and their composites, preparation, and biological applications. Types, prepa-
ration, properties, functionalization, and focused therapeutic applications of graphene
nanomaterials are also shown in Scheme 2. Researchers are currently giving particular
attention to the preparation of single-layered GO from graphite, by using strong oxidizing
agents and concentrated acids, because of its extensive applications in the biomedical
field [35]. GO contains epoxy, carboxyl, carbonyl, and hydroxyl functional groups that
make it hydrophilic and biocompatible [33].

GRAPHITE :
D E o No therapeutic
& “]L., i
layered carbon 248

material —
Less toxicity

nGoO Poor Antibacteria / Anticancer

Exfoliation 2D single / few Poor light absorption for
-Solvent IasCEs PTT/PDT
Micro -
mechanical Less toxic
Reduction s Antibacteria / Anticancer
T 2D single/ few Moderate light absorption for
Graphene R layers St
- Thermal
Less toxicity, no § e _ GNCs _ Less_ toxicity
water solubility, - Metals, MOs Single / few Antibacteria / Anticancer
Poor NIR - Polymers, Drugs letyeas Multi-diagnosis

Ultra-high light absorption for
PDT / PTT

absorption for
PTIT /PDT

Scheme 2. Exfoliation of graphite into graphene, GO, RGO, and GNCs as well as phototheranostic
properties. MOs—metal oxides.

The graphene was synthesized by various methods in which the top—down and
bottom—up approaches are generally used. In the top-down method, discrete graphene
sheets are synthesized by breaking a stacked layer of graphite. The top—down approach
includes micromechanical cleavage, thermal reduction, and electrochemical exfoliation
whereas, chemical vapor deposition is included in the bottom-up approach [35]. Among
the several preparation methods of graphene, the reduction of GO has gained significant
attention because of its low-cost, ease of implementation, as well as variety of reducing
agents and synthesis procedures [36]. Moreover, for the preparation of GO the Stauden-
maier method, Brodie method, Hummers’ method and their modified versions are well
known and widely used [37]. However, the Hummers’ method showed the degree of
oxidation to be more compared with the other methods [38]. In brief, in the Hummers’
method the graphite flakes were mixed with H,SO,4 and NaNOj3 solution under an ice bath.
Then, KMnOy4 was added to the above mixture with constant stirring. Due to the addition
of KMnOQy, the solution became brown. Next, that solution was diluted with water and then
treated with hydrogen peroxide. Lastly, the product was washed with distilled water and
10% HCI solution to remove impurities. An improved form of the Hummers’ method for
the preparation of GO was reported, by improving the oxidation with the addition of extra
KMnO,4 without NaNOj addition, and a reaction was carried out in H,SO4/H3PO4 with a
9:1 ratio. This improved form of the Hummers’ method showed an even carbon network,
more oxidized hydrophilic carbon, and no toxic gas production during preparation [39].
The phase purity and functional groups were initially confirmed by X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FT-IR). The surface morphology and
microstructure of GO were confirmed by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). By using Raman spectroscopy various graphene-based
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nanomaterials were characterized. Moreover, X-ray photoelectron spectroscopy (XPS),
thermo-gravimetric analysis (TGA), differential scanning calorimeter (DSG), and atomic
force microscopy (AFM) were used to evaluate graphene-based nanomaterials [40].

Graphene and GO have more surface area and strong light absorption properties,
hence being considered ideal applicants in cancer therapy. Moreover, graphene has been
confirmed to possess better photothermal anticancer efficiency than carbon nanotubes. The
authors also concluded easy preparation, low cost, and low toxicity made graphene-based
nanomaterials an ideal candidate for cancer treatment [34]. A later work evaluating the
cytotoxicity of GO and GO loaded with doxorubicin (DOX) on human multiple myeloma
cells suggested low-cytotoxicity GO as a suitable nanocarrier for anticancer drug [41].
Moreover, further work to improve GO biocompatibility was carried out by its initial
conjugation with NH;-PEG3500-maleimide. Then, functionalization was performed using
peptide (integrin avp6-specific HK) through maleimide-thiol coupling, and finally, HPPH
was loaded on GO-PEG-HK via n—m stacking (Figure 1A). GO(HPPH)-PEG-HK was
capable of killing the tumor cells and lung metastasis [42].

C

Y

PAH/FA/PEG/GO SIRNA complex

Figure 1. Schematic. (A) Structure of GO(HPPH)-PEG-HK [42]. (B) Diagram of the synthesis and
functionalization to prepare GO-HA hybrid [43]. (C) The synthesis and functionalization to prepare
PAH/FA/PEG/GO siRNA complex [44]. Reprinted/adapted with permission from Refs. [43,44].
Copy right 2011, copyright Wiley-VCH. Copy right 2017, copyright Ivyspring.

A novel mechanochemical method was developed to synthesize GO-Fe304 nanocom-
posites [45]. An efficient, nontoxic PEGylated GO/ epirubicin was designed to destruct
tumor cells [46]. In addition, hypocrellin A (HA) was loaded onto GO for anticancer
treatment. The carboxyl, hydroxyl, and epoxide groups present on GO were linked with
the quinone portion of HA via hydrogen bonding, as shown in Figure 1B [43]. Moreover,
a PAH/FA /PEG/GO siRNA complex for gene delivery consistin of a GO monolayer de-
livering HDAC1 and K-Ras siRNAs to target pancreatic cancer cells was reported. The
detailed synthesis procedure for PAH/FA /PEG/GO siRNA is shown in Figure 1C [44]. The
combined use of PEG and grafted GO (pGO) enhanced its aqueous stability followed by
loading of pGO with chlorin e6 (Ce6) photosensitizer and doxorubicin (DOX). Higher pho-
todynamic anticancer effects as compared with Ce6/pGO or DOX/pGO were found [47].
Additionally, a covalently bonded biocompatible GO-PEG showed toxicity for lung cancer
A549 and human breast cancer MCF-7 cells. Further, paclitaxel (PTX) was conjugated
with GO-PEG via m-7t stacking and hydrophobic interactions, and the results showed high
toxicity to A549 and MCEF-7 cells [48]. For the cancer cell apoptosis, a multifunctional
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FePt-DMSA /GO-PEG-FA (iron platinum-dimercaptosuccinnic acid /PEGylated GO-folic
acid) composite was reported [49]. For the breast cancer cells, a PEGylated nGO loaded
with PS and two-photon (TP) compound was prepared. The results showed that GO-PEG
(TP) has the capability to kill breast cancer cells (4T1) at a 980 nm laser irradiation [50].

For bacterial infection phototherapy, a variety of metals and metal oxides were loaded
onto graphene as antibacterial agents. Briefly, the TiO,-Ag/graphene as a ternary nanocom-
posite was synthesized and its photodynamic effect was carried on E. coli bacteria and A375
(melanoma), HaCaT (keratinocyte) cells. The results suggested the ternary composite could
be applied for bacterial keratosis or skin tumors [51]. Additionally, different metals such as
Zn, Ni, Sn, and steel were coated with GO (Figure 2A). The different metals have different
capacities to fight against bacteria: GO-Zn acts as a better antibacterial agent than GO-Nj,
followed by GO-Sn and GO-steel [52]. Moreover, a ZnO/GO nanocomposite prepared by
loading green-synthesized ZnO NPs to GO nanosheets (Hummers’ method) (Figure 2B)
has the capacity to kill the bacteria and also serves as an anticancer drug [53].

GO film obtained on substrate

CVD at 600°C
in Nz
30 min
Glass/Metals/ Glass/Metals/
Steel substrate Steel substrate

Figure 2. (A) Schematic diagram showing synthesis of GO directly on various substrates from natural
biopolymer shellac. GO film is shown in ball and stick model; red: oxygen atom, gray: carbon atom,
white: hydrogen atom. The shellac-coated substrates were heated at 600 °C under nitrogen atmosphere
for 30 min to synthesize GO directly on different substrates [52]. (B) The possible mechanism of the
transformation of graphite to GO and then to ZnO/GO NC [53]. Reprinted /adapted with permission
from Refs. [52,53]. Copy right 2018, copyright Willey-VCH. Copy right 2020, copyright RSC.

Additional advantages of graphene include (1) cross-linked capability with poly-
mers, (2) admirable biocompatibility in in vitro and in vivo, and (3) more surface area,
specifically graphene sheets. Hence it makes more contact with the bacteria and leads to
more pronounced antibacterial effect. Considering all these advantages, a boronic acid-
functionalized graphene and combined with quaternary ammonium salt (B-CG-QAS) acted
as a multidrug-resistant to bacterial infection [54]. In addition, GO-PEI-GQDs via layer-by-
layer deposition [55] and polyvinyl-N-carbazole-GO (PVK-GO) nanocomposite [56] were
also reported. The variation in antibacterial effect due to variation in the combination of
the substrate with GO was noticed. The GO fixed titanium with enhanced photoacous-
tic performance (GO-EPD) showed enhanced antibacterial, activity followed by GO-APS
(GO-electrostatic interaction) and GO-D (GO-gravitational effect) [57].
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2.2. Reduced Graphene Oxide

The RGO has been used in drug delivery, bioimaging, and anticancer applications
due to its high electrical and thermal conductivity. However, GO has less NIR absorption
capacity than RGO. Moreover, RGO is superior for high photothermal conversion and
optical properties. The hydrophilic nature of RGO is essential in medical applications;
hence, several efforts have been researched to enhance its hydrophilicity [58]. Further-
more, RGO was synthesized by chemical or thermal reduction of GO or graphite oxide.
The hydrazine, hydrazine hydrate, sodium borohydride, and L-ascorbic acid are used
as reducing agents during RGO synthesis [59]. Moreover, the plant extract is also used
for the synthesis of RGO due to its non-toxicity, cost-effectiveness, biocompatibility, and
environment-friendly nature over chemical and physical approaches (see Scheme 2). As
per the report, these biomolecules, such as amino acids, bovine serum albumin, humanin,
glucose, melatonin, and ascorbic acid, interact with functional groups present in RGO [60].
Furthermore, humanin has been used for the green synthesis of RGO [61]. Chitosan was
used to combine with RGO to reduce and stabilize the GO as well as entrap DOX and IR820
dye. The in vitro and in vivo results confirmed the chit-RGO-DOX-IR820 was applicable
for cancer theranostics [62].

Various studies have reported the increased effectiveness of cancer treatment on
combination therapies. For instance, GO (from graphene flakes) was partially reduced
with NaOH and chloroacetic acid followed by surface modification to form FP-PrGO-Ce6-
AuNR by depositing gold nanorods (AuNR) onto FP-PrGO-Ce6. The FP-PrGO-Ce6-AuNR
nanocarrier acted as a targeting agent for anticancer theranostics [63]. Moreover, RGO-
coated polydopamine doped mesoporous silica was used for anticancer treatment. The
RGO/MSN/PDA-loaded DOX helps photothermal activity and shows an antitumor ef-
fect [64]. A green approach used an environmentally friendly, non-toxic, natural phenolic
resveratrol compound instead of hydrazine and hydrogen sulfide for the formation of
RGO [65]. Recently, an HSA /RGO/Cladophora glomerata bio-nano composite was pre-
pared as a PS for study using L929, HeLa cancer cell line, Pseudomonas aeruginosa, and
Staphylococcus aureus bacteria. The results showed that the synthesized composite has the
capacity to kill bacteria with demonstrated photothermal activity [66].

For bacterial infection problems, silver is a well-known antibacterial agent. Moreover,
combination therapies showed increased antibacterial properties. In addition, RGO induces
photothermal effect for bacterial treatment. For instance, RGO/ Ag composite was prepared
as an antibacterial agent [67]. Moreover, the RGO-CuyO nanocomposite was synthesized to
fight against bacteria [68]. The GO/nitrogen-doped carbon dots/hydroxyapatite/titanium
film (GO/NCD/Hap/Ti) showed a PTT/PDT approach to bacterial infection [69].

2.3. Functionalization

The synthesis of stable and functional GNCs is the most crucial aspect of the biomed-
ical field. Though GO and RGO are reported as good PTT agents, its NIR absorption
capability has to be improved further for more efficient phototherapy results. Moreover,
RGO is hydrophobic, which limits its application during cancer treatment [37]. Hence, to
fulfil these drawbacks, surface functionalization is the best option in the medical field to
treat cancerous cells. Generally, the surface functionalization was carried out by covalent
and non-covalent interactions. Non-covalent bonding includes electrostatic interactions,
hydrogen bonding, 7-rt stacking, and van der Waals interactions. For example, a MFG
(magnetic and fluorescent graphene)-SiNcy (silicon napthalocyanine bis(trihexylsilyloxide)
via covalent and non-covalent 7-7 stacking was prepared. MFG showed flat NIR absorption
and was reported to have a remarkable PTT/PDT in HeLa cancer cells [70]. GO quantum
dots (GOQDs) using hypocretin A (HA) for loading via 7-7t interaction were applied to de-
tect cancer cells [71]. In addition, nucleophilic substitution, condensation, and electrophilic
addition offer alternative paths for the covalent functionalization of GO.

Alternative approaches, such as GO with polyamidoamine dendrimer (GO-PAMAM)
loaded with DOX and MMP-9 shRNA plasmid (Figure 3A), were applied for the treatment
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of breast cancer cells [72]. Moreover, the NGO-COOH prepared using Hummers” method
was functionalized with a Gd-DTPA dendrimer and finally loaded with the anticancer drugs
epirubicin (EPI) and Let-7g miRNA (Figure 3B) to treat cancer cells [73]. Moreover, the GO-
PLL(poly-L-lysine)/DOX/ZnPc acts as an admirable anticancer carrier to transport DOX
and ZnPc to detect cancer cells. The synthesized nanocomplex shows not only anticancer
activity but also photodynamic and chemotherapeutic effects against cancer cells [74].
Moreover, the GO firstly composited with carboxymethyl chitosan (CMC) followed by
conjugation with hyaluronic acid (HA) and fluorescein isothiocyanate (FI) to prepare GO-
CMC-FI-HA /DOX. The results proved that the nanocomplex can be used as an anticancer
drug with controlled release [75].
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Figure 3. (A) Synthetic route of PAMAM 3.0G and GO-PAMAM [72]. (B) Schematic of the procedure
for preparation of GAd-NGO/Let-7g/EPI [73]. Reprinted /adapted with permission from Refs. [72,73].
Copy right 2017, copyright Elsevier. Copy right 2014, copyright Elsevier.

The increase in bacterial infections is a serious problem for human health. Hence,
the synthesis of multifunctional materials would be beneficial for surgical operations.
Concerning this situation, GO functionalized (noncovalent) PEGylated phthalocyanines
were synthesized for antibacterial phototherapy (ZnPc-TEGMME@GO) (Figure 4A) [76].
Moreover, RGO was functionalized with polycationic poly-L-lysine (PLL) to increase its
drug loading capability with colloidal stability, as shown in Figure 4B. Further, RGO-
PLL was labelled with anti-HER2 to form a bond with HER?2 receptors to detect breast
cancer cells [77]. The GO/AuNRs was synthesized and functionalized with polystyrene
sulfonate (PSS) which showed tumor-killing capacity [78]. Furthermore, functionalization
of RGO with hyaluronic acid increases the stability and cytocompatibility, as well as induce
cancer cell ablation [79]. Moreover, the ZnO QDs-GO nanocomposite was prepared as an
antibacterial agent. The author has combined chitosan with ZnOQDs@GO to enhance drug
delivery capacity, biodegradability, and biocompatibility [80].
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Figure 4. (A) Schematic Illustration of the Preparation of ZnPc-TEGMME@GO [76]. (B) Synthesis
of anti-HER2-rGO-PLL is performed in two steps: (I) GO is functionalized with PLL under alkaline
conditions followed by NaBH, reduction to form rGO-PLL and (II) rGO-PLL is subsequently conju-
gated with anti-HER?2 antibodies via glutaldehyde bifunctional linkers [77]. Reprinted /adapted with
permission from Refs. [76,77]. Copy right 2017, copyright ACS. Copy right 2016, copyright Elsevier.

3. Graphene Nanocomposite Theranostics for Multimodal Imaging
Guided Phototherapy

Nanomaterials-based theranostics are the future of personalized medicine as a single
nanoplatform can provide multiple imaging and therapies in a short time by simplifying the
cost and the amount of the drug required for multiple diseases [81]. Multimodal imaging-
based diagnosis is the most reliable technique to identify the problems in cancer- and bacteria-
infected patients, and it will be helpful to surgeons and clinicians to make better predictions
and conclusions about the problem, thus will improve treatment confidence. Several imaging
techniques have been adopted in the research, such as CLSM, MR, CT, PET, PAI, Raman,
ToF-SIMS, and other imaging techniques for early diagnosis (Scheme 3) [82-85].

Phototherapy (PT) involves light interaction (Vis-NIR) with nanomaterials to gen-
erate heat or reactive oxygen to destruct cancer and bacterial infection. If the therapy
process involves generation of heat from nanomaterials which can suppress or burn the
tumor/bacteria is called PTT. If the PT involves reactive oxygen species (ROS) and singlet
oxygen (O5) generation to destruct the cellular components, it is called PDT. If the nanoma-
terial inherently cannot generate ROS and 'O, it has to functionalize with PS [70]. The NIR
light has high tissue penetration and low absorption by the biological medium. Hence, we
usually adopt the NIR lasers for PT. Apart from PT, combination therapies with chemo and
gene therapies could also enhance the treatment results [86]. Various PT agents have been
explored by researchers including inorganic, organic, and composite nanomaterials [24].
The extensive publication record of functionalized nanographene composites on imaging
guide therapy shows they are a focus in this field of theranostics due to their effectiveness
in disease eradication. To overcome the individual drawbacks of diagnosis and therapy,
integration of independent techniques has become a major challenge in nanomedicine.
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Scheme 3. Multimodal imaging guided phototherapy of bacteria and cancer bearing mice with
graphene nanocomposite. Reprinted/adapted with permission from Refs. [85,86]. Copy right 2017,
copyright ACS. Copy right 2014, copyright ACS.

3.1. CLSM for Imaging Guided Therapy

Typically, scientists rely on CLSM to identify cell morphology and drug internaliza-
tions as they are economic and the most available handy preliminary techniques in the lab.
When the nanodrug is added to the cells before going to the CLSM, optical microscopes-
based imaging is highly important to check the cell structure and morphology. After that,
CLSM is helpful to identify the fluorescent drug molecule’s internalization, its location
in the cells, and whether it was entered into the cytoplasm and thereby nucleolus or was
hindered at the cell wall.

Quantum dots (QDs)-based imaging has drawn the attention of nanomedicine scien-
tists due to its tunable size and variable colors with stable fluorescence emissions [87]. On
the other hand, its toxicity issues lead to a focus on alternate materials. In this perspective,
Au nanomaterials are said to be a hallmark for imaging guided therapy due to their tunable
size and stable emissions with good biocompatibility [88,89]. However, carbon-based
nanomaterials, such as graphene and CQDs, are emerging and attractive nanomaterials
due to their high surface area and versatile surface chemistry to functionalize inorganic
and organic imaging and drug molecules for multimodal imaging-guided therapy for
cancer and bacterial infection. They are also reported to be highly biocompatible and
antibacterial [90]. In order to be an imaging probe, graphene must be functionalized with
luminescent inorganic or organic materials. In pioneering works by Dai et al. on the
preparation of nanoGO-based imaging probes for imaging and therapy of cancer, GO was
functionalized with PEG- and B-cell-specific Rituxan antibody for targeted cell imaging and
cancer therapy [91,92]. Later, GO was functionalized with PEG and fluorescein to make
the GO as highly biocompatible and fluorescent to monitor its internalization into the cells.
Few more GO-based fluorescence imaging probes have been successfully reported [93,94].

We prepared a multifunctional graphene (MFG) by functionalization with polyacrylic
acid, FeNPs, and fluorescein ortho-methacrylate to impart both magnetic and fluorescence
properties for CLSM imaging in HeLa cells and in zebrafish whole-body imaging (Figure 5).
The MFG showed good biodispersability, biocompatability, and stable green fluorescence
emission inside the biological system. These results confirmed that the MFG could be a
good candidate for imaging guided PTT of cancer and bacterial infection as it also possessed
flat absorption in the entire VU-Vis-NIR region [95,96]. In order to make it a PDT drug, we
functionalized a PS (SiNcy) to offer MFG-SiNCy4 and the synergistic effects of PTT/PDT and
PTT, as shown in Figure 5C,D, with 98% efficacy in light [70]. Very recently, mesoporous
silica (MS) coated RGO was synthesized and functionalized with indocyanine green (ICG),
PEG (MS-RGO-ICG-PEG), and folic acid (MS-RGO-ICG-PEG-FA) for targeted imaging
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and phototherapy of cancer. Figure 5G shows the increase in the temperature with laser
irradiation at the tumor site of mice injected with MS-RGO-ICG-PEG-FA. Hence, it could
be a good candidate for phototherapy, which was evident after the experiments. Figure 5SH
marks that there is a decrease in the tumor volume of the mice treated with MS-RGO-
ICG-PEG-FA compared to MS-RGO-FA alone, without PS ICG. The effectiveness of tumor
suppression can be explained by the synergistic effects of PTT from rGO and PDT from
ICG. The experiments are performed using an 808 nm laser with 1 W/cm? for 10 min [97].
Irrespective of this progress, fluorescence-based techniques are still limited to the laboratory
stage presumably due to the limitations of poor resolution, and because the drug molecules
should be fluorescent.
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Figure 5. CLSM images of functionalized graphene composites. (A) In vitro images of MFG-SiNCy
in HeLa cells where the images reveal very good biodistribution throughout the cell ((a) control
stained with DAPI, (b) green, and (c) red emissions from the MFG-SiNCy and, (d,e) are the combined
images of ab andac. (f) The combined images of abc with DIC). (B) In vivo whole-body zebrafish
images with MFG, where the green fluorescence is observed throughout the body due to its very good
bio-distribution [70,95]. (C,D) The combined PTT/PDT and PTT of MFG-SiNc4 and MFG [70,95].
(E,F) Time dependent in vivo mice non-targeting and targeting images of MS-RGO-ICG-PEG and
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MS-RGO-ICG-PEG-FA. The image taken at 24 h reveals that the FA functionalized GO, (E) has shown
bright luminescence and very good tumor specificity whereas it is not observed in non FA targeted
GO (F). (G) Time vs. temperature at tumor bearing mice. (H) Tumor volume after irradiation with
laser up to 10 days [97]. Reprinted/adapted with permission from Refs. [70,95]. Copy right 2012
and 2014, copyright Elsevier. Reprinted /adapted with permission from Ref. [97]. Copy right 2022,
copyright MDPL

3.2. MRI for Imaging Guided Therapy

Among all imaging techniques, MRI and CT scans are clinically versatile and best
used so far for imaging-based diagnosis purpose. These techniques do not rely on any
fictionalization of fluorophores and QDs. MRI works based on the radio waves and
magnetic field to identify damaged (cancer) tissue from the healthy tissues based on
activating the local proton environment. It has the great advantage of ease of use for X-ray
imaging techniques. However, it has the limitations of poor sensitivity and lengthy signal
recording times. The proton magnetic moment of tissue is environment-dependent and
the T1 and T2 times may not produce a better image, hence some external contrast agents
are frequently used. The well-known Gd3* for bright contrast and superparamagnetic iron
oxide NPs for dark contrast are used [98].

Graphene-related nanomaterial magnetic composites have a great advantage in help-
ing these imaging guided therapy processes to improve the signals or contrasts to provide
enhanced resolution in the final images during disease identification [99]. GO has been
a scaffold for many imaging probes and drug loadings, and there are several works that
have discussed magnetic nanoparticles-loaded GO, creating a better contrast agent due to
its high loading capacity [100]. Recently, the oxidation of ball-milled graphite producing
a nanoGO was reported. The extent of oxidation along with the presence of Mn?* ions
from KMnQO; are responsible for better proton relaxivity and displayed very good T1-
and T2-weighted MRI contrast images [101]. Moreover, the RGO and created structural
defects and oxygen functionalities are reported too. The destruction of symmetry in RGOs
sublattices created a paramagnetic property, and it was demonstrated to be a good MRI
contrast agent. The authors have suggested that the amount of the defects and the oxy-
gen functionality determines the paramagnetism [102]. A nonmagnetic particles-based
GO by the fuctionalization of GO with fluorine for MRI with NIR absorption capability
for photo therapy of cancer was reported [103]. Apart from this, metal-free, magnetic
graphene QDs doped with boron provided very good MR imaging results in both in vitro
and in vivo [104]. Moreover, a GO-DTP-Gd magnetic complex for T1 MRI was prepared
and demonstrated to be a better contrast agent than commercially used Magnevist. The
complex has further functionalized with doxorubicin through physorption and shows very
good toxicity towards cancer [105]. In addition, graphene encapsulated cupper probes were
prepared and used as neural electrodes to image neural-cell activities in the brain [106].
Further, ™ Tc! and Gd-based pegylated ultrasmall nano GO (**™Tc~ and Gd-usNGO-PEG)
were prepared for the multimodal MRI and SPECT/CT imaging of lymph nodes. The
preparation approach is claimed to be chelator free, and the final product has been utilized
for multimodal purposes [107].

In brief, many authors have reported that GO- and RGO-based iron oxide nanocom-
posites are excellent for MR imaging and guided therapy of cancer [100]. As discussed
earlier, we also prepared an MFG-S5iNC,4 with excellent superperamagnetic properties,
fluorescence, biocompatibility, and water dispersability for in vitro MRI to serve as a good
contrast agent, as shown in Figure 6A,B. Later, we demonstrated this material for guided PT
of cancer (Figure 5C,D) [70,95]. Further, polyethylene glycol and super paramagnetic iron
oxide nanoparticles functionalized rGO (rGO-IONPs-PEG) was prepared for multimodal
imaging, such as the MRI-, CLSM-, and PAl-guided PTT of breast cancer in both in vitro and
in vivo. The prepared GNC had excellent magnetic properties for MRI imaging, with good
fluorescence and PAI imaging capabilities and good drug loading capability. Figure 6C,D
show the PT efficiency of RGO-IONPs-PEG-Laser and greater tumor reduction was ob-
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served after the laser ablation compared to controls. Figure 6E shows the guided MRI
images of mice before and after injection, and during therapy, with and without lasers. The
day 7 laser-treated MRI reveals the complete tumor absence compared to untreated mice at
the same duration of time. The study [108] is among the papers which have demonstrated
imaging-guided therapy with reliable MR imaging in a systematic manner for theranostics,
as shown in Figure 6.
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Figure 6. MR images of GNCs in vitro and in vivo imaging guided phototherapy. (A) In vitro MRI of
MFG and in HeLa cells. The contrast of the images increases with the concentration of MFG and MFG-
SiNcy than clinically accepted resovist. (B) The corresponding 1/T2 intensities with concentration [70].
(C) Relative tumor volume with respective to the graphene photodrug and duration of therapy up
to 14 days. (D) The pictorial representation of mice bearing tumor before and after PT, where the
tumor has vanished within a few days of therapy than compared to the control experiments with
out RGO-IONPs-PEG and laser. (E). Upper row is the MR images of tumor (indicates with white
arrow) before and after PT and its suppression monitoring with time (0-7 days). The lower row
is for without laser irradiation after injection of RGO-IONPs-PEG [108]. Reprinted /adapted with
permission from Ref. [70]. Copy right 2014, copyright Elsevier. Reprinted /adapted with permission
from Ref. [108]. Copy right 2012, copyright Wiley-VCH.
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Apart from these, many researchers have synthesized GO/RGO based magnetic
nanocomposite for MR imaging [109-111]. In addition to GO and rGO based IONPs, Gd
doped graphene QDs also has been prepared and demonstrated for MR imaging [112,113],
which could also offer good loading of imaging and drugs molecules and less toxicity to
serve as a theranostic material. According to the literature the contrast agents improve
the image quality and here the IONPs produce better contrast than Gd or other magnetic
nanomateial composites.

3.3. CT for Imaging Guided Therapy

CT scan is an alternative 3D imaging technique whch works based on the X-ray
attenuation of molecular tissues to identify tumors at lower cost than an MRI. It can also
provide good spatial-temporal resolution of cancer tissues, and the image recording time
is shorter than MRI. Usually, barium sulphate and iodine-based contrast agents are used
when CT lacks the necessary sensitivity to image some soft, low-density tissues. The
literature on various nanomaterials for CT scan is available. Carbon-based nanomaterials
have a unique role due to their biocompatibility and high contrast agent’s immobilization
capability. Among the few nanomaterials reported for CT scanning, Bi nanomaterial is
exclusively studied, though CuS and some of its composites are also explored for CT and
MR imaging together [98].

However, the available literature is limited regarding GNCs for CT scanning along
with MR imaging. GNCs are synthesized from the oxidation of graphite with KMnOy
and reduced with HCI before being further functionalized with iodine, and have shown
good CT and MR imaging contrast [114]. It has been reported that Bi NPs functionalized
graphene QDs was prepared with good dispersibility and low toxicity for improved CT
imaging followed by PT of cancer [115]. GO functionalized with FePt NPs composite was
made and successfully demonstrated for both MR and CT imaging followed by in situ
pH responsive targeted cancer inactivation [116]. A nanocomposite of BaHoF5 decorated
GO-PEG was prepared with good biocompatibility, and was well demonstrated as a CT and
MR imaging agent followed by PTT therapy [117]. GO decorated with ultra-small ZnFe, Oy
and upconversion luminescence nanoparticles (UCNPs) have been well demonstrated for
CT scanning along with MRI, PAI, and fluorescence imaging guided phototherapy as a
unique multi diagnosis platform [118].

Recently, GO decorated with AuNPs, SPIONPs, along with DOX-loaded 1-tetradecanol
(TD) was prepared (called smart nanocomposite, NC) and successfully demonstrated for
CT- and MRI-guided controlled chemo-phototherapy of cancer in vitro and in vivo. The
advantage of this material is that the Au NPs on GO can act as a CT contrast agent and
provide better emission of X-rays due to its high atomic number (Figure 7A) with good
house-filed values (Figure 7B). The FeNPs can act as dual CT and MRI contrast agents
(Figure 7C,D). Hence, the combination of these two materials on top of GO has provided a
great advantage of dual modal imaging and revealed increased contrast in concentration,
after 24 h, at the post-intratumoral site (i.t) compared to the post intraperitonial site in the
images of Figure 7C,D. Figure 7E shows a reduction in tumor volume within a few days
after PT with DOX-NCs+NIR. Figure 7F shows the corresponding morphology of tumor
and total mice view from pre injection to 90 days of PT [119].
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Figure 7. In vivo CT and MR imaging of NCs containing AuNPs and SPIOs. (A) CT images of
CNs with increasing concentration of AuNPs from 0-3 mg/mL. (B) The corresponding graph of
Hounsfield values with AuNPs concentration. In vivo (C) CT scan and (D) MR images of CT26 tumor
bearing mice, pre and post injections at post i.p and post i.t. The upper, middle, and lower images
are for original, intensity mapping, and merged images of all. (E) Corresponding results after PT
where the graph shows reduction in tumor volume within few days of time with DOX-NCs+NIR. (F)
The morphology of tumor and total mice view from pre injection to 90 days of therapy. The stars
(*) represents the statistical significance of the data (* for 0.05, ** for 0.01). Reprinted /adapted with
permission from Ref. [119]. Copy right 2022, copyright Ivyspring.

Apart from these three (CLSM, MRI, and CT) well used techniques PET, PAI, and
ToF-SIMS, and combined MRI/CT, CT/PEI, MRI/CT/PL/PAI, and MRI/CT/EPR, could
also be important tools to the earlier diagnosis. These are currently of great interest to
nanomedicine researchers.

3.4. PET for Imaging Guided Therapy

Radio labelling techniques such as PET and CT have great sensitivity due to the
low background, requirement of low signal amplification, and good penetration depth
in vivo. As said earlier, nanographene-based scaffolds have a greater importance in radio
imaging technology with the functionalization of radioactive elements such as %1% Au,
®4Cy, %Ga, 11n, and 121 In this regard of PET imaging, for the first time GO-based
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targeting and non-targeting imaging agents such as **Cu-NOTA functionalized GO-PEG
(**Cu-NOTA-GO) and **Cu-NOTA-GO conjugated with TRC105 (**Cu-NOTA-GO-TRC105)
for targeting a CD105 (endogline) has been synthesized. **Cu was linked with GO-PEG via
1,4,7-triazacyclo nonane-1,4,7 triacetic acid (NOTA, a chelating agent of 64Cu). As shown
in Figure 8A-D, the **Cu-NOTA-GO-TRC105 has very good biodistribution and targeting
ability towards 4T1 tumor-bearing mice compared to non-targeting **Cu-NOTA-GO, pre
injected TRC105 blocking dosed mice, and CD105-negative MCF7 human breast cancer
cells. The combined CT and PET images also can be seen in the images [120].

' |
0 % ID/g

PET CT/PET

Figure 8. PET and CT in vivo 4T1 tumor containing mice images of GO labelled with ®*Cu isotope
and tumor targeting TRC105 bioconjugate. (A) The post injected **Cu-NOTA-GO-TRC105 PET
images with different time intervals from 0.5 h to 48 h. The arrows at the right corners of the images
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indicate the tumor. (B) ®*Cu-NOTA-GO alone TRC105, and (C) Preinjected blocking dose of
TRC105. The tumor specificity is very apparent in case of GO functionalized with TRC105 than not
functionalized GO. (D) The CT, PET, and combined CT/PET images of 4 Cu-NOTA-GO-TRC105.
Reprinted /adapted with permission from Ref. [120]. Copy right 2012, copyright ACS.

After that ®®Ga was functionalized to GO and obtained the same result with similar
strategy of PET imaging of 4T1 cells in vitro, in vivo and ex vivo with good distribution
in the body without toxicity [121]. Later, the same researchers labelled the 64Cu to the
rGO with the same synthetic adaption to prepare **Cu-NOTA-rGO-TRC105 for targeting
4T1 murine breast cancer cells and obtained successful results than with non-targeting
rGO nanodrug [122]. Very recently, radioactive iodine (1241)-labelled GO nanocomposite
has been reported for PET imaging and boron delivery inside mice. The images reveal
that time-dependent biodistribution in the liver, spleen, stomach, and heart for long-time
circulation inside the body, up to 48 h. The in vitro studies of C. elegans confirmed that the
1241.GO does not show any significant toxicity. Hence '?*I-GO could be a better candidate
for boron neutron capture therapy of cancer [123].

3.5. PAI for Imaging Guided Therapy

PAI is another non-invasive imaging model to monitor the tumor environment with
greater resolution and high tissue penetration depth. The PA signal production involves
the following process. The light energy absorbed by the material converts into heat and
increases the temperature, followed by thermoelastic expansion which causes the gen-
eration of acoustic waves (AWs). The AW generates an image contrast respective to the
concentration of the absorbing material. In this regard, light absorbing nanomaterials have
an advantage of converting photo energy into thermal energy and generation of AWs for
better PAl imaging [124,125]. Among carbon nanomaterials, graphene-based 2D nanoma-
terials and their composites draw great interest in the study of PAIl imaging due to their
unique light absorption from UV, VIS, to NIR-I and NIR-II regions. Based on the belief of
the light absorption of graphene, RGO are highly advantageous than GO as the later has a
poor absorption of light in the visible and NIR regions [126]. Graphene-based nanoplatelets
and nanoribbions (GNRs) are tested for PAI and thermal acoustic imaging (TAI) imaging.
The oxidized GNRs were found to reveal dual modal PAI and TAI imaging [127]. Similar
results of NIR absorption of microwaves reducing RGO-based PAI has been reported, and
it is believed that the imaging intensities are wavelength-independent [128]. In the same
year, dye-enhanced NIR absorption of GO was reported to overcome the limitations of
GO absorption in NIR region to produce PA images for phototherapy of cancer. It was
observed that the GO-ICG-FA (indocynine green an NIR absorbing dye and folic acid, a
tumor targeting agent) showed better contrast, and no contrast was observed with GO-ICG
or GO-FA alone [129]. Graphene microbubbles as an enhanced NIR PAI contrast agent
was also reported with good biocompatibility and spatial resolution [130]. Another work
describes that GO functionalized with chitosan-FA (GO-CS-FA) has good success as a PA
and fluorescence tumor vascular imaging guided therapy for cancer in vivo [131].

A dual modal PAI and photothermal imaging probe rGADA nanocomposite was
fabricated by the rGO functionalized with AuNS (gold nanostars), bilayered lipids, FA
(rGADA), and K-Ras gene plasmid (Krasl) rGADA-KrasI, for targeted imaging guided
photothermal and gene therapy of pancreatic cancer. The Figure 9A shows that there is a
good PAI contrast with increasing concentrations of rtGADA. The Figure 9B reveals in vivo
tumor PAI imaging at different times from 0-48 h showing that a distinct rtGADA at tumor
has been apparent with time. Figure 9C,D are photothermal curves for the temperature rise
of the nanocomposite and photothermal images at 808 nm. From the information obtained
from the above experiments it is evident that the tGADA has successfully internalized
and distributed at the tumor site for PTT and gene transfection of cancer in vivo. In vivo
PTT experiments showed 76.1% tumor suppression under laser with rtGADA+L, whereas
the gene therapy results in 55.2% with rGADA-Krasl. The combined PTT and gene ther-
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apies ofrGADA-Krasl + L with laser resulted in very good tumor suppression of 98.5%
compared individual therapy and therapy without a laser. The measured comparative
weights are shown in Figure 9E of the tumors for controls and rGADA-Krasl after laser
irradiation. They demonstrate that a negligible and completely vanished tumor was evi-
denced [132]. Similarly, rtGO-AuNPs also reported to PAI for NIR-II phototherapy [133].
Hence, graphene-based targeted multiple imaging guided combination therapies could be
a very good idea in the implementation of non-invasive theranostic probes.
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Figure 9. PAI and PT images of tGADA with different concentration and, at different time after
intravenous injection to mice containing Capan-1 tumor and, PT and gene therapies with RGADA-
Krasl. (A,B) are for PAI images of samples and in mice. The white circles represent the tumor region.
(C,D) are temperature curves of tumor with different irradiation times (048 h) and thermographic
images from in vivo tumor site at the irradiation time of 10 min with 808 nm laser with 1.2 W/cm?
power densities. (E) Tumor bearing mice and its weights before and after laser treatment with PBS-L,
rGADA + L, and rGADA-Krasl + L. The stars (*) represents the statistical significance of the data (*
for 0.05, ** for 0.01). Reprinted/adapted with permission from Ref. [132]. Copy right 2020, copyright
Wiley-VCH.

3.6. Raman for Imaging Guided Therapy

Raman is a spectroscopic technique named by its inventor Sir. C. V. Raman in 1928
who proposed the Raman Effect. The phenomenon is based on the inelastic and elastic
scattering of light from the vibrations of objects such as nanomaterials, drugs, and other
biological molecules. When this technique is coupled with microscopy it is called Raman
microscopy, and can be used to visualize in vitro and in vivo biological components, inter-
nalized nanomaterials, and drugs with high specificity and sensitivity at workable spatial
resolutions. However, high sample concentration is required for better resolution and fast
image acquisition due to the weak scattering signals. To overcome this hurdle, Resonance
Raman (RR), Surface-Enhanced Raman Spectroscopy (SERS), and Coherent Raman spec-
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troscopy (CRS) were developed. Scientists have mostly adopted SERS in nanomedicine
due to its signal enhancement in the presence of rough surface nanomaterials such as Au,
Ag, and Cu in the sample system [134].

A GO@Au and fluorescent tag functionalized dual modal luminescent and Raman
imaging has been reported [135]. Moreover, the GO-Ag nanocomposite for a SERS-based
imaging cellular probe and FA for targeting the tumor to impart was prepared. The GO-Ag-
FA treated cells have shown excellent uptake and cellular internalization and evidenced by
SERS images taken after 2 h of incubation time [136]. In addition, a AuNR@GO nanocom-
posite functionalized with DOX to obtain DOX@GO@AuNRs for chemo and PT of HeLa
cancer cells was reported. The GO and AuNRs showed strong SERS signals, but the DOX
signals decreased within the cells due to the phagocytosis and the acidic environment
inside the cells. The prepared nanomaterial showed good SERS signals and temperature
changes upon laser irradiation. Hence it demonstrated good chemo-PTT results under
light and was titled as a two-step Raman guided therapy [137]. After GO, an RGO-based,
SERS-guided, low laser-powered, targeted PT was reported by preparing anti-EGFR-PEG-
rGO@CPSS-Au-R6G. The RGO was functionalized with PEG, CPSS (carbon porous silica
nanosheets), Au nanosheets, R6G, (Rhodamine 6G a Raman reporter), and anti-EGFR (epi-
dermal growth factor receptor for targeting tumor) for sensitive low-powered laser-efficient
NIR PT therapy against A549 and MRC-5 cells [138].

Recently, a SERS-guided multi modal chemo, gene, and PT of cancer with Au@GO-
NP-NACs was reported, where the NP stands for nanoparticles and NACs for nucleic
acid components ex. BCL2 mRNA. Figure 10A shows the schematic image of the guided
SERS imaging and therapy in vivo. There is a tumor microenvironment which depicts
the heterogeneity of the tumor, and the laser illumination of the tumor and normal tissue
projects the effectiveness of the tumor eradication with Au@GO-NP-NACs. Figure 10B is for
schematic representation of SERS signals at non-tumor and tumor site and the SERS intensity
mapping, where the intensity of Cy5 is high at non-tumor tissues and less at the tumor.
Figure 10C shows the corresponding Raman spectrum intensities at 1120 cm of Raman dye
in different tissues. From the observation of the mapping and the spectral intensity, the SERS
was varied, and we observed very weak signal at tumor in vivo due to the over expression of
BCL2 in mice after the injection of the graphene drug. This kind of analysis is indispensable
to evaluate drug distribution and its circulation in healthy and unhealthy tissues for specific
and effective eradication of cancer. After the therapy process, the tumor from tissue has
removed and observed its volume compared with untreated tumors. It was found that there
is a great reduction in its volume in (Au@GO-NP-NACs) NP-NIR-treated mice, as shown
in Figure 10D. The comparative tumor volume and time of therapy with control, NIR, and
non-NIR treated NPs (Au@GO-NP-NACs) was plotted and it was apparent that the therapy
was highly effective with NIR laser and NPs after 3 weeks (Figure 10E). The same material
was functionalized with DOX and other types of genetic materials to evaluate the combined
chemo-gene-PT of cancer to provide a better outlook of the therapy results in a single and
minimal dosage of a drug, within a short time, with non-invasive NIR lasers. Such efforts
for evaluating the potential of single material theranostic ability are highly warranted in
nanomedicine to clear the hurdles of clinical trials [139].
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Figure 10. In vivo Raman (SERS) imaging and multimodal therapy of cancer. (A) Au@GO NP-NACs
injected mice, tumor heterogeneity and PT. (B) Schematic diagram for non-tumor and tumor tissue
and corresponding SERS mappings. (C) Raman shifts and SERS intensities at tumor sites and non-
tumor tissues. (D) Extracted tumor from mice after 3 days of PT, the images are for control, without
NP and NIR laser, with NP and without NIR laser, with NP and with NIR laser treated tumor and
its volume. The NP-NIR treated tumor has shown a complete shrinkage of tumor. (E) The tumor
volume ratio with synergistic cancer therapies of control, no NP-NIR, NP-No NIR, and NP-NIR. After
3 weeks of the therapy, the NP-NIR gave a remarkable therapy result of close to zero tumor volume
ratio. Reprinted /adapted with permission from Ref. [139]. Copy right 2020, copyright Wiley-VCH.

3.7. ToF-SIMS for Cellular Imaging and Guided Cancer Therapy

ToF-SIMS imaging is one of the most surface-sensitive techniques to analyze chemical
compositions of materials and biological systems containing chemical components. It
has great capability to map low molecular weight components (<500 KD) and submicron
resolution. ToF-SIMS involves sputtering the primary ion beam (Bi3*, Ar,*, and Cgo*) with
the sample surface, and the secondary ions generated from the sample will be collected
according to their flight times and its mass/charge. The chemical compositions can be
predicted based on their respective masses in comparison with the reference library. This
technique is unique in imaging single cells, human tissues, and skin and cancer cells, and
could be an important label-free tool to diagnosis the cancer cells from healthy normal
cells. It is helpful in studying the toxicity of nanomaterials, drug internalization into
the cells, apoptosis, and to predict other cellular killing mechanisms by collecting and
imaging the cellular components’ mass/time values [140,141]. The information obtained
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also has great importance in predicting the drug and cellular interactions, hence also in
drug development and pharmacology studies [142]. However, it has a limitation of low
sensitivity in analyzing the very low molecular weight components in wet samples, as the
large molecules’ excessive fragmentation obtained with a high energy ion beam is not very
accurate. As a result, any material which could enhance the signal sensitivity has priority,
as every single fragment is indispensable in predicting the disease information. GO and
graphene have been used as a matrix material for enhancing surface sensitivity and signal
intensity in analyzing small lipid molecules [143].

The potential toxicity by ZnO NPs in sun cream is of increasing concern. We have
developed ToF-SIMS and CLSM imaging methods using human skin equivalent HaCaT
cells as a model system for rapid and sensitive ZnO NPs cytotoxicity study (Figure 11A).
The CLSM images (Figure 11B) revealed the absorption and localization of ZnO NPs
in the cytoplasm and nuclei. The TOF-SIMS images demonstrated elevated levels of
intracellular ZnO concentration and associated Zn concentration-dependent 40Ca /39K
ratio, presumably caused by the dissolution behavior of ZnO NPs (Figure 11C). The imaging
results demonstrated spatially-resolved cytotoxicity relationship between intracellular ZnO
NPs, °Ca /3K ratio, phosphocholine fragments, and glutathione fragments [144].
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Figure 11. (A) Schematic illustration of integrating CLSM and Tof-SIMS image analyses for cytotoxic-
ity study of ZnO NPs in HaCaT cells. (B) The confocal images of HaCaT cells treated with different
ZnO NPs concentration (a) 0, (b) 10, (c) 50, and (d) 100 png/mL; 687n0 NPs (e) 10, (f) 50, and (g) 100;
(h,i) enlarged images of individual cells treated with 50 and 100 pg/mL ZnO NPs. Green fluorescence
and red color, respectively, represent the ZnO (®ZnO) NPs and nuclei of HaCaT cells (highlighted by
arrow mark in (f): ®¥ZnO NPs). (C) The TOF-SIMS ion images of ¥K*, #0Ca*, and ®*Zn* of HaCaT
cells treated with 0, 10, 50, and 100 pg/mL ZnO NPs. Scale bar is 20 um [144]. Reprinted /adapted
with permission from Ref. [144]. Copy right 2014, copyright Elsevier.

In a recent study, the ToF-SIMS signal enhancement of the single layer graphene cov-
ered wet cells with Bis* as a primary ion source was reported. The secondary ion imaging
of cholesterol at m/z 369.25, phosphoethanolamine at m/z 142.05, palmitic acid at m/z 255.25,
and oleic acid at m/z 281.26 are mapped [145]. An earlier study on the signal enhancement
of ToF-SIMS by amine functionalized graphene quantum dots (GQDs) also show a better
signal enhancement compared to hydroxyl GODs in a comparative study [146]. From
the above discussion it was evident that, GO, GQDs, and graphene have a remarkable
effect on the quality of ToF-SIMS spectra and imaging and can overcome the hurdles of
wet cell imaging’s complex matrix effects. Non-invasive multimodal imaging by a single
nanoprobe could offer a greater advantage of gathering the diagnosis information from
each technique by providing its advantage where an individual imaging technique cannot.
It will improve diagnosis accuracy and efficiency. Moreover, the multiple nanoprobe-based
nanotheranostic material offers minimal toxicity and provides body-blood clearance eas-
ily by avoiding multiple drug dosages. In brief, each technique has its advantages and
disadvantages. However, highly sensitive, non-invasive techniques could take a greater
importance than other techniques in nanomedicine in the future.

3.8. Guided Phototherapy of Bacteria

Bacterial infections have led to millions of patients dying every year all over the
world. Generally, antibiotic treatment has been used for bacterial infections. However,
inappropriate and overuse of antibiotics has led to an increase in the drug-fighting capacity
of bacteria [146]. Notably, antibiotic resistance is related to structure transformation, gene
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mutation, and bacterial biofilm formation. Additionally, biofilm is a multicellular bacterial
group surrounded by its own synthesized extracellular polymeric material composed of
proteins, polysaccharides, lipids, and extracellular DNA [147]. The extracellular polymeric
material provides an appropriate microenvironment for bacterial growth, and protection
against antibiotics, and hence, bacterial infection control becomes an obstinate challenge.
Thus, there is an urgent need to find new strategies to combat bacterial infections [148]. PTT
gained increasing demand in the medical field over conventional antibiotic therapy because
it destructs bacteria and their biofilm. Specifically, PTT combined with NIR light has various
benefits, including deep tissue penetration, spatiotemporal controllability, and little light
absorption in tissue. Nevertheless, the disadvantage of PTT is that a nonselective thermal
effect may arise due to the weak affinity between pathogenic bacteria and a photothermal
agent that may damage healthy cells during irradiation [149].

Increasing bacterial infections are a serious problem for human health. Hence, the
synthesis of multifunctional antibacterial materials is needed for surgical operations. Con-
cerning this situation, we prepared non-targeted and targeted magnetic graphene and
carbon nanotubes against S. aureus and E. coli for PTT. Excellent bacterial capturing effi-
ciency (Figure 12A,B) was observed with MRGOGA (magnetic RGO functionalized with
glutaraldehyde). This was also evident from the SEM images shown in Figure 12C. The
batch-mode- and continuous-mode PTT showed 99% killing efficiency under NIR laser
irradiation at 808 nm, shown in Figure 12B. The plate count method, shown in Figure 12D,
demonstrated that both the strains had completely vanished after laser treatment with
MRGOGA [150,151].
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Figure 12. Efficient capture and targeted PTT of bacteria by MRGO, MRGOGA, and MCNGA. (A)
The capturing capability of S. aureus (a) and E. coli (b). (B) The batch mode and dynamic mode (lab
on chip) PTT with laser irradiated at 808 nm. (C) SEM of E. coli (a) and S. aureus (b) after capturing by
MRGOGA. (D) Bacterial plates for both S. aureus (a) and E. coli (b), blank, laser only, MRGOGA dark,
and MRGOGA with NIR laser. Reprinted /adapted with permission from Ref. [150]. Copy right 2013,
copyright ACS 2013.

We have started working on phototherapy of bacterial infection with progressive achieve-
ments firstly using ZnO NPs [152] followed by using modified carbon nanotubes [153] and
lastly extends to biomimetic applications using graphene nanomaterials [154-157]. The
trend of using graphene nanomaterials is just at the beginning. For instance, the preparation
of GO-functionalized (noncovalent) PEGylated phthalocyanines was used for antibacterial
phototherapy (ZnPc-TEGMME@GO). The antibacterial activity against E. coli and S. aureus
bacteria at different illumination was shown in Figure 13A,B. As reported, the synthesized
nanocomposite showed PTT/PDT capacity with antibacterial activity. The authors further
recorded SEM images before and after the treatment of nanocomposites against bacteria.
The formation of holes on the bacterial surface confirmed the damage to the cell membrane.
Further, the material was demonstrated in vivo by considering mice as a model animal.
From the thermographic images it was confirmed that the material was internalized and
can create local heating around the wound. Hence, it favors the in vivo PT/PDT, and the
results after irradiation with 450 nm (PTT) and 680 nm (PDT) confirmed complete wound
healing after 12 days of treatment. Whereas the control mice has the persistent wound even
after laser irradiation without photodrug (Figure 13C-E) [76]. In addition, the concept of
targeted nanoparticles in cancer therapy with in vivo biocompatibility of graphene-based
nanomaterials is summarized. The detailed chemistry and properties of GO as well as the
review of functionalized GO and GO-metal nanoparticle composites in nanomedicine for
anticancer drug delivery and cancer treatment is reviewed [158]. Moreover, the concept of
targeted nanoparticles in cancer therapy with in vivo biocompatibility of graphene-based
nanomaterials is summarized. The detailed chemistry and properties of GO as well as the
functionalized GO and GO-metal nanoparticle composites in nanomedicine for anticancer
drug delivery and cancer treatment is reviewed [159].
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Figure 13. (A,B) for S. aureus and E. coli antibacterial activity with ZnPc-TEGMME@GO at different
lasers (450 nm and 680 nm) triggered combined PTT/PDT. (C) In vivo antibacterial activity to infected
mice treated with ZnPc-TEGMME@GO and its thermographic images. (D) Infected wound area
before and after PT from Day 1 to day 12 represented in five groups. Group I with saline water
and dark. Group II is ZnPc-TEGMME@GO and dark. Group III is ZnPc-TEGMME@GO 680 nm
laser. Group IV is for ZnPc-TEGMME@GO and 450 nm lasers and finally Group V is for ZnPc-
TEGMME@GO with 680 nm and 450 nm laser. (E) H&E (Hematoxylin and Eosin) Staining [76].
Reprinted /adapted with permission from Ref. [76]. Copy right 2021, copyright ACS 2021.

In another study, the RGO was functionalized with polycationic poly-L-lysine (PLL)
because of more drug loading capability with colloidal stability. Further, rGO-PLL is labeled
with anti-HER2 to form a bond with HER2 receptors to detect breast cancer cells [159].

3.9. Comparison among GNCs

According to the above research discussion, every author made their contribution
towards this field. Dai et al., for the first time, introduced the GO and RGO to the ther-
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anostic applications, thereby extensively contributing to this important research. Later,
other researchers gave their insights to fuel the graphene nanomedicine. For instance,
we have prepared MFG to impart long-range absorption of graphene in both biologi-
cal window I and II, along with demonstrating the CLSM/MRI and both single light
induced PTT/PDT [70,95,96]. Choi et al., Yang et al., Mirrahimi et al., Hong et al., Jia
et al., Yang et al., Belu et al., and Lim et al. demonstrated multimodal imaging (CLSM,
MRI, CT, PET, PAI, RAMAN and ToF-SIMS) and multimodal therapies including chemo,
gene, and PTs. Most of these researchers have also given tremendous efforts to improve
the therapeutic capabilities by minimizing GNCs concentration, laser wavelengths from
the first biological windows to the second biological window, and less laser powers and
irradiation times [84,97,107,108,119,120,132,139,145,146]. Keshav et al., provided excellent
pharmacokinetic data to take the material towards preclinical trials. Table 1 represents
some of the interesting works discussed. Based on the comparison of the tabulated liter-
ature, 808 nm laser with irradiation time of 5-15 min with ~1 W/cm? and ~100 pg/mL
were the most suitable parameters for phototheranostics. In the case of bacteria, the same
parameters are good for photodisinfection. However, according to us and to Liang et al.,
experiments with very low powers and GNCs dosage have also shown great therapeutic
effects [96,150,158]. As each datum is indispensable, we appreciate the existing literature
greatly. Apart from GNCs, there are several nanomaterials which have been reported for
nanomedicine. Among the reported carbon, Au, Fe, 5i, dendrimer, and polymer nano-
materials are highly suitable as novel theranostic agents [160-164]. Graphene has a great
advantage over other nanomaterials due its tunable size, dimensionality, tunable surface,
covalent and non-covalent chemistry, atomic sensitivity and <nm thickness, easy synthesis,
and its economic availability for both cancer therapy and antibacterial activity [165-167].

Table 1. Self-comparison of GNCs phototheranostic ability for cancer and bacterial infection.

GNCs Imaging Cell/Animal Model Light and Power
No Time (min) Therapy Dose Ref. No
Tungsten halogen
1 MEFG-SiNCy CLSM and MRI HelLa cells/Zebrafish lamp, 1 W/cm?,
775 nm
20 PTT/PDT 100 pug/mL [70,95]
2 MS-RGOICGPEGFA  CLSMand IVIS CT-26 cells /mice s
10 PTT/PDT 100 pg/mL [97]
3 GO (P™T¢~ and MRI and Lymph nodes )
Gd-usNGO-PEG) SPECT/CT
- . - [107]
4 RGO-IONP-PEG CESM MREand 471 tumor cells/mice 805 i Laser
5 PTT/PDT 2 mg/mL [108]
5 ZnFe;O,/UCNPs et S MR Ul4 cells /mice 93%%2;?'
15 PTT/PDT 250 pg/mL [118]
6 DOX-NCs CT and MRI CT26 cells/mice 835;%1;51?,
15 Chemo and PTT 20 pg/mL [119]
7 64Cu-NOTA-GO-TRC105 CT/PET 4T1 tumor cells/mice -
- - - [120]
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Table 1. Cont.

No GNCs Imaging Cell/Animal Model Light and Power
Time (min) Therapy Dose Ref. No
Pancreatic cancer 808 nm laser,
8 rGADA-Krasl PAI/PT cells/mice 12 W/em?
PTT and gene
10 therapy 0.6 mg/mL [132]
9 anti-EGFR-PEG- Optical micro- A549 cells 808 nm laser,
rGO@CPSS-Au-R6G scope/CLSM/SERS 0.5 W/cm?
5 PTT 100 pg/mL [138]
10 Single layer graphene ToF-SIMS A549 cells -
_ - - [84]
11 GQDs ToF-SIMS MCE-7 cell -
- - - [146]
12 MRGOGA SEM and CLSM S. aureus and E. coli 808 nm laser,
1.2 W/cm
10 PTT 80 pg/mL [150]
. 450 nm and
13 ZoPeTEGMME@GO oM/ TRETMOGIaphic g 4y c and E. col 680 nm lasers,
s 0.0142 W/cm?
10 PTT/PDT 50 pg/mL [76]
HelLa cells/S. aureus 808 nm /1064 nm
14 RGO-PAA CLSM and E. coli laser, 0.4 mW /cm?
10 PTT 3 mg/mL [96]
Chitosan with SEM/Thermographic . 808 nm laser,
15 ZnOQDs@GO imaging S. aureus and E. coli 2 W/cm?
6 PTT 500 pg/mL [158]

4. Conclusions and Future Perspectives

We summarized the recent progress of the general preparation and functionalization
of GO, RGO, and GNCs as theranostic materials to provide simple and advanced imaging-
guided therapeutic drugs to invade malignant tumors and bacterial infections. The water
solubility, low toxicity, and high surface area of GO made a very good nanoplatform to
carry many therapeutic organic drugs and to load different imaging probes. However, its
low NIR absorption is unlikely, and not very favorable to the phototherapy of cancer and
bacteria. Hence, RGO or functionalized nanocomposites of graphene-related materials
provide a better solution to overcome the difficulties where GO cannot. The multi-modal
imaging and PS functionalized nanographene composite provide a very accurate diagnostic
confidence to proceed with the therapy of combined PTT/PDT, which may require in less
time and smaller drug concentrations. Among the nanotherapies reported, phototherapy
has good results, with less intensive time and energy, and without any side effects and
damage to healthy tissues.

Graphene/GO/GQDs can offer diversified chemistry for self-acting luminescent for
CLSM, magnetic for MRI, surface plasmonic state for SERS and ToF-SIMS signal enhance-
ment, PAI imaging, and inherent PTT, PDT agent. It has great potential to carry many
chemical drugs and genes for chemo- and gene therapies with very good biocompatibility.
However, much research is required to move GNCs towards clinical implementation, as
their size, shape, no of carbons, layers, number of oxygen functional groups, accurate mass,
and photo yield to generate ROS and heat have to be optimized precisely. In perspective of
PT, the biological windows must be explored in NIR-I and NIR-II. Overall, nanotechnology
scientists could use flexible GNCs in whatever they want to fabricate.
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Abstract: Considering the metal-based nanocrystal (NC) hierarchical structure requirements in many
real applications, starting from basic synthesis principles of electrostatic spinning technology, the
formation of functionalized fibrous materials with inorganic metallic and semiconductor nanocrys-
talline materials by electrostatic spinning synthesis technology in recent years was reviewed. Several
typical electrostatic spinning synthesis methods for nanocrystalline materials in polymers are pre-
sented. Finally, the specific applications and perspectives of such electrostatic spun nanofibers in the

biomedical field are reviewed in terms of antimicrobial fibers, biosensing and so on.

Keywords: electrostatic spinning; inorganic nanocrystals; polymer fibers; antimicrobial; biomedical

1. Introduction

In recent decades, electrostatic spinning has received more and more attention as
an important technology for the preparation of micro/nanomaterials due to the rapid
demand for fiber-based applications. Electrostatic spinning is a process in which a polymer
solution is stretched into nanofibers by applying a high-voltage electric field. The concept
of electrostatic spinning was conceived as early as 1600 by Gilbert, who observed in a
study that polymer solutions could form conical droplets under an electric field [1]. In
1882, Taylor published a series of seminal papers stating that as the electric field strength
increased to a critical level, the spherical droplet would gradually evolve into a cone [2]
(now commonly referred to as a “Taylor cone”) and emit a liquid jet. The application of the
electrojet process to the preparation of fibers eventually evolved into electrostatic spinning
technology. After 1990, Reneker’s group and Rutledge’s group conducted more in-depth
research on electrostatic spinning technology and applications [3,4]. Recently, more and
more attention has been paid to electrostatic spinning by using new materials to fabricate
composite materials and ceramic nanofibers, due to the fact that new applications in electro-
static spinning fibers are used in in soft electronic devices [5-7], biomedicine [8,9], energy
harvesting, conversion and storage [10,11]. The number of publications on electrospinning
keeps increasing, as shown in Figure 1A, which also indicates the new opportunities in the
development of electrostatic spinning.

The ability to encapsulate hydrophobic and hydrophilic compounds and functional
nanomaterials directly into fibers is a major advantage in electrostatic spinning technol-
ogy [12-14]. This is because electrostatic spinning can be performed under relatively mild
environmental conditions, which could retain the activity of the loaded substances during
the forming process, making them more suitable for encapsulating active nanomaterials that
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are sensitive to heat than other conventional processing strategies. As for bio-applications,
it has been demonstrated that cells could also be processed by electrostatic spinning with-
out loss of their activities [15-17]. In addition, electrospun fibers, with tunable diameters
from submicron to nanometer level and high specific surface area, can also facilitate the
dispersion of their loaded compounds into the surrounding medium, thereby controlling
the release of active substances (e.g., drugs) [18-21]. In addition, electrospun fibers can
mimic the microstructure of the human extracellular matrix, thus, greatly improving the
biocompatibility of the material and making it more stable for the loaded bio-nanomaterials
and drugs [22].
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Figure 1. Number of publications on (A) electrostatic spinning and (B) bio-applications of electrostatic
spinning indexed by Web of Science.

Due to the aforementioned properties, electrospun fibers have promising applications
in the field of biomedical materials, especially in the controlled release of compounds in
drug delivery [23,24], scaffolds in tissue engineering [25,26] and wound dressings [27,28].
The number of publications on the bio-application of electrospinning technology also keeps
increasing in the most recent 20 years, as shown in Figure 1B. In this work, we summarize
the principles of electrostatic spinning, with emphasis on the two main methods of loading
inorganic NCs onto electrospun membranes and their advantages and limitations. Then,
we review the applications of electrospun fiber membranes loaded with inorganic NCs in
the field of antibacterial and biosensing directions, especially publications reported in the
last 10 years. Finally, we discuss the challenges and opportunities of electrostatic spinning,
especially for nanosynthesis.
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2. The Principle of Electrostatic Spinning Technology
2.1. Principle of Electrostatic Spinning

A schematic diagram of the electrostatic spinning for preparing nanofibers is shown
in Figure 2, including strategies, such as directly mixing, in situ growth and assembly of
inorganic NCs. The equipment of electrostatic spinning generally consists of three parts:
the spinneret, the high-voltage power supply and the receiving device [29]. In general, the
electrostatic spinning process can be divided into the following four steps: (i) the polymer
solution forms a Taylor cone under an electric field; (ii) the charged jet extends along a
straight line under the electric field; (iii) the jet becomes finer under the electric field and
the electric bending instability (also called agitation instability) increases; and (iv) the jet
condenses into solid fibers and is collected on a grounded collector [30]. Among them, the
formation of the Taylor cone is the most critical step in this process, which determines the
quality of the fibers. In the electrospinning process, the metal whiskers are easily formed.
The static polarization of the wire in the electric field brings about an energy gain, resulting
in a metal whisker that appears as a hair-like protrusion on the surface of some metal [31].
In spite of the potential weakness caused by metal whiskers in the electronic industry, the
mechanisms in the formation of metal whiskers still need further investigation.
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Figure 2. Schematic diagram of nanofibers electrostatic spinning and their direct mixing, in situ
growth and assembly of inorganic NCs.

2.2. Main Factors Influencing the Formation of Electrostatic Spinning Nanofibers

The formation of electrospun fibers and the control of their diameters depend largely
on the processing parameters, including the polymer solution concentration, applied
voltage, liquid flow rates, distance between the spinneret tip and the collector, etc.

2.2.1. Polymer Solution Concentration

As the concentration of the polymer solution increases, the viscosity and surface
tension of the solution also increase, resulting in a less stretchable solution, and the jets
formed in the electric field become less likely to split and become finer, resulting in a
larger diameter for the collected fibers. Thus, under the same conditions, the diameter of
nanofibers increases with an increase in polymer concentration. When the concentration
of the solution is too low, the viscosity of the solution is also low, which could be easy
electrostatic atomization, resulting in the presence of a large number of string beads in the
fiber [32]. Therefore, in order to obtain the ideal electrospun fibers, it is necessary to find
the most suitable polymer concentration for electrospinning.

2.2.2. Liquid Flow Rate and Receiving Distance

The injection rate also affects the structures of fibers by influencing the formation of
Taylor cones. In general, as the injection rates increase, the fiber diameter also increases.
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Typically, the jet needs a long enough distance to extend and coagulate before forming solid
fibers. Normally, the fibers become finer as the receiving distance increases. After a certain
distance, the fibers will no longer become finer due to the solidification of the jet [30].

2.2.3. Electric Field Voltage

A static high-voltage direct current is usually applied to the spinneret to generate an
electric field. The magnitude of the voltage determines the amount of charge carried by
the jet and the strength of the electric field. Applying a high voltage usually tends to form
thinner fibers [33], while it might also cause more liquid to be injected, resulting in larger
fiber diameters [34].

3. Noble Metal, Semiconductor Nanocrystalline Materials and Their Electrostatic
Spinning into Polymers
3.1. Noble Metal, Semiconductor Nanocrystalline Materials

With the rapid development of nanotechnology and science, colloidal inorganic NCs
with different morphologies, sizes and functions (Figure 3) have been investigated, in-
cluding noble metal nanoparticles (NPs) [35-37], semiconducting metal oxides [38,39],
single-atom catalysts [40-43], hybrid NCs [44—46], noble metal nanoclusters [47] and semi-
conductor quantum dots (QDs) [48-52], etc. These kinds of nanomaterials are widely used
in the fields of energy [53,54], catalysis [55,56], sensing [57], electronic information [58],
optoelectronic devices [59], biomedicine and imaging [60-62] because of their unique op-
tical, electronic, magnetic, thermal and mechanical properties. Dispersing nanomaterials
into a bulk matrix, such as large-scale polymer fibers, with low concentrations but well-
maintained intrinsic nano effect and properties, has been regarded as a promising strategy
to further explore their potential applications in our daily life.
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Figure 3. Various nanocrystalline materials. (A) Various shapes of noble metal NCs [40]. Copyright
2019 American Chemical Society. (B) Subnano- to single-atom catalysts [48]. Copyright 2013 American
Chemical Society. (C) Hybrid NCs [49]. Copyright 2020 American Chemical Society. (D) QDs [57].

Copyright 2008 American Chemical Society.

3.2. Preparation of Nanocrystalline Functionalized Electrospun Composite Fibers

There are many strategies to assemble NCs into electrospun fibers and direct mixing
and in situ growth are two most representative strategies. By combining inorganic NCs
with electrospun nanofibers, the stability of many kinds of such NCs can be effectively
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improved. Moreover, their intrinsic properties could be well maintained. In addition, the
advantages and disadvantages of each of these two methods are listed in Table 1.

Table 1. Advantages and disadvantages of direct mixing method and in situ growth method.

Methods Advantages Disadvantages

(i) Easy to aggregation;

(ii) Post-treatment process
needed (purification,
extractions, etc.);

(iii) Lacking size homogeneity
in dense matrices;

(iv) Restrained connection
between NCs and fibers.

(i) Faster and simpler than
other compared methods;
Direct mixing method (ii) Particle sizes and
categories depending on
pre-synthesized NCs.

(i) Easy to perform;
(ii) Not necessarily extra time

in polymeric (i) Multi-step reaction;
. solution preparation; (ii) Additional
Insitu growth method (iii) No additional post-processing time;
solvents required; (iii) Not applicable to all NCs.

(iv) Adjustable particle size
determined by precursors.

3.2.1. Direct Mixing with NCs in Polymer Precursors

Due to the properties of small size effect and high surface energy, NCs could be aggre-
gated in long-term practical applications. However, when mixing these inorganic NCs with
the solutions of electrospinning polymers, NCs would be coordinated and stabilized by the
surficial ligands of electrospun polymers, which could inhibit the aggregations of NCs. At
present, many kinds of inorganic NCs, such as noble metal, metal oxygen/sulfide and semi-
conductor NCs, have been directly mixed and blended in electrospun nanofibers [63-66].
For example, El-Hefnawy et al. reported the synthesis of Ag NC dispersed polymer
fibers [67]. The fabricated Ag NCs were made into a monodisperse form with a diameter of
no more than 6 nm. Prior to the electrospinning process, they added different volumes of
Ag NCs dropwise into the polymer mixture solution to obtain nanofiber sheets containing
different concentrations of Ag NCs. They found that the fibers containing Ag NCs were
uniform and the diameter of the fibers could be tunable by increasing the concentration of
Ag NCs.

Similarly, Manjumeena et al. reported the synthesis of Au NCs deposited on polyvinyl
alcohol (PVA) nanofibers enabled by the dispersion of PVA and Au NCs in distilled wa-
ter by controlling the corresponding electrospun conditions [68]. Electrospun nanofibers
loaded with Au NCs were obtained and the scanning electron microscope (SEM) and
high-resolution transmission electron microscope (HRTEM) results indicated that Au NCs
were located on the surface of the electrospun fiber. They concluded that the PVA could
become more hydrophilic after being loaded with a small amount of Au NPs. Another
study, by Li et al., reported the synthesis of Fe304-modified electrospun fibers [69]. They
found that at high voltages, Fe304 could improve the arrangement of fibers compared to
pristine electrospun fibers. Two-dimensional NCs could also be deposited on nanofibers,
as reported by Somia et al. (Figure 4) [70]. Cellulose nanocrystalline-ZnO (CNC-ZnO)
hybrids were obtained using the hydrothermal method followed by dispersion in chlo-
roform/DMF mixed solvent with additionally dissolved pl (PHBV). PHBV /CNC-ZnO
composite nanofibers were successfully obtained through the electrospinning strategy. It
was found that after the combination of sheet-like CNC-ZnO and PHBYV, the nucleation den-
sity, overall crystallinity and crystallinity in PHBV composite nanofibers were significantly
improved and their thermal degradation temperature also increased.
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Figure 4. Schematic illustration of possible experimental preparation procedure of sheet-like CNC-
ZnO nanohybrids and their electrospinning process [69]. Copyright 2018 American Chemical Society.

3.2.2. In Situ Growth of NCs on Electrospun Fibers

In situ growth of NCs on electrospun fibers is another efficient strategy to achieve
NC-modified nanofibers. Generally, the precursor solution of the metal salt is dissolved in
the electrospinning solution followed by using light, electricity, heat, chemical reduction
and other methods to trigger the reduction in and oxidation of metal ions in the electrospun
solution or electrospinning fiber. As shown in Figure 5, Song Lin et al. reported two in situ
growth methods to obtain Ag NC-loaded PVA nanofiber pads. The first method was to
reflux the AgNO3-soluble PVA solution at 105 °C for 1 h, resulting in Ag NCs being gener-
ated in this process, and then the nanofibers were obtained by the electrospinning process.
The second method was to dissolve PVA in deionized water to obtain a viscous solution
and then add AgNOs; as an electrospinning solution. After the end of electrospinning,
Ag NCs could be formed inside the nanofibers under full ultraviolet (UV) lamp illumina-
tion. Among them, the size and yield of doped Ag NCs can be adjusted by controlling
preheating treatment or UV irradiation [71]. Soon et al. prepared polyacrylonitrile (PAN)
electrospun fiber membranes supporting Pt NTHFPs (NPs) by in situ calcination [72]. The
PAN electrospun fibers were prepared first followed by immersion in Pt(acac), acetone
solution to load Pt. After heat treatment in an inert atmosphere, the nanofibers loaded
with Pt NPs were carbonized at high temperatures. In another representative study by
Dakota et al., Ag NP-modified polycaprolactone (PCL) nanofibers were fabricated by in
situ plasma treatment [73]. First, the PCL and AgNO3 were dissolved in acetone followed
by electrospinning under appropriate conditions. The electrospun fibers were then treated
with air plasma, which could be a simple and effective method to generate Ag NPs on
fiber membranes.

Similarly, Wang et al. dissolved polylactic acid (PLA)/PCL and Cu;S NPs in a N-N
dimethylformamide/tetrahydrofuran (DMF/THF) solvent mixture forming Cu,S NC-
mixed polymer fibers, as shown in Figure 6A [74]. It was shown that these fiber films
exhibited excellent and controllable photothermal properties under NP (NIR) irradiation,
showing great promise in tumor-induced wound healing applications. Compared to
single-component-modified nanofibers, Yu’s group reported the fabrication of assembled
binary component NC-modified nanofibers by embedding Au nanorods (NRs) and silver
nanowire (Ag NW) assemblies into PVA electrospun nanofibers to improve the stability
of Au NRs/Ag NWs, as shown in Figure 6B [75]. When using a woven-structured copper
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mesh as the receiver device, the Au NRs/Ag NW assemblies were mostly distributed in a
directional manner within the electrospun fibers. Furthermore, because of the polarization
effect of the Ag NP-polymer solution under the high-voltage power supply, they distributed
the dimer and small aggregates of Ag NPs directionally inside the PVA fiber and the
composite fiber finally produced a more desirable surface-enhanced Raman scattering
(SERS) effect [76].
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Figure 5. Overview of electrospinning process of Ag NP-doped PVA nanofiber mats under different
prepared conditions [70]. Copyright 2022 Dove Press Ltd.

As for the synthesis of semiconductor NC-modified nanofibers, as shown in Figure 7A,
Kampara et al. used an in situ calcination strategy to obtain a PVA electrospun fiber mem-
brane loaded with CdO semiconductor NCs [77]. The precursor to synthesize CdO NCs
was cadmium acetate dihydrate. After the initial electrospinning, the original nanofiber
membranes were transferred to the muffle furnace and calcined at high temperature to
obtain the product. As shown in Figure 7B, Kamal et al. prepared PLA /titanium dioxide
hybrid nanofibers using the in situ hydrothermal method. The coated fibers were obtained
by combining electrospinning and electrospraying techniques. The electrospinning solution
was prepared by dissolving PLA in a mixed solvent of dichloromethane/methanol. A
mixture of tetraisopropoxide Ti(O-iPr)4 (TIP), ethanol and hydrochloric acid was used for
electrospraying, as a precursor to Ti. The obtained coating fibers were sufficiently dried
under vacuum and then transferred to an autoclave for hydrothermal treatment and the Ti
precursors were finally converted into TiO; NPs [78].
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Figure 6. Preparation of nanocrystalline/electrospun composite fibers by direct mixing method.
(A) Cu2S-incorporated PLA /PCL fiber membrane [74]; Copyright 2017 American Chemical Society.
(B) Au NR-Ag NWs/PVA electrospun fibers [75]. Copyright 2012 The Royal Society of Chemistry.
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4. Functionalized Electrostatic Spinning Composite Fibers for Biomedical
Applications

By virtue of the aforementioned advantages of electrospun nanofibers, such as nanoscale
size, high porosity and large specific surface area, their potential applications have been
widely studied in many fields [5-11]. Specifically, nontoxic electrospun nanofibers were
regarded as promising candidates for biomedicines [23-28], with adjustable properties,
such as drug release, wound dressing, tissue engineering and trauma repair.

4.1. Electrostatic Spun Nano-Antimicrobial Fibers

Many kinds of noble metals and oxides of some metals can exhibit certain antimicrobial
properties [79-81]. Ag NPs are some of the most typical antibacterial NCs by virtue of
the advantages of adjustable size, excellent antibacterial effect, continuous antibacterial
effect, etc., which exhibits a wide range of applications in the field of antibacterial biology.
As shown in Figure 8A, Yan et al. prepared PVA nanofibers loaded with Ag NPs using
an in situ hydrothermal assay [82]. They assessed the bactericidal properties of pure PVA
and Ag NPs/PVA through turbidity and absorption methods for E. coli and S. aureus.
Their results indicated that the latter exhibited more excellent antibacterial properties.
The amount of fiber-loaded Ag NPs was also controlled by adjusting the concentration of
AgNO;3, which indicated that samples with a concentration of AgNO; at 0.066 mol/L had
the highest antimicrobial rates against E. coli and S. aureus, at 98% and 99%, respectively.
By direct mixing, Erick et al. incorporated Ag NPs into PCL electrospun nanofibers
to study their antimicrobial properties. They demonstrated the antibacterial activity of
fiber scaffolds by agar diffusion and the results indicated that the antibacterial activity
of fiber scaffolds on S. aureus, E. coli, K. pneumoniae and P. aeruginosa was directly
proportional to the concentration of Ag NPs. Compared with Gram-negative bacteria
(E. coli, P. aeruginosa and K. pneumoniae), Gram-positive strains (S. Aureus, S. mutans,
B. subtilis) were more sensitive to PLA-Ag NPs nanofibers [83]. Reza et al. studied the
wound healing effects of compound nanofibers embedded with Ag NPs. The antibacterial
activity of the product against E. coli, P. aeruginosa and S. aureus was studied in vitro and
the results indicated that the higher the silver content, the better the antibacterial effect. The
product was tested for cytotoxicity in vitro using the MTT assay and the results showed that
the fiber scaffold was nontoxic and had good biocompatibility. They used nanofiber pads
on wounds caused by resection of white rabbits in New Zealand to study their effects as
wound dressings. Silver-containing nanofiber membranes showed good healing properties
compared to Ag-free polyvinylalcohol/polyvinylpyrrolidone/pectin/mafenide acetate
(PVA/PVP/PEC/MF) nanofibers and obtained the best wound healing effect when the
composition ratio of Ag NPs/PVA/PVP/PEC/MF was 0.7:91.8:2.5:2.5 wt% [84]. As shown
in Figure 8B, Qian et al. developed a novel Ag-modified/collagen-coated electrospun
p/polycaprolactone (PLGA /PCL) scaffold (PP-pDA-Ag-COL) with improved antimicrobial
and osteogenic properties [85]. The scaffold was generated by electrospinning a basic
PLGA /PCL matrix, followed by Ag NPs impregnation via in situ reduction, polydopamine
coating and then coating by collagen 1. The three intermediate materials involved in the
fabrication of the scaffolds, namely, PLGA /PCL (PP), PLGA /PCL-polydopamine (PP-pDA)
and PLGA /PCL-polydopamine-Ag (PP-pDA-Ag), were used as control scaffolds. There
was a wider antibacterial zone associated in PP-pDA-Ag-COL and PP-pDA-Ag scaffolds
versus control scaffolds (p < 0.05) and bacterial fluorescence was reduced on the Ag-
modified scaffolds after 24 h inoculation against Staphylococcus aureus and Streptococcus
mutans. In a mouse periodontal disease model, the PP-pDA-Ag-COL scaffold enhanced
alveolar bone regeneration (31.8%) and was effective for periodontitis treatment. These
results demonstrate that this novel PP-pDA-Ag-COL scaffold enhanced biocompatibility
and osteogenic and antibacterial properties.
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Figure 8. (A) Schematic illustration of fabrication and antibacterial test for Ag/PVA composite
nanofibers through the electrospinning and solvothermal methods [82]. Copyright 2020 by the
authors. (B) Triple PLGA /PCL scaffold modification including silver impregnation, collagen coating
and electrospinning significantly improve biocompatibility, antimicrobial and osteogenic properties
for orofacial tissue regeneration [85]. Copyright 2019 American Chemical Society.

TiO; NCs, as an inorganic antibacterial agent, especially under light irradiation, have
also gradually received attention as a promising nano-antibacterial material by virtue of
their advantages of high stability, nontoxicity and easily manipulated properties. Pant
et al. prepared TiO,-containing nylon-6 nanofibers using electrospinning technology and
experimentally demonstrated that the nanofibers had good antibacterial properties [86].
Toniatto et al. reported the synthesis of TiO,-modified PLA by direct mixing [87]. The
prepared composite nanofibers were tested using thiazole blue colorimetry (MTT method)
and the results showed that the composite nanofibers had no significant cytotoxicity.
Through the evaluation of antibacterial experiments, the composite nanofibers with a
content of 5 wt% show strong bactericidal properties.

In addition to the above materials being widely used in the field of antibacterial
biology, nanomaterials, such as Au NPs [88], Se NPs [89] and ZnO NCs [90], also exhibit
excellent performance in this field.

4.2. Biosensing Applications

Biosensing is an important branch of chemical sensing, which has been applied for
the detection of small biological molecules, enzymes, nucleic acids, disease markers, cells,
bacteria, etc. As for different biological reactions, designing and constructing suitable
NC/electrospun composite fiber membranes are important for biosensing applications.

In a recent study reported by Beak et al., Cu nanoflower-modified Au NP-graphene
oxide (GO) nanofibers were synthesized as electrochemical biosensors for glucose detection
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using a novel electrospinning method [91]. Electrochemical experiments showed that Cu-
nanoflower@AuNPs-GO nanofibers have the advantages of high sensitivity, low detection
limit and good reproducibility and selectivity in detecting glucose. In addition to the
special catalytic properties, metal oxides could also facilitate electron transfer, which could
provide a more friendly electroactive surface, thus, enabling the direct transfer of electrons
to the electrode. For example, Li et al. prepared uniformly dispersed Pd NPs anchored on
CuO nanofibers through the electrostatic spinning method, which were used to construct
enzyme-free glucose sensors, with the advantages of fast response, high sensitivity and
low detection limit [92]. Liu et al. also used ZnO nanostructures as an immobilized
substrate for an enzyme glucose sensor and immobilized glucose oxidase on it, thus,
enabling it to directly undergo electron transfer with the electrode and exhibit high catalytic
activity, with a wide linear range and high sensitivity [93]. Perovskite NCs with high
optoelectronic properties were also applied for biosensing applications. For example, Wang
et al. prepared monolithic superhydrophobic polystyrene fiber membranes encapsulated
with CsPbBr; quantums (CPBQD) by one-step electrospinning [94]. The fiber membrane
composite coupled CPBQD with a polystyrene (PS) matrix and showed high quantum
yield (~91%), narrow half-peak width (~16 nm) and ~100% fluorescence retention after
10 days of exposure to water. Thanks to the excellent optical properties of CPBQD, an
ultra-low detection limit of 0.01 ppm was obtained for Rhodamine 6G (R6G) detection and
the HRTEM (FRET) efficiency was calculated as 18.80% at 1 ppm R6G in aqueous solution.

Hybrid materials composed of polymer nanofibers and plasmonic noble metal NCs
have also developed significantly in recent years for biosensing. For example, as shown
in Figure 9, Yang et al. designed a plasma-independent substrate consisting of Ag NPs
supported on PAN electrospun nanofiber membranes as a bacterial-detection sensor [95].
The substrate exhibited highly sensitive SERS performance for bacterial identification in the
absence of specific bacterial-aptamer coupling. The substrate exhibited good homogeneity
of SERS response to bacterial organelles. The antimicrobial properties were also evaluated,
which indicated that Ag@PAN nanofiber mats have good antimicrobial properties against
both Escherichia coli and Staphylococcus aureus. Anitha et al. synthesized a composite
nanofiber membrane loaded with Au NPs by a simple direct mixing method for the
detection of H,O, [96]. By virtue of the uniform distribution and large surface area of
the Au NPs in the nanofibers, the Au NP-composite electrodes enabled greatly improved
electrochemical properties, compared to Au NP-free composite electrodes. When they were
employed as reservoirs for immobilizing horseradish peroxidase, reliable and sensitive
electrochemical detection by the enzyme reaction was achieved. Their experimental results
demonstrated that the detection sensitivity to HyO, could be an order of magnitude higher
than other previously reported electrochemical sensors.
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Figure 9. A simple electrostatic spinning technique to prepare Ag@PAN nanofiber membranes for
bacterial detection [95]. Copyright 2020 American Chemical Society.
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4.3. Other Applications

In addition to antimicrobial applications and biosensing, NC-loaded electrospun
fiber membranes were also applied in other biomedical fields. For example, Ming et al.
synthesized an electrospun fiber membrane loaded with Au NRs for photothermal treat-
ment of cancer [97]. This strategy not only utilizes the excellent photothermal properties
of Au NRs to selectively kill cancer cells, but also utilizes widely used biodegradable
electrospinning membranes as Au NRs carriers and surgical recovery materials. Polyethy-
lene glycol (PEG)-modified Au NRs are embedded in an electrospun fiber membrane
consisting of PLGA and PLA-b-PEG. After incubation with the cells in the cell culture
medium, the PEG-Au NRs were released from the membrane and taken up by cancer
cells, allowing the generation of heat upon NIR irradiation to induce cancer cell death (as
shown in Figure 10). For another example, biomaterial-based scaffolds fabricated using
the electrospinning technique are promising platforms for bone tissue engineering. In the
study of Huang et al., citrate-stabilized Au NPs were encapsulated into polyvinylpyrroli-
done/ethylcellulose (P/E) scaffolds fabricated by the coaxial electrospinning technique [98].
The results showed that Au NPs were successfully wrapped in electrospinning brackets
and the addition hardly affected fiber morphology, but improved porosity and mechanical
properties. In vitro studies revealed that Au NP-incorporated electrospun scaffolds showed
excellent biocompatibility and osteogenic bioactivities, wherein the alkaline phosphatase
activity, mineralized nodule formation and the osteogenic-related genes expression were
enhanced in Ag NP-incorporated electrospun scaffolds compared to the neat P/E elec-
trospun nanofibers. Then, the Ag NP-incorporated electrospun scaffolds were surgically
implanted into the defect area of the rat skull bone to test their in vivo bone repairing effect.
It was observed that Ag NP-incorporated scaffolds rapidly accelerated bone regeneration
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Figure 10. Schematic illustration depicting the strategy of using PEG-GNRs membrane for the
photothermal therapy of cancer cells in vitro [97]. Copyright 2014 American Chemical Society.

5. Conclusions

Considering the huge requirements in applications of flexible electronic devices,
biomedicine and energy harvesting and conversion, etc., the organization of inorganic
NCs as building blocks coordinated into hierarchical cross-dimensional and cross-size
micro/nano matrix with maintained high performances would be attractive. In this review,
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taking advantage of electrostatic spinning technologies induced polymer fibers, the research
progress of inorganic NCs/polymer fibers synthesis and biomedical applications were
reviewed. As mentioned above, electrostatic spinning, as a kind of simple but effective
fiber production technology, has been widely used in medical releasing, biosensing and
other fields. However, inorganic NC/polymer fiber composites still have many challenges
to explore, even in biomedical fields, as illustrated in Figure 11.
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Figure 11. The outlook of metal-based NC functionalization in electrostatic spun nanofibers for
extended applications.

(1) Though NC-modified nanofibers have exhibited high potential in many applica-
tions, how to modulate the depositing position of NCs is still challenging. Based on the
reported strategies, a portion of NCs could be located inside the nanofibers, which could
restrain their access to reactive molecules for efficient catalysis or biomedical applications.
Hence, efficient strategies to precisely modulate the depositing sites of NCs on nanofibers
could be helpful to further explore their applications [99,100].

(2) Compared to single-component modified nanofibers, composites consisting of
an electrospun fiber membrane with multicomponent NCs could be developed for more
biomedical applications, such as wound dressing applications [101]. Though there are
several related papers, the mechanism of synergistic and potential coupling effects between
the different introduced NCs within the electrospun fibers on the catalytic, optical and
biocompatible properties should be further investigated, which could play an important
role in designing reasonable multi-functional NCs/electrospun composite fiber membranes.

(3) Functional NC-modified electrospun fibers, incorporated with sensing and ther-
apeutic capabilities, could be a potential approach in the development of personalized
healthcare [102]. For example, "Electronic skin" has become a hotspot in the field of flexible
and wearable electronics. Functional NC-modified electrospun composite fibers could be
candidates to realize electronic devices and systems with skin-like properties and func-
tions [103,104].

(4) Hybrid NCs, such as Au/semiconductors hetero-NCs with plasmon enhancement,
could also exhibit unique biomedical applications when coupled with nanofibers, such as
multi-level enhanced chemodynamic, sonodynamic and therapy applications, based on
their sonosensitizers and photodynamic functionalities [49-52,105-109]. It is believed that
with the further development of multi-functional inorganic NC/polymer fibers, electro-
static spinning technology will become one of the most widely used technologies in the
medical field.
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Abbreviations

DMF N-N dimethylformamide

FRET Fluorescence resonance energy transfer
HRTEM High-resolution transmission electron microscope
MF Mafenide acetate
NCs Nanocrystals
NIR Near infrared
NPs Nanoparticles
NRs Nanorods
PAN Polyacrylonitrile
PCL Polycaprolactone
PEC Pectin
PEG Polyethylene glycol
PHBV Poly(3-hydroxybutyrate-3-hydroxyvalerate)
PLA Polylactic acid
PLGA Poly-lactic-co-glycolic acid
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Abstract: Nanozymes are nanomaterials with intrinsic natural enzyme-like catalytic properties. They
have received extensive attention and have the potential to be an alternative to natural enzymes.
Increasing the atom utilization rate of active centers in nanozymes has gradually become a concern
of scientists. As the limit of designing nanozymes at the atomic level, single-atom nanozymes
(SAzymes) have become the research frontier of the biomedical field recently because of their high
atom utilization, well-defined active centers, and good natural enzyme mimicry. In this review, we
first introduce the preparation of SAzymes through pyrolysis and defect engineering with regulated
activity, then the characterization and surface modification methods of SAzymes are introduced. The
possible influences of surface modification on the activity of SAzymes are discussed. Furthermore,
we summarize the applications of SAzymes in the biomedical fields, especially in those of reactive
oxygen species (ROS) scavenging and antibacterial. Finally, the challenges and opportunities of
SAzymes are summarized and prospected.

Keywords: nanozyme; single-atom nanozyme; surface modification; ROS scavenging; antibacterial

1. Introduction

Enzymes play a very important role in thousands of biochemical reactions carried out
in our body from moment to moment. Most enzymes are proteins, and a few are RNA [1],
which can specifically catalyze the reaction under mild conditions, and have the character-
istics of high catalytic efficiency and good specificity [2]. However, natural enzymes are
easily inactivated under harsh conditions, together with complicated preparation process
and high cost, which greatly limit their applications [3]. Therefore, people continually
develop artificial enzymes as the substitutes of natural enzymes.

In 2007, Yan’s group [4] first discovered that Fe3O4 nanoparticles (NPs) had peroxidase
(POD)-like activity, and their pH and temperature stability were much higher than those of
natural horseradish peroxidase (HRP). Since then, the term “nanozyme” has entered the
field of vision of scientists. Nanozymes are a class of nanomaterials with catalytic activity
similar to natural enzymes, which have the advantages of high stability, low cost, and
simple preparation [5]. Scientists have successfully developed a series of carbon-based
nanozymes, metal-based nanozymes, metal oxide-based nanozymes, and so on [6], which
are widely used in biosensing [7,8], antibacterial [9-11], anti-inflammatory [12-15], cancer
treatment [16-19], and other biomedical fields.

Although nanozymes have a wide range of applications in the biomedical field, their
catalytic activity, specificity, and affinity for substrates still need to be improved compared
with natural enzymes [6,20]. The diversity of protein composition in natural enzymes
and the complexity of the folding process endow them with fairly fine structures. Such
kind of fine structures are normally absent in nanozymes; thus, their performance in
catalytic reactions is far inferior to that of natural enzymes [21]. Furthermore, the internal
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crystal structure of nanozymes is not uniform and the elemental composition is complex,
which makes it difficult to study their active sites, catalytic reaction unit, and catalytic
mechanisms [22,23].

In 2011, Zhang's group [24] proposed the concept of single-atom catalysts (SACs). They
prepared a new type of catalyst with single Pt atoms atomically dispersed on the surface of
iron oxide (FeOx) (denoted as Pt/FeOx). Pt/FeOx exhibited extremely high reactivity in
CO oxidation and preferential oxidation. After years of development, SACs are defined
as a novel catalyst in which catalytically active isolated metal atoms are immobilized on
supports [25]. They combine the advantages of homogeneous catalysis and heterogeneous
catalysis [26], and SACs possess the maximized atom utilization, unsaturated coordination
of active sites, and adjustable electronic properties, which make them a hot research
direction in the field of catalysis [27-29]. Meanwhile, the high atom utilization rate can also
reduce the production cost of SACs [30] and the potential toxic and side effects of metal
ions [31,32]. More importantly, the isolated and dispersed atoms in SACs are stabilized
by surrounding ligands, which is very similar to the geometric structure in some natural
enzymes centered on metal atoms [30]; thus, SACs also have been proposed for use as
biomimetic single-atom nanozymes (SAzymes). In SAzymes there are well-defined and
precisely controlled active sites, so it is easy to determine the catalytic reaction unit, which
is particularly important for revealing the structure—-activity relationship and studying the
catalytic reaction mechanism [22,28].

In this review, we first systematically describe the preparation of SAzymes through
pyrolysis and defect engineering and the regulation of their enzyme-like activities, followed
by their characterization. In the following part, the strategies of surface modification for
SAzymes are further introduced, which is critical for their biomedical applications. Then,
the applications of SAzymes in the fields of reactive oxygen species (ROS) scavenging
and antibacterial are discussed. Finally, the challenges and opportunities of SAzymes are
summarized and prospected.

2. Preparation of SAzymes

Although SAzymes have broad applications in the biomedical fields, the preparation
is not easy because of the high surface energy of isolated metal atoms which tend to
aggregate into nanoclusters during the preparation process [28,33]. Therefore, preventing
the aggregation of metal atoms during the preparation has become the top priority in the
development of preparation strategies. Scientists have developed a variety of synthesis
strategies, including pyrolysis, defect engineering, atomic layer deposition, photochemical
reduction, and so on [28,30], and the advantages and disadvantages of these methods are
listed in Table 1. In this review, we mainly focus on the widely used pyrolysis strategy and
the defect engineering strategy based on wet chemistry.

Table 1. Advantages and disadvantages of preparation methods of SAzymes.

Methods Advantages Disadvantages Ref.
. Widely used, high active centers loading, High energy consuming, uncontrollable
Pyrolysis well-defined structure, large-scale . ; . s [20,30]
. particle size, poor biocompatibility.
manufacture potential.
. . Better biocompatibility, controllable particle Less application system, more activity
Defect engineering size, low cost, low energy consuming. modulation methods need to be developed. 271
Precise control of active center deposition, rp . .
. . . . . Difficult to achieve mass production,
Atomic layer deposition  convenient to study the relationship between high cost [34]
catalyst structure and performance. & ’
Photochemical Easy to operate, no professional Relatively low active center loading, difficult [35,36]
reduction equipment required. to achieve mass production. !
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2.1. Pyrolysis

As a widely used preparation method for carbon-supported SAzymes [37], pyrolysis
is usually a method to prepare SAzymes by thermally pyrolyzing the carrier loaded with
the active species precursor in a specified gas atmosphere, which can realize the precise
control of structure and high loading of atomically dispersed metal atoms [30]. Classical
pyrolysis usually includes three steps. Firstly, the active center precursor is loaded on/into
the carrier, and then it is pyrolyzed in a gas atmosphere. During the cracking process, the
carbon support is converted into N-doped carbon material and the active centers coordinate
with N or C atoms to form an M-N/C structure (M represents a transition metal) [38], and
finally the template or unreacted raw materials are removed.

For example, Zhu et al. [39] used aniline, ammonium persulfate, and SiO, to synthesize
a support, and then added the active center precursor Pd(CH3CN),Cl, on it. After pyrolysis
in Ar, the template was washed away with NaOH, and Pd-C SAzyme with atomically
dispersed Pd atoms as active centers was obtained. Pd—C SAzyme showed strong POD-like
activity under acidic conditions and excellent photothermal properties. Cheng et al. [40]
mixed oxidized carbon nanotubes with pyrrole, added ammonium persulfate to induce
the polymerization of pyrrole into polypyrrole, and then added Fe(NO3)3; and NaCl which
would promote the attachment of Fe species on the surface of carbon nanotubes. Afterwards,
it was pyrolyzed at 900 °C in Nj, and annealed in NHj after removing NaCl and unreacted
Fe species with HySO4. Finally, the SAzyme with Fe as the active centers and carbon
nanotubes as the carrier (denoted as CNT/FeNC) was obtained (Figure 1A). CNT/FeNC
exhibited excellent POD-like activity, enabling sensitive detection of H,O,, glucose, and
ascorbic acid (AsA).

In addition, metal-organic frameworks (MOFs) are also important support materials
which are widely used in the preparation of SAzymes through pyrolysis. Composed of
metal nodes and organic ligands, MOFs are a kind of porous crystalline material, and have
high specific surface area, well-defined structures, and can be flexibly designed [27]. More
importantly, the dispersed metal nodes in MOFs are well defined, which can be directly
transformed into isolated metal sites on the carriers due to the carbonization of organic
ligands during the pyrolysis process [20]. Therefore, MOFs are excellent carriers for the
preparation of SAzymes [28]. The precursor containing the active center also can be easily
immobilized in the MOF by ion exchange, etc., and then the metal atom of the active center
is coordinated with N or C during the pyrolysis process and transformed into N-doped
carbon materials (M-N/C) [30,41].

ZIF-8, with Zn as the metal node and 2-methylimidazole as the organic ligand, has
a large specific surface area, numerous pores, and abundant N atoms, which is the pre-
ferred MOF for the preparation of SAzyme through pyrolysis [42]. Niu et al. [42] added
Fe®* during the synthesis process to obtain Fe-doped ZIF-8, which was subsequently py-
rolyzed in N, and NHj3 at 900 °C to obtain the SAzyme with atomically distributed Fe as
the active center and N-doped carbon material as the carrier (denoted as Fe-N-C SAN)
(Figure 1B). Fe-N-C SAN showed good POD-like activity, its activity was comparable to
that of HRP, and it was more stable, which could realize the highly sensitive detection of
butyrylcholinesterase, a typical biomarker of organophosphorus pesticide exposure [43].

Porphyrin and its derivatives can generate cytotoxic singlet oxygen (1O,) under
irradiation of appropriate light, and are commonly used as photosensitizers in cancer
photodynamic therapy [44]. Liu’s group used mesoporous silica (m-5iO;) to coat ZIF-8
and then pyrolyzed to prepare monodisperse mesoporous carbon nanospheres containing
porphyrin-like zinc centers (denoted as PMCS) (Figure 1C), in which Zn atoms were
atomically dispersed. As a protective layer, m-SiO,, which could be removed by NaOH
etching, will effectively prevent active centers of metal atoms from aggregating during the
pyrolysis and ensure the successful synthesis of SAzymes [45]. The PMCS have strong
absorption in the near-infrared region and can generate 'O, under the irradiation of 808 nm
laser. Using a similar strategy, Cao et al. [46] fabricated bimetallic MOFs by encapsulating
Co species in ZIF-8, followed by pyrolysis in Nj to obtain PMCS with atomically dispersed
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Co as active centers (denoted as Co/PMCS) (Figure 1D). Co/PMCS could mimic superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) to rapidly scavenge
reactive oxygen and nitrogen species for the treatment of bacterial-induced sepsis.
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Figure 1. Preparation of SAzymes by pyrolysis. (A) CNT/FeNC. (a) Pyrrole adsorbed on CNT.
(b) Polypyrrole coated on CNT to form CNT/PPy. (c) Metal cations adsorbed on CNT/PPy. (d) Pyrol-
ysis to form CNT/FeNC. (e) Structure of Fe-Nx-C. (f) POD-like activity of CNT/FeNC. [40]. Copyright
2019, Wiley-VCH. (B) Fe-NC SAN [42]. Copyright 2019, Elsevier. (C) PMCS [45]. Copyright 2016,
Wiley-VCH. (D) Co/PMCS [46]. Copyright 2020, Wiley-VCH.

The activity of SAzymes can be adjusted by control of the temperature and gas atmo-
sphere in pyrolysis. Xu et al. [47] prepared PMCS with atomically dispersed Zn as active
sites by pyrolysis of ZIF-8, and adjusted the pyrolysis temperature from 600 °C to 1000 °C
to obtain a series of SAzymes (denoted as c-ZIF-600, c-ZIF-700, PMCS, ¢-ZIF-900, and c-ZIF-
1000). It was found that c-ZIF-600 and c-ZIF-700 had almost no POD-like activity, c-ZIF-900
and c-ZIF-1000 had weak POD-like activity, and only PMCS exhibited higher POD-like
activity. This is due to the increase of the structural defects in pyrolyzed ZIF-8 when the
temperature rises. The defects can accelerate the diffusion of substrates to the active sites,
thereby improving the catalytic activity. However, the increase of pyrolysis temperature
also results in the decrease of Zn, which is the active center. On the whole, the POD-like
activity of PMCS obtained by pyrolysis at 800 °C is the highest. The gas atmosphere of
pyrolysis also can greatly influence the activity of SAzymes. For example, Wang et al. [48]
used TiO; as carrier to prepare Co/TiO; SAzymes protected by SiO, through pyrolysis.
By changing the atmosphere of pyrolysis, they obtained two kinds of Co/TiO, SAzymes
denoted as Co/A-TiO, (pyrolysis in air) and Co/N-TiO, (pyrolysis in N3). The oxidase-
like (OXD-like) activity of Co/A-TiO, was significantly higher than that of Co/N-TiO,,
and Co(II)/Co(IlI) in Co/A-TiO, was higher than that of Co/N-TiO,, which was also the
fundamental reason why the enzyme-like activity of Co/A-TiO, was higher than that of
Co/N-TiO,. The different pyrolysis atmospheres can change the coordination environment
of the active center, thereby affecting the activity of SAzymes.

Cytocrome P450 and HRP are involved in a variety of biochemical reactions in the
body, and their active center is a heme group containing Fe, in which Fe is coordinated
by four N atoms in the plane, while it is also coordinated axially with a S or N atom [49].
Therefore, the scientists prepared FeNs5 SAzymes by imitating the structure of cytocrome
P450 and introducing axial N coordination into Fe SAzymes. Compared with the common
Fe-N4 SAzymes, the enzyme-like activity of FeN5 SAzymes was greatly improved [50]. In
this study, iron phthalocyanine (FePc) was encapsulated into Zn-MOF to form the host-
guest structure of Fe@Zn-MOF, followed by pyrolysis in N, to obtain a five-coordinated
Fe SAzyme (denoted as FeNs SA/CNF) (Figure 2). Its fine structure was characterized by
X-ray absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine
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structure (EXAFS) spectroscopy. The results confirmed the formation of the Fe-Nj structure.
The OXD-like activity of FeN5 SA/CNF and the initial reaction rate were much higher
than those of FeNy SA/CNF and its counterparts with different metal ions, indicating
that the axial N-coordination structure and the type of metal active center were equally
important to its activity. Similarly, Xu et al. [51] prepared FeN5 SAzyme using a melamine-
mediated two-step pyrolysis method, in which melamine played a role in providing the
axial direction N coordination. The FeNs SAzyme had much higher POD-like activity than
that of the FeNy SAzyme, indicating that the introduction of axial N significantly enhanced
the activity of SAzyme.

Pyrolysis

Reconstruction =

FePe@Zn-MOF FeN, SA/CNF Cytocrome P450

Figure 2. Schematic formation process of carbon nanoframe—confined atomically dispersed Fe sites
with axial five-N coordination for mimicking the active center of cytocrome P450 [50]. Copyright
2019, American Association for the Advancement of Science.

The doping of specific elements during the pyrolysis can effectively change the co-
ordination environment of active metal centers in SAzymes and, thus, greatly influence
their activities. For example, Jiao et al. [52] used FeCl, as the Fe source, dicyandiamide
as the N source, and boric acid as the B source to prepare B-doped Fe SAzyme (denoted
as FeBNC) through pyrolysis. The incorporation of B triggered charge transfer to change
the coordination environment of Fe, and thus greatly enhanced the POD-like activity of
FeBNC, which provided a new idea for regulating the activity of SAzyme. Feng et al. [53]
also prepared a B-doped Zn SAzyme (denoted as ZnBNC) by a similar method. The incor-
poration of B enhanced the N and O content, water dispersibility, and POD-like activity of
ZnBNC, and it was also found that the incorporation of B could tune the catalytic activity
by increasing defects.

To sum up, the strategies of changing the temperature and atmosphere of pyrolysis
introducing axial coordination or doping during pyrolysis are essentially changing the
coordination environment of the active center. Therefore, as long as it is a strategy that can
change the coordination environment of the active centers of SAzymes, their activity can
be regulated in principle, which lays the foundation for the development of more SAzymes
activity regulation strategies.

Pyrolysis has been proved as an effective way to fabricate SAzymes, and their activity
also can be facially regulated by tuning the temperature and atmosphere, introducing axial
coordination as well as doping of specific elements. Thus, this strategy is widely used for
the preparation of SAzymes for diverse applications. However, SAzymes prepared through
this method are generally hydrophobic, so further surface modification is necessary for
potential biomedical applications [20], and the particles may sinter together under the
high temperature of pyrolysis. Thus, how to control the size of obtained SAzymes for a
particular application is also a big challenge. Moreover, the pyrolysis process also consumes
a lot of energy.
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2.2. Defect Engineering

Baerlocher et al. [54] found that the presence of ordered Si vacancies significantly
enhanced the catalytic activity of SSZ-74, and the formation of nanoscale ferroelectric
domains in relaxor ferroelectrics was also associated with some form of structural dis-
order in the material induced by defects [55]. Therefore, controlling the generation of
defects in materials may maximize the beneficial defects to improve their properties, that
is, “defect engineering”. Wan et al. [56] synthesized a single-atom gold catalyst based on
TiO; nanosheets (denoted as Au-SA /Def-TiO,) (Figure 3A), which had abundant oxygen
vacancy defects on its surface detected by electron paramagnetic resonance (EPR) mea-
surement (Figure 3B). Au was effectively stabilized by the formation of Ti-Au-Ti, and
the complete conversion temperature of Au-SA /Def-TiO; catalyzed CO oxidation was
lower than that of single-atom gold catalyst synthesized using perfect TiO, without defects,
indicating the higher catalytic activity brought by defects.

As a porous crystal, MOFs have inherent defects and complex structure [57], so
they also have potential for SAzyme preparations by defect engineering. However, the
introduction of defects may inevitably lead to structural instability of MOFs. Jasmina
et al. [58] discovered zirconium-based MOFs (Zr-MOFs) UiO66, UiO67, and UiO68 in
2008. Due to the high strength of carboxylate-Zr bonds and the high connectivity of metal
clusters [59], Zr-MOFs have excellent thermal [60], solvent [61], and high-pressure stabilities
compared with other MOFs [62]. Therefore, Zr-MOFs have become the preferred material
for the preparation of SAzymes by defect engineering. There are two main types of defects
in MOFs (Figure 3C): the missing-linker defects and the missing-cluster defects [63,64].
Defects are introduced in a variety of ways, which can be divided into two broad categories:
“de novo” synthesis and post-synthetic treatment [65-67]. “De novo” synthesis directly
synthesizes MOFs with defects by changing the reaction conditions. Among them, the most
widely used is the addition of modulators [66], including water [29], HCI [68], Hac [69],
trifluoroacetate (TFA) [70], etc. The coordination ability of these modulators to clusters is
much greater than that of organic ligands, so they will compete with organic ligands for
coordination, resulting in defects. The content of defects in MOFs can be further tuned
by changing the amount or type of modulators [68,71]. Post-synthesis treatments include
post-synthesis exchange (PSE), the use of etchants, and so on. PSE, also known as solvent-
assisted exchange, refers to the exchange of metal ions [72] or linkers [73] in MOFs. The
etching method uses some acids, bases, and salts as etchants to introduce defects and
even mesoporous or macroporous structures into MOFs, which can significantly adjust the
performance of MOFs [74,75].

In the defects engineering strategy, defects are first introduced in MOFs by “de novo”
synthesis or post-synthesis treatment, and then active ions or atoms are embedded in the
defects. The distance between the metal nodes increases the distance between the defects;
thus, the embedded ions or atoms are not easy to aggregate, ensuring the generation of
atomically distributed active centers. Li et al. [68] used HCl and HAc as modulators to
prepare defective NH,—-UiO66 NPs (denoted as HCI-NH;-UiO66 NPs and Ac-NH,-UiO66
NPs, respectively), and then embedded Fe3* in the defects to prepare the SAzymes with
atomically dispersed Fe as the active center (denoted as Fe-HCI-NH,-UiO66 NPs and
Fe—-Ac-NH;-UiO66 NPs, respectively) (Figure 3D). The thermogravimetric curve (TGA)
(Figure 3E) indicated that there were missing-linker defects in both Fe-HCI-NH,-UiO66
NPs and Fe-Ac-NH,-UiO66 NPs and more defects in Fe-HCI-NH,-UiO66 NPs. Fe-HCI-
NH,-UiO66 NPs showed higher POD-like activity than Fe—~Ac-NH,-UiO66 NPs and could
be used for monitoring of trace H,O, in cancer cells.

The amount of modulators used can affect the content of defects and thus the properties
of the catalyst. Ma et al. [76] prepared a series of defective NH,-UiO66 (denoted as UiO66—
NH,-X, where X represented the molar ratio of HAc to linker) by adding different amounts
of HAc during the synthesis. The content of defects increased with the increase amount of
HAc. In the presence of the cocatalyst Pt (denoted as Pt@UiO66-NH,—X), the photocatalytic
H; production first increased and then decreased with the increase of structural defects,
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and Pt@UiO66-NH,-X exhibited the best catalytic activity and high stability when X was
100. Although Pt@UiO66-NH,—X is not an SAzyme, it shows that the content of defects
can be changed by adjusting the amount of the modulator, thereby adjusting the activity of
the catalyst, which contributes to a new and important idea for the activity regulation of
SAzymes prepared by defect engineering.
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Figure 3. Defect engineering to prepare SAzymes. (A) Preparation of Au-SA/Def-TiO, [56].
Copyright 2018, Wiley-VCH. (B) EPR of Per-TiO, and Def-TiO, [56]. Copyright 2018, Wiley-
VCH. (C) Two kinds of defect formation in MOFs. (a) Perfect UiO-66. (b) Replacement of one
linker with two monocarboxylic groups (in blue), generating one missing-linker defect per unit cell.
(c) Replacement of one cluster with twelve monocarboxylic groups, generating one missing-cluster
defect per unit cell. [59]. Copyright 2017, Elsevier. (D) Preparation of Fe-HCI-NH;-UiO66 NPs [68].
Copyright 2021, Elsevier. (E) TGA of Fe-HCI-NH,-UiO66 NPs and Fe-Ac-NH,-UiO66 NPs [68].
Copyright 2021, Elsevier.

Compared with the pyrolysis method, the defect engineering method can be con-
ducted in a wet chemistry way; thus, the obtained SAzymes can be easily dispersed in
aqueous solution and their original size can be largely preserved. This feature is quite
important for the biomedical applications of SAzymes. However, the strategies to tune
the activity of SAzymes fabricated through the defect engineering method are still greatly
needed; now, SAzymes prepared by this way in the literature are mainly concentrated in
industrial applications [56,77,78], and there are few reports on their biomedical applica-
tions. Nonetheless, it provides a new approach of low cost and low energy consumption to
prepare SAzymes.

3. Characterizations of SAzymes

With the deepening of SAzymes research and the increasingly mature characterization
techniques, more and more characterization techniques for SAzymes have emerged, in-
cluding integrated electron microscopy, X-ray spectroscopy, infrared spectroscopy, nuclear
magnetic resonance spectroscopy, etc. [33,41]. Herein, we focus on three characterization
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techniques that are most widely used in the field of SAzymes: high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), XANES, and EXAFS.

If a characterization method can be used to directly see the uniformly distributed
atomic-level active centers on the surface of the carrier, it will greatly promote the research
of SAzymes. The electrons emitted inside the HAADF-STEM are partially scattered beyond
the angle of convergence, and these high-energy electrons can be collected to image the iso-
lated metal atoms [79]. Both XANES and EXAFS belong to X-ray absorption fine structure
(XAFS) spectroscopy. XAFS establishes the relationship between X-ray absorption coeffi-
cient u(E) and incident X-ray photon energy. The electrons of element atoms are liberated
from lower-energy bound states, resulting in an increase in u(E), and these energies are
called the X-ray absorption edge of the element [80]. XANES is characterized by a signal
of 30-50 eV above the X-ray absorption edge of a certain element atom, which reflects
the valence of the atom and other information. EXAFS is characterized by the signals of
30-50 eV and 1000 eV above the absorption edges, providing information on the bonding
structure around atoms. Structural information, the average atomic coordination number,
interatomic distance, and other information can be obtained through Fourier transform-
EXAFS (FT-EXAFS) and its fitting image, and wavelet transform-EXAFS (WT-EXAFS) can
provide more structural information [27,81]. Examples of SAzymes characterization are
shown in Table 2, and we choose two typical ones for detailed introduction.

Table 2. Summary of characterizations of SAzymes.

SAzymes Characterization Results Ref.
HAADEF-STEM Atomically dispersed Fe
Fe-N-C SACs XANES Valence state of Fe was between 0 and +3 [82]
EXAFS Only Fe-N existed
HAADEF-STEM Atomically dispersed Co
Co/PMCS XANES Co was positive charged [46]
EXAFS CoNy existed
HAADE-STEM Atomically dispersed Fe
FeNs SA/CNF XANES Contained FeNy structure [50]
EXAFS FeNj existed
HAADEF-STEM Atomically dispersed Zn
ZnBNC XANES Valence state of Zn was between 0 and +2  [53]
EXAFS ZnNy existed
HAADEF-STEM Atomically dispersed Au
Au-SA /Def-TiO, XANES Valence state of Au was +3 [56]
EXAFS Au-0 and Au-Ti existed
. HAADEF-STEM Atomically dispersed Fe
Fe_HCl_II\\IIII)_IZ_UIO% XANES Valence state of Fe was between +3 [68]
S EXAFS Fe-O-Zr existed
HAADEF-STEM Atomically dispersed Fe
SAFe-NMCNs XANES Valence state of Fe was between 0 and +3 [83]
EXAFS FeNy existed

For example, Su et al. [83] used Pluronic F127 as template, (NH4),Fe(SOy4), as Fe
source, and dopamine as nitrogen source and carbon source to prepare N-doped meso-
porous carbon nanospheres with atomically dispersed Fe as active center (denoted as
SAFe-NMCNs) through pyrolysis. Atomically dispersed Fe (marked by red circles) could
be directly observed in SAFe-NMCNs under the HAADF-STEM (Figure 4A). The coordina-
tion environment of Fe in SAFe-NMCNSs was characterized by XANES and EXAFS. XANES
(Figure 4B) results showed that the K-edge absorption of Fe in SAFe-NMCNs was between
that of Fe foil and Fe,O3, indicating that it was positively charged and had a valence state
between 0 and +3. EXAFS (Figure 4C) results indicated that Fe-N scattering paths (1.55 A)
and no Fe-Fe scattering paths (2.2 A) existed in SAFe-NMCNs. At the same time, the
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results of WT-EXAFS (Figure 4D) also showed that there was only Fe-N but no Fe-Fe in
SAFe-NMCNs, which further indicated that Fe was atomically dispersed. After fitting, the
coordination number of Fe is 4.23, indicating that the Fe-Ny structure was formed, which
meant that Fe in SAFe-NMCNs was coordinated by four N atoms.
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Figure 4. Structure characterization of SAFe-NMCNs (A) HAADF-STEM. (B) XANES. (C) FT-EXAFS.
(D) WT-EXAFS [83]. Copyright 2022, Elsevier.

Li et al. [68] prepared Fe-HCI-NH,-UiO66 NPs using defect engineering. No for-
mation of Fe nanoparticles was observed in the HAADF-STEM image, and the element
mapping image also confirmed the uniform distribution of Fe in Fe-HCI-NH,-UiO66
NPs. Moreover, the X-ray photoelectron spectroscopy of Fe 2p showed that Fe(IlI) char-
acteristic peaks existed in Fe-HCI-NH;,-UiO66 NPs, indicating that Fe had +3 valence.
Then, using XAFS for further analysis, the results showed that Fe-HCI-NH;,-UiO66 NPs
had similar absorption to Fe,O3, which further indicated that Fe had a +3 valence. The
coordination environment of Fe was analyzed by FT-EXAFS and the fitting results, which
showed coexistence of Fe-O and Fe—Cl and no existence of Fe-Fe, indicating that Fe in
Fe-HCI-NH;,-UiO66 NPs was connected to Zrq clusters through Fe-O—Zr.

4. Surface Modifications of SAzymes

The catalytic process of nanozymes is different to that of natural enzymes. The cat-
alyzed process of a natural enzyme is (a) substrate binding, (b) catalytic reaction, (c) product
release, while that of a nanozyme is similar to heterogeneous catalytic reaction: (a) substrate
adsorption, (b) surface reaction, (c) product dissociation and surface active site regenera-
tion [23,84]. Thus, the catalytic process of nanozymes is closely related to their surface [85].
At the same time, since nanozymes are mostly inorganic nanoparticles or carbon materials
containing metal elements, their colloidal stability, biocompatibility, and targeting proper-
ties need to be improved for biomedical applications [20]. For this purpose, the best choice
is the surface modification [30].

For example, polyethylene glycol (PEG) is often used to improve hydrophilicity and
biocompatibility of materials. Huo et al. [86] immobilized Fe'" acetylacetone in ZIF-8 by
hydrothermal method, followed by pyrolysis in Ar to obtain Fe SAzymes with N-doping
carbon material as the carrier (denoted as SAF NCs) (Figure 5A) for tumor treatment. To en-
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hance their hydrophilicity and biocompatibility, DSPE-PEG-NH; was modified on the sur-
face of SAF NCs through hydrophobic-hydrophobic interactions to obtain PEG-modified
Fe SAzymes (denoted as PSAF NCs) (Figure 5B). After modification, the distribution of
particle size was reduced, the surface potential was more negative, and the dispersion in
normal saline was better (Figure 5C). Besides PEG, polyvinyl pyrrolidone is also often used
as a surface modifier to improve the dispersity and biocompatibility of SAzymes [87].
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Figure 5. (A) Preparation of SAF NCs. (B) Structure of PSAF NCs. (C) Particle size distribution, zeta
potential, and dispersibility in normal saline [86]. Copyright 2019, American Chemical Society.

In addition to enhancing the dispersity and biocompatibility of SAzymes, surface
modification also helps to improve targeting. Gong et al. [88] synthesized carbon dots with
citric acid and polyene polyamines, which were subsequently loaded with HAuCly and
reduced with NaBH, to obtain SAzyme with an active center of Au (denoted as CAT-g).
Triphenyl phosphorus (TPP) and cinnamaldehyde (CA) were then modified on its surface,
and the modified CAT-g was denoted as MitoCAT-g. TPP could target mitochondria, Au
depleted glutathione (GSH) in mitochondria, and CA produced ROS. MitoCAT-g destroyed
the redox balance of tumor cells, amplified the effect of ROS to destroy mitochondria, and
led to apoptosis, so as to achieve the purpose of tumor treatment. The modification of TPP
resulted in the distribution of more particles in mitochondria; thus, they could kill cancer
cells more effectively.

The method of cell membrane modification is also widely used in the field of SAzyme.
Liu et al. [89] prepared Fe SAzymes (denoted as SAF NPs) by pyrolyzing ZIF-8 loaded
with Fe species (Figure 6A). After loaded doxorubicin (DOX) within their porous structure,
SAF NPs were modified by human non-small-cell lung cancer cell membrane (A549 CM),
denoted as SAF NPs@DOX@CM (Figure 6B). There were specific proteins on the surface
of cancer cell membrane (CM), and the influence of homology enabled CM-modified
NPs to escape the phagocytosis and immune rejection of macrophages, thereby greatly
prolonging their blood circulation time and enhancing tumor targeting. After incubated
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with human normal hepatocytes and A549 cells for 24 h, respectively, both SAF NPs@CM
and SAF NPs@DOX@CM caused extensive apoptosis of A549 cells and the DOX-loaded
group caused more (Figure 6C), which was related to the targeting ability of NPs after
CM modification and the difference in pH of tumor cells from normal cells. The in vivo
experiment also proved that CM modification endowed NPs with the ability to target
tumors (Figure 6D).
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Figure 6. Preparation of SAF NPs (A) and SAF NPs@DOX@CM (B). (C) Viability of cells treated with
SAF NPs@CM and SAF NPs@DOX@CM. (D) Fluorescence intensities of major organs and tumors
after 24 h intravenous injection of free CY5 and SAF NPs@CM-CY5 [89]. Copyright 2021, Wiley-VCH.

Similarly, Qi et al. [90] used platelet membrane (PM) to encapsulate a pyrolyzed meso-
porous Fe SAzyme (denoted as PMS). The more negative potential of PMS indicated the
successful modification of PM. PMS showed good POD-like activity and photothermal
effect, which was expected to realize the combination of chemodynamic therapy and pho-
tothermal therapy. More importantly, there is an important protein in PM: P-selectin, which
can target tumor cells, thus PMS was selectively endocytosed by 4T1 cells. Meanwhile,
PMS was not phagocytosed by Raw264.7 cells, indicating that the homology of PM enabled
Fe SAzyme to escape from macrophage phagocytosis.

At present, the surface modification strategies for SAzymes are mostly learned from
those already built in the fields of nanomedicine and show great success. However, one
should pay special attention to the influence of surface modification on the activity of
nanozymes, because the following applications greatly depend on their activity. For exam-
ple, Sanjay et al. [91] found that CAT-like activity of cerium oxide nanoparticles (CeNPs)
increased after they were modified with PO43~, but when the concentration of PO,3~
exceeded 100 uM, the SOD-like activity of CeNPs would be significantly inhibited. It was
speculated that the inhibition of SOD-like activity might be caused by the reaction of PO43~
with CeNPs to produce products similar to cerium phosphate. Therefore, the selection of
modifiers during surface modification needs careful consideration. More recently, Wang
et al. [92] demonstrated that membrane cholesterol depletion could enhance enzymatic
activity of cell-membrane-coated MOF NPs. The mechanism behind this phenomenon
is that the reducing cholesterol level effectively enhances membrane permeability, thus
the substrates are more accessible to the encapsulated enzymes. These findings can pro-
vide facile and practical ways for the modulation of the activity of SAzymes through
surface modification.
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5. Applications of Single-Atom Nanozymes in Biomedicine

Due to its high atom utilization, unsaturated coordination of active centers, and
geometric structures similar to those of nature enzymes, SAzymes are widely used in
biosensing [40,42,43,82,93,94], cancer treatment [48,51,83,95,96], and so on. In previous
review articles, these two types of applications have been comprehensively discussed;
thus, this review will not repeat them. Herein, we mainly focus on the applications of
SAzymes in ROS scavenging and antibacterial, and the specific mechanism is shown
in Figure 7. For ROS scavenging, normally the CAT and SOD-like SAzymes are used,
because they can eliminate the excess ROS and alleviate oxidative stress. However, for the
antibacterial applications, ROS are produced by SAzymes to damage the membranes or
biomacromolecules of bacteria, resulting in the death of them, finally.

CAT-like + SOD-like

Scavenge ROS @ ‘

Cure inflammation

Alleviate oxidative stress

Produce ROS
Kill bacteria

1 @ Heal wounds

POD-like + OXD-like

Figure 7. Mechanism of SAzymes for scavenging ROS and antibacterial.

5.1. SAzymes for ROS Scavenging

O, participates in thousands of reactions in the human body. Under the catalysis of
enzymes in mitochondria, it is reduced to water by transferring four electrons and generates
adenosine triphosphate for energy [97], but sometimes a single-electron or double-electron
transfer reaction occurs to generate ROS, mainly including ¢O,~, H,O,, and eOH [98].
ROS is a double-edged sword. Low doses of ROS are essential for the regulation of life, such
as cell division [99], signal transmission [100], and so on. However, when the level of ROS
exceeds the normal level, it will cause oxidative damage to cells, resulting in hair loss [101],
inflammation [46], stroke [14], Parkinson’s [12], and other diseases. The level of ROS in the
human body is always at a relatively stable level, which depends on the interaction of four
enzymes: OXD, POD, CAT, and SOD [102]. OXD and POD can increase ROS, while CAT
and SOD can reduce ROS. Therefore, SAzymes with CAT-like and SOD-like activities are
expected to scavenge excess ROS and alleviate cellular oxidative damage.

Ma et al. [103] used ZIF-8 to encapsulate FePc followed by pyrolysis to obtain SAzymes
with atomically dispersed Fe as the active center (denoted as Fe-SAs/NC) and reported
their CAT-like and SOD-like activities. Fe-SAs/NC was modified with DSPE-PEGy( to im-
prove their biocompatibility. The cell experiments proved that Fe-SAs/NC could scavenge
ROS and alleviate cellular oxidative damage. Similarly, Lu et al. [104] utilized the pyrolysis
of Fe-TPP C rho-ZIF (Fe-TPP = tetraphenylporphyrin iron; rho-ZIF = zeolitic imidazolate
skeleton with rho topology) to obtain atomically dispersed Fe SAzymes (denoted as Fe—
N/CSACs). Fe-N/C SACs had multi-enzyme-like activities, including OXD-like, POD-like,
CAT-like, and GPx-like activities, which could alleviate cellular oxidative damage.
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Yan et al. [105] used CeO, as the carrier to load atomically dispersed Pt and obtained
Pt@CeO, SAzyme. Then, they compounded the SAzyme with polyacrylonitrile fiber and
medical polyethylene tape to prepare a Pt@CeO, SAzyme-based bandage (Figure 8A) to
scavenge excessive ROS and reactive nitrogen species around the traumatic brain injury
(TBI) wound in order to alleviate neuroinflammation. Pt@CeO, SAzyme had POD-like,
CAT-like, SOD-like, and GPx-like activities; thus, they had excellent ability of scavenging
ROS inside cells (Figure 8B). At the same time, Pt@CeO, was less cytotoxic and could
alleviate the oxidative damage of cells caused by HyO; and lipopolysaccharide (LPS)
(Figure 8C). Animal experiments showed that the TBI wound healing effect of the Pt@CeO,
treatment group was significantly better than that of the other groups, indicating the
correctness and feasibility of the bandage treatment principle. Similarly, the Co/PMCS
also showed SOD-like, CAT-like, and GPx-like activities [46]. It could effectively reduce
the content of ROS caused by various stimuli to alleviate oxidative damage of cells, and
the animal experiments showed that whether LPS or Escherichia coli (E. coli) were used to
induce sepsis in mice, Co/PMCS had a good therapeutic effect, and the levels of tumor
necrosis factor-« and interleukin- 6 were significantly decreased.
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In addition to the ability of SAzyme to simulate CAT, SOD, and GPx to alleviate
cellular oxidative damage, Chen et al. [106] used electrochemical deposition to deposit
Cu on g-C3Ny and obtained a kind of SAzyme in which 1 Cu atom was coordinated with
four N atoms (denoted as Cu-SAs/CN). Cu-SAs/CN possessed ascorbate peroxidase
(APX)-like activity, which can decompose H,O, in the presence of AsA, thereby alleviating
cellular oxidative damage. The Cu-5As/CN had almost no cytotoxicity, and could alleviate
H,0O,-induced cell damage.

Although there are some reports on SAzymes that can scavenge ROS and alleviate
cellular oxidative damage, they are limited to a few materials, so it is still necessary to
expand material systems. At the same time, the intrinsic mechanisms of ROS scavenging
for SAzymes are still relatively vague, and great efforts need to be paid in this direction.

5.2. SAzymes for Antibacterial

Pathogenic bacteria infection is a major threat to human health globally [107]. Over
the past few decades, antibiotics, such as penicillin, have been widely used clinically as
antibacterial agents [108]. In recent years, nanozymes with antibacterial activities are
regarded as a novel bactericide, due to their negligible biotoxicities, no drug resistance, and
broad-spectrum antibacterial performance [109]. SAzymes with highly efficient catalytic
activities also play an important role in antibacterial treatments [22].

Xia et al. [110] successfully prepared atomic-level Ag-loaded MnO; porous hollow
microspheres (Ag/MnO; PHMs) through the redox precipitation process, which exhibited
superior photothermocatalytic inactivation of E. coli under solar light irradiation. On the
one hand, atomic Ag with high conductivity increased the level of Mn3* and oxygen vacan-
cies to excite MnO,, thus promoting the introduction of reactive species for photocatalysis.
On the other hand, atomic Ag enhanced the photothermal conversion and lattice oxygen
reducibility, thus promoting thermocatalysis.

Most SAzymes utilize their POD-like activities to generate toxic #OH, therefore achiev-
ing efficient sterilization. For instance, Xu et al. [47] fabricated the PMCS via an m-5iO;-
protected pyrolysis approach (Figure 9A). Owing to the high POD-like activity, PMCS
showed outstanding antibacterial performance against Pseudomonas aeruginosa (Figure 9B).
The wound caused by Pseudomonas aeruginosa healed well (Figure 9C,D), indicating that
PMCS had good antibacterial properties.
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Figure 9. (A) Preparation of PMCS. (B) Antibacterial properties of PMSC. (C) Abilities of PMCS to pro-
mote wound healing. (D) Histologic analysis of the wounds (I: NaAc buffer, II: NaAc buffer + HyO5,
III: PMCS, and IV: PMCS + H,0O,) [47]. Copyright 2019, Wiley-VCH.
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As reported by Huo et al. [111], nanocatalysts of single iron atoms anchored in nitrogen-
doped amorphous carbon (SAF NCs) were synthesized via encapsulated-pyrolysis strategy.
SAF NCs performed excellent POD-like activities in the presence of H,O;, producing toxic
oOH to achieve high-efficiency sterilization effect against E. coli and Staphylococcus aureus
(S. aureus). With the assistance of near-infrared light, antibacterial properties were further
improved due to the intrinsic photothermal property of SAF NCs. Noticeably, the antibacte-
rial mechanisms of crucial CM destruction induced by SAF NCs were also revealed. Wang
et al. [112] prepared a novel Cu single-atom sites/N-doped porous carbon (Cu SASs/NPC)
with POD-like activity by pyrolysis—etching—adsorption—pyrolysis strategy. The doping of
Cu considerably enhanced POD-like activity and accelerated GSH-depleting and photother-
mal properties. The synergistic effect made Cu SASs/NPC exhibit excellent antibacterial
performance against E. coli and methicillin-resistant S. aureus (MRSA). Remarkably, by
reversing the thermal sintering process, Chen et al. [113] proposed the direct transformation
of Pt NPs into Pt single atoms to gain Pt SAzyme (PtTS-SAzyme). It showed excellent
POD-like catalytic activity, which was attributed to the unique structure with Pt;—N3PS
active moiety. Compared with Pt NPs, PtTS-SAzyme exhibited highly efficient antibacterial
performance and broad-spectrum antibacterial properties. In addition to POD-like activ-
ity, SAzymes with OXD-like activity were also used in antibacterial applications. Huang
et al. [50] developed SAzymes with carbon nanoframe—confined FeNs active centers (FeNs
SA /CNF), which showed effective antibacterial effects against E. coli and S. aureus.

Besides photothermal effect, Yu et al. [114] innovatively fabricated a red blood cell
membrane modified Au nanorod-actuated single-atom-doped porphyrin metal —organic
framework (denoted as RBC-HNTM-Pt@Au) with an excellent sonocatalytic activity. Un-
der ultrasound, not only was the antibacterial activity of RBC-HNTM-Pt@Au greatly
enhanced, but SAzymes were also directionally propelled, which played a significant part
in the treatment of MRSA-infected osteomyelitis.

In summary, the oxidation effect of SAzymes, especially POD-like activity, may play a
major role in antibacterial applications. The ROS, such as #OH, are extremely toxic to the
bacteria cells usually by disrupting the integrity of the cell membrane. However, this effect
is nonselective; thus, normal cells may also be damaged. To avoid such kind of side effect,
the design of smart SAzymes whose activity only can be activated on the infection sites is
significantly important. The whole applications mentioned in this section are summarized
in Table 3.

Table 3. Summary of applications of SAzymes in ROS scavenging and antibacterial.

Applications SAzymes Enzyme-Like Activities Ref.
Fe-SAs/NC CAT, SOD [103]

Fe-N/C SACs OXD, POD, CAT, GPx [104]

ROS scavenging Pt@CeO, POD, CAT, SOD [105]
Co/PMCS SOD, CAT, GPx [46]

Cu-SAs/CN APX [106]

Ag/MnO, PHMS / [110]

PMCS POD [47]

SAF NCs POD [111]

Antibacterial Cu SASs/NPC POD [112]
PtTS-SAzyme POD [113]

FeNs SA/CNF OXD [50]

RBC-HNTM-Pt@Au / [114]

6. Summary and Outlook

SAzymes with excellent performance have been widely used in the field of biomedicine.
Compared with ordinary nanozymes, they have defined active sites and coordination envi-
ronments, which are important for understanding the relationship between their structures
and activities. It is also beneficial for the research of the mechanism and the catalytic process
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in order to better mimic the natural enzyme. At the same time, atom utilization is greatly
improved due to the atomic-level dispersion of active sites. In this review, we summarized
the preparation and characterization of SAzymes, discussed their surface modification, and
finally focused on their applications of ROS scavenging and antibacterial.

Although significant advances have been achieved in this area, challenges are still
remaining. First of all, new fabrication strategies should always be pursued to obtain
SAzymes with new structures and activities, especially those that have ROS scavenging
activity. The preparation of SAzymes needs theoretical guidance. We can further combine
theoretical calculation, big data, artificial intelligence, and other technologies to guide
the design and preparation of SAzymes. Furthermore, the strategies which can combine
the advantages of finely regulated structures and activity with large-scale and green pro-
duction processes are highly welcomed. Moreover, the surface modification is necessary
for SAzymes in biomedical applications; however, the basic knowledge of how different
surface modifications would influence their catalytic activities is largely unknown. Finally,
for the biomedical applications of SAzymes, their long-term in vivo biodegradability and
toxicity should be carefully investigated, which is also crucial for their real applications.
We believe these challenges can be addressed in the future through the collaborations of
researchers from different disciplines, such as chemistry, material science, computer science,
and biology, as well as medicine.
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Abbreviations

SAzymes Single-atom nanozymes

ROS Reactive oxygen species

NPs Nanoparticles

POD Peroxidase

HRP Horseradish peroxidase

SACs Single-atom catalysts

FeOx Iron oxide

AsA Ascorbic acid

MOFs Metal-organic frameworks

m-5iO; Mesoporous silica

SOD Superoxide dismutase

CAT Catalase

GPx Glutathione peroxidase

FePc Iron phthalocyanine

XANES X-ray absorption near-edge spectroscopy
EXAFS Extended X-ray absorption fine structure
EPR Electron-paramagnetic resonance
Zr-MOFs Zirconium-based metal-organic frameworks
TFA Trifluoroacetate

PSE Post-synthesis exchange

TGA Thermogravimetric analysis
HAADEF-STEM High-angle annular dark-field scanning transmission electron microscopy
XAFS X-ray absorption fine structure
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FT-EXAFS Fourier transform- extended X-ray absorption fine structure
WT-EXAFS Wavelet transform- extended X-ray absorption fine structure
PEG Polyethylene glycol

TPP Triphenyl phosphorus

CA Cinnamaldehyde

GSH Glutathione

DOX Doxorubicin

A549 CM Human non-small cell lung cancer cell membrane

CM Cell membrane

PM Platelet membrane

CeNPs Cerium oxide nanoparticles

TBI Traumatic brain injury

LPS Lipopolysaccharide

E. coli Escherichia coli

APX Ascorbate peroxidase

S. aureus Staphylococcus aureus

MRSA Methicillin-resistant Staphylococcus aureus
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Abstract: Background: Parkinson’s disease (PD) is the second most common age-related neurode-
generative disorder. Levodopa (L-DOPA) remains the gold-standard drug available for treating PD.
Curcumin has many pharmacological activities, including antioxidant, anti-inflammatory, antimi-
crobial, anti-amyloid, and antitumor properties. Copolymers composed of Poly (ethylene oxide)
(PEO) and biodegradable polyesters such as Poly (e-caprolactone) (PCL) can self-assemble into
nanoparticles (NPs). This study describes the development of NH,—-PEO-PCL diblock copolymer
positively charged and modified by adding glutathione (GSH) on the outer surface, resulting in
a synergistic delivery of L-DOPA curcumin that would be able to pass the blood-brain barrier.
Methods: The NH,-PEO-PCL NPs suspensions were prepared by using a nanoprecipitation and
solvent displacement method and coated with GSH. NPs were submitted to characterization assays.
In order to ensure the bioavailability, Vero and PC12 cells were treated with various concentrations
of the loaded and unloaded NPs to observe cytotoxicity. Results: NPs have successfully loaded
L-DOPA and curcumin and were stable after freeze-drying, indicating advancing into in vitro toxicity
testing. Vero and PC12 cells that were treated up to 72 h with various concentrations of L-DOPA and
curcumin-loaded NP maintained high viability percentage, indicating that the NPs are biocompatible.
Conclusions: NPs consisting of NH,-PEO-PCL were characterized as potential formulations for
brain delivery of L-DOPA and curcumin. The results also indicate that the developed biodegradable
nanomicelles that were blood compatible presented low cytotoxicity.

Keywords: nanoparticles; glutathione; Parkinson’s disease; L-DOPA; curcumin

1. Introduction

Parkinson’s disease (PD) is the second most common age-related neurodegenerative
disorder and represents a growing healthcare concern with elderly populations. The disease
is associated with a range of symptoms, including bradykinesia, rigidity, tremor, dementia,
and depression [1]. Levodopa (L-DOPA) is the gold-standard drug for PD treatment, and
its use results in a marked improvement in patient quality of life, but just for a limited
period. L-DOPA shows tolerance and the development of induced dyskinesias during
treatment. Fluctuations of L-DOPA blood levels are related to the intermittent stimulation
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of dopamine receptors, resulting in a discontinuous response with “On” and “Off” periods
of action (wearing off) and disease progression [2]. Moreover, the metabolism of L-DOPA
also generates a variety of free radicals that increase the loss of nigrostriatal dopaminergic
neurons and the development of the disorder [34].

The blood-brain barrier (BBB) limits access to therapeutic molecules and macrostruc-
tures [5]. Brain-targeted drug delivery is a significant concern since the BBB permeability
is crucial for nanoparticles (NPs) to exhibit a therapeutic effect. Thus, one great therapeu-
tic challenge in PD treatment is developing an effective drug targeted system capable of
improving the symptoms, extending the brain delivery of L-DOPA by crossing the BBB,
avoiding fluctuations in its concentration, and reducing the rate of neurodegeneration.

Nanosized polymeric micelles formed by amphiphilic copolymers with
A (hydrophilic)-B (hydrophobic) diblock structures could be employed as vehicles for
drug administration to the brain once they can be designed to display different properties
of targeting, pharmacokinetics, and cargo release of drugs, including insoluble or poorly
soluble compounds and surmount the BBB [6].

Amphiphilic block copolymers composed of poly(ethylene oxide) (PEO) and biodegrad-
able polyesters such as Poly(e-caprolactone) (PCL), which can self-assemble into nanoparti-
cles (NP) in aqueous medium, have gained much attention in the nanomedicine field. PEO
is an FDA-approved biodegradable polymer and a common constituent for the hydrophilic
outer shell of nanoparticles. It possesses a great number of useful physicochemical and
biological properties, including hydrophilicity, solubility in water, lack of toxicity, and
absence of antigenicity and immunogenicity [7]. PCL is one of the most widely used
FDA-approved biodegradable polymers because of its biocompatibility, biodegradability,
mechanical properties, non-toxicity, high drug permeability, and slow in vivo degradation
properties. PCL has a wide spectrum of applications in the biomedical field, including
formulations for drug delivery as nanocapsules capable of prolonging the drug release and
enhancing the drug stability [8].

Therefore, to modify and improve pharmacological and therapeutic effects, drugs
can be encapsulated in PEO/PCL-based NPs based in noncovalent interactions as hy-
drogen bonding and hydrophobic or ionic interactions and released by diffusion directly
at a specific tissue or site of action [7]. Furthermore, NPs have also demonstrated the
ability to deliver antioxidant compounds that reduce oxidative stress in various diseases,
including PD [9,10].

Curcumin (CUR) is a natural low-molecular-weight hydrophobic polyphenolic phyto-
constituent that is isolated from the perennial herb Curcuma longa, with various pharmaco-
logical properties [11,12]. The development of nanotechnology-based delivery systems of
CUR demonstrated its neuroprotective effect in Parkinson’s disease models [13,14].

The approaches for active targeting of NP to overcome the BBB involve different
mechanism for the transport of macromolecules across the BBB, as the absorptive-mediated
transcytosis (which comprises the use of positively charged moieties), the transporter-
mediated transcytosis (correlated with nutrients or substrates, such as glutathione and
glucose, among others), and the receptor-mediated transcytosis (associated with the facil-
itated passage of targeting ligands). Therefore, endocytic pathways can be activated by
using direct moieties or ligands as vectors [15,16].

Glutathione (GSH) is a water-soluble endogenous tripeptide of glutamic acid, cysteine,
and glycine that possesses antioxidant-like properties with an active uptake transporter
highly expressed at the BBB. Once specific binding sites of BBB receptors for GSH are
selective compared with other endogenous peptides, GSH can be used as a safe, effective,
and specific ligand that can target and enhance drug delivery of NPs to the brain without
toxicity. However, the detailed mechanisms of GSH as a ligand mediating endocytosis need
to be elucidated [17,18].

More recent studies have also demonstrated that the use of GSH as a targeting ligand
to deliver NPs inside the brain has enhanced their neuronal bioavailability and therapeutic
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effects, improving treatment outcomes and cellular internalization of different nanoformu-
lations, including nanomedications undergoing clinical evaluation such as 2B3-101 [19-23].

This manuscript describes the development of NPs composed of NH,-PEO-PCL
diblock copolymer positively charged and modified by the addition of GSH on the outer
surface, obtaining a dual functionalized system for a synergistic delivery of L-DOPA and
CUR. This dual system would be able to pass the BBB, target the brain tissue, and provide
a more sustained release of drugs for potential application in PD treatment.

2. Results and Discussion
2.1. Characterization of NH,—PEO-PCL Nanoparticles

The NTA analysis, a technique that enables the visualization, sizing, and quantification
of nanoparticles in suspension by using a highly sensitive video camera, demonstrated a
narrow distribution of the NH,—PEO-PCL NP and a size of 99.5 + 7.3 nm, smaller than
those obtained by DLS (Figure 1).
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Figure 1. Surface zeta potential graph showing positive zeta potential value for NH,-PEO-PCL nanoparticle.

The results show that the sizes of the reported NH,—~PEO-PCL NPs were bigger than
those reported by Numata (2015) [24]. The NPs’ formation during nanoprecipitation is
primarily governed by the diffusion stranding phenomenon and the Marangoni effect.
Thus, different preparation conditions and parameters on PCL NP preparation by solvent
displacement can affect the nanoparticle size, as described by Badri et al. (2017) and
Mora-Huertas et al. (2011) [25,26]. The physicochemical properties of solvents used in NP
production, such as viscosity and water miscibility, are important factors that control the
size and size distribution of the NP generated. Once THF is more viscous than acetone,
the former can retard the diffusion of solute and solvent molecules during the mixing
procedure of solvent displacement method and, thus, generate larger particles, in a similar
way described by Tam et al. (2016) [27].

A further analysis of the DLS and SLS scattering data was performed. The shape factor,
p, was obtained from the ratio p = Dg/Dh. The p values of 1.4 for NH,—PEO-PCL NP fall
between those of vesicles (p = 1) and rigid rods (p > 2.0), meaning that the overall shape
of these NPs was spherical. According to Gross et al. (2016) [28], the shift in size could be
explained because the size distributions obtained by DLS consist of weight distributions,
whereas those obtained by NTA are number distributions.

The preparation method of nanoparticle aqueous suspensions formed by amphiphilic
block copolymers, called nanoprecipitation or the solvent displacement technique, is the
dissolution of the copolymer in a mixture of good solvents for both blocks, followed by
the decrease of the organic solvent content by the injection of the solution in an excess
of water. A further decrease in the content of the organic solvent, by evaporation or by
dialysis of the solution against water, causes the collapse of hydrophobic cores, generating
stable NPs [29].
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The nanoprecipitation method described by Y. Numata et al. (2015) [24], with small
modifications, was used for the preparation of NH,—PEO-PCL NPs. In order to determine
the minimization of the scattering intensity corresponding to the most dispersed polymer
state in solution, the effect of the different organic solvent percentages (from 50% to 100%
of THF in water) was studied in the polymer dissolution. The formation of NH,—PEO-PCL
aggregates formed in THF /water solutions decreased with the increasing percentage of
THEF, reaching a minimum at 90% of THF. Transmission electron microscopy determines the
size of dry particles, while DLS determines the hydrodynamic diameter of particles in water.
Because amphiphilic block polymeric micelles always have a loose structure in water, the
particle size determined by DLS is always slightly more extensive than that determined by
transmission electron microscopy [30]. TEM observed that the NH,-PEO-PCL NP was the
systems’ spherical shape, as shown in Figure 2. Nanoparticles with a size less than 200 nm
can be injected intravascularly, permeate and traffic through different tissues, bind to cell
surface receptors, and enter to target cells for intracellular drug delivery [31]. This result
demonstrates that the NH,—PEO-PCL NPs are larger than the threshold for glomerular
filtration in the kidney (Mw approximately 50 kDa) and smaller than 200 nm, increasing
the blood circulation and the tissue targeting effect, especially to the brain [32].

Figure 2. Transmission electron micrographs image of NH,-PEO-PCL nanoparticles (bar 500 nm).

PDI is an indicative of the NPs size distribution, ranging from 0 to 1, and defines the
dispersion homogeneity. Values close to 1 indicate heterogeneity and PDI values lower than
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0.5 indicate NPs of better quality with a homogenous distribution of particle size [33,34].
All the NPs showed unimodal distribution, as indicated with PDI values of less than 0.35,
suggesting a homogenous distribution under the preparation conditions.

Zeta potential (ZP) analysis can provide very useful information on the surface prop-
erties and stability of the NP system.

The ZP of the NH,—PEO-PCL NPs was +25.6 + 0.5 mV (Table 1). This positive value is
attributed to the formation of quaternary ammonium groups on NH,—PEO chains generated
by its protonation in aqueous medium and, as expected, suggest the orientation of the PEO
chains to the outside of the micellar NPs. This absolute value of the ZP also implies a high
stability of the NPs suspension once the repulsive forces generated by the positive charges
surrounding the NPs prevent its aggregation and the chances of coalescence of NPs in the
system [35].

Table 1. Physicochemical parameters of NH,—PEO-PCL, GSH adsorbed and L-DOPA and curcumin-
loaded nanoparticles in aqueous solution.

Sample

2 Rh (nm) NTA (nm) PDI Zeta Potential (mV)

NH,-PEO-PCL (UnNP) 1.17 x 10%> + 8.4 995 x10£73 0.22 +25.6 £ 0.45

GSH NH,-PEO-PCL (UnNP) 1.28 x 102 £ 2.7 1.05 x 102 + 1.8 0.21 +10.4 £0.73

L-DOPA + CUR NH,-PEO-PCL (LdCurNP) 1.33 x 10% + 6.4 1.23 x 10 + 4.0 0.24 +24.6 + 0.6
GSH L-DOPA + CUR NH,-PEO-PCL (LdCurNP) 1.45 x 10> £ 3.2 1.34 x 10> £ 5.0 0.30 +6.4 £ 0.53

In addition, the ZP of NPs is an essential factor in determining the in vivo interactions
of nanoparticles with the cell membrane. The positive charge of NP complexes can help the
NPs bind tightly to the negatively charged cellular membrane, having a higher tendency to
attach and internalize into the cells by endocytosis, compared to negatively or neutrally
charged particles [36].

In order to evaluate the comportment of the ZP of the NH,—PEO-PCL NPs in different
ionic strengths, the NPs were submitted to a crescent NaCl concentration ranging from
1 mM to 2 M (Figure 3). WE observed a progressive drift toward neutral, or slightly negative,
values for ZP that progressively neutralized the positive charges of NH,—PEO-PCL NPs
and confirmed its positive value.

ZETA POTENTIAL (mV)

N W
hnh <o

)]

|
h <@

¥ 9 -
N D

NaCl CONCENTRATION

Figure 3. Zeta potential of NH,-PEO-PCL nanoparticles as a function of NaCl concentration.
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This implies that the presence of NaCl in the aqueous medium substantially influenced
the properties of the NPs that were measurable by ZP and can be due to the electrostatic
interactions after salt addition with the surface of the NPs, resulting in lower values of
electrophoretic mobility [37].

The stability of NH,~PEO-PCL NPs in diverse NaCl concentrations of the medium
was also determined by measuring of the particle size by DLS. As depicted in Figure 3, the
NH,-PEO-PCL NPs were stable in a salt concentration superior to the physiological salt
conditions (150 mM NaCl), showing just a slight variation in the size throughout all the salt
concentrations evaluated. These results demonstrate the maintenance of NP suspensions
in an aqueous medium, due to the steric repulsive forces of the NH,—PEO corona and the
hydrophobic interactions from the core of PCL, resulting in a stable system.

2.2. Curcumin (CUR) Encapsulation

A series of curcumin-loaded NPs formulated with different amounts of CUR (2,
3, 4, and 5 mg), added during the NPs preparation, were made in order to evaluate
the CUR encapsulation efficiency. When the CUR-loaded micelles were prepared with
5 mg of CUR, the systems became instable, aggregating in a few minutes. On the other
hand, at the drug-to-copolymer ratio ranging from 0.2 to 0.4 (2, 3, and 4 mg of CUR), no
precipitate was detected, and the successful encapsulation was observed by the formation
of a clear yellow solution of CUR loaded into micelles, as observed by Shao et al. (2011) [38],
Wang et al. (2013) [30], and Scarano (2015) [39].

As described by Chow et al. (2015) [40], if the concentration of copolymer is low,
relative to CUR in the organic phase, part of the hydrophobic CUR will be exposed to the
external aqueous medium, due to an insufficient surface coverage of the NPs by the copoly-
mer, resulting in particle aggregation, thus compromising the stability [40]. Moreover, the
nanosuspension system prepared with a lower drug-to-copolymer ratio becomes more
stable when the CUR-to-copolymer ratio decreases, and a more considerable amount of
the copolymer covers the surfaces of the NP, increasing its steric stabilization [27]. After
these results, the lowest tested CUR-to-copolymer ratio (0.2) was taken as the optimized
formulation for the NP suspension preparation.

The drug loading and encapsulation efficiency of curcumin-loaded NPs, prepared with
2 mg of CUR, were 98.3% =% 0.9% and 19.8% = 0.2%, respectively, in accordance with the re-
sults described by Gong et al. (2013) [11], Wang et al. (2013) [30], Mazzarino et al. (2014) [41],
and Mogharbel et al. (2018) [42].

After the encapsulation, the size of the NPs increased as the CUR-to-copolymer ratio
increased (129.3 + 6.5, 148.5 + 6.8, and 149.6 + 8.9 nm, to a copolymer/CUR ratio of 5, 3.3,
and 2.5, respectively). This result was expected, because the incorporation of CUR into the
hydrophobic cores increased the volume of the NPs [11,41,43], resulting in micelles with
swollen cores forming spontaneously. The monodispersity was confirmed by polydispersity
indices lower than 0.3 in all samples.

The CUR-loaded NP suspension was transparent and completely dispersed in aqueous
media, with no aggregates, indicating full dispersibility of curcumin, while free CUR
exhibited poor aqueous solubility, as described by Wang et al. (2013) [30]. Therefore, the
encapsulation of CUR into polymeric micelles resulted in a homogenous and stable dosage
form in aqueous solution with high drug loading and small particle size, making CUR
administration possible.

As suggested by the results obtained by the determination of ZP, amphiphilic
NH;,-PEO-PCL NPs were formed by a core-shell structure in water, constituted by the
hydrophobic PCL chains in the core and the hydrophilic PEG chains oriented to the shell.
Consequently, hydrophobic and water-insoluble drugs such as CUR can be encapsulated
into the hydrophobic core by the hydrophobic interactions with PCL, and because of the
surface hydrophilic shell of PEG, and became more useful in biological systems [43,44].
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2.3. L-DOPA Encapsulation

The drug loading and encapsulation efficiency of L-DOPA-loaded NPs were 12% =+ 1.4%
and 3.6% =+ 0.4%, respectively, which was reasonable considering the hydrophilic nature
of dopamine. These values correlated with the results obtained by Arica et al. (2005) [45],
with drug loading values ranging from 14% =+ 1.2% to 20% = 1.4%. Shin et al. (2014) [46]
also published similar results for the drug loading of dopamine, the neurotransmitter
originating from the decarboxylation of L-DOPA, with values ranging from 2.7% =+ 1.8%
to 18.6% £ 9.2%. No significant differences were observed for the size of unloaded and
L-DOPA-loaded nanoparticles.

The advantages of PCL for drug release applications include its high permeability
to drugs, slow and sustained release of entrapped therapeutic compounds, less acidic
degradation products as compared to other types of aliphatic polyesters, and absence of
systemic toxicity [8,47].

The results of L-DOPA encapsulation have demonstrated that NH,-PEO-PCL NPs
can encapsulate L-DOPA and, due to the PCL physicochemical characteristics, are also
suitable for long-term sustained delivery of this bioactive agent. Consequently, it is
expected that the developed NPs would be able to reduce the toxicity associated with
L-DOPA; preserve the structural integrity of the encapsulated drug; enhance the drug
stability, protecting it from rapid peripheral metabolism; and reduce the side effects
associated with the L-DOPA treatment.

When loading both L-DOPA and curcumin (LdCurNP) in the same micelle, the drug
loading and the encapsulation efficiency for L-DOPA were 10.4 £ 1.5% and 3.1 £ 0.5%; and
for curcumin, they were 97.7 £ 1.0% and 19.5 £ 0.2%, respectively (Table 2).

Table 2. Drug loading and encapsulation efficiency of NH,—~PEO-PCL NPs loaded with curcumin,
L-DOPA, or both.

Nanoparticle Drug Loading Encapsulation Efficiency
Curcumin-loaded NP 98.3% %+ 0.9% 19.8% £ 0.2%
L-DOPA-loaded NP 12% + 1.4% 3.6% + 0.4%
L-DOPA and Curcumin-loaded NP (LdCurNP) 10.4 + 1.5% (of L-DOPA) 3.1 £ 0.5% (of L-DOPA)
L-DOPA and Curcumin-loaded NP (LdCurNP) 97.7 + 1.0% (of Curcumin) 19.5 4+ 0.2% (of Curcumin)

2.4. GSH Coating of the NPs

Glutathione (GSH) coating promoted a slightly increase in the average size of the
NH,-PEO-PCL NPs, from 117.3 + 4.6 to 128.6 + 1.2. This is in agreement with the results
reported previously by Mdzinarishvili et al. (2013) [48] and Geldenhuys (2011) [49],
who used the same method for the functionalization of the NPs, as for the NPs pro-
duced by using chitosan conjugated with GSH for oral drug delivery proposed by
Chronopoulou, et al. (2016) [50].

TEM observations of the GSH-coated NH,-PEO-PCL NPs demonstrated that, after its
functionalization, the system maintains the spherical shape, as shown in Figure 2.

The NTA analysis of the GSH-coated NH,—PEO-PCL NPs demonstrated a size of
99.5 + 7.3 nm, smaller than those obtained by DLS (Figure 4).

This surface functionalization also gave rise to a significant decrease in the Zeta
potential of the NP, from +25.6 + 0.5 to +11.0 + 0.4 mV, suggesting an effective masking
effect on the exposed positively charged NH2- groups of PEO. This result was attributed to
the formation of a coating of GSH adsorbed to the positively charged surface of NP, in a
similar way described by Duxfield et al. (2016) [51].

The surface modification in our system was achieved by physical adsorption of GSH
to the outside surface of NP; this is a simple approach that provides stability to the NP
suspensions and sustains their bioactivity, due to ionic interaction between the positive
charges of quaternary ammonium groups on NH,—-PEO chains outside of NP and the
negative charge of GSH and reinforced by the hydrogen bonds between ether, hydroxyl,
and amino groups from PEO and GSH.
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Figure 4. The hydrodynamic radius of NH,-PEO-PCL nanoparticles as a function of NaCl concentration.

The GSH-adsorbed NPs were dialyzed against ultrapure water for two days by chang-
ing the water four times each day to evaluate the NPs’ stability after their coating. It was
observed that, after the dialysis, the ZP of the NPs remained unchanged (+11.2 + 1.6 mV),
indicating that the interaction between the NPs surface and GSH is strong, making the
functionalized system stable. This reveals that the GSH-coated NPs still retained a desirable
positive charge at their surface.

No significant differences were observed for the unloaded and loaded GSH coated NP
ZP values. GSH was coated onto the curcumin and L-DOPA NPs after their formation by
the nanoprecipitation method coating the particles with GSH that would not modify the
drug encapsulation.

Taking all of these results together, we hypothesized that the GSH-coated loaded
NPs would be favorable for their transportation across the BBB by two different biologi-
cal mechanisms.

First, the adhesion and transport properties of the NPs can be facilitated by the electro-
static attractions between the positively charged samples and the negatively charged cell
membranes by adsorptive-mediated transcytosis (AMT). AMT is a vesicular transport route
of cationic substances through the BBB, and, in contrast to receptor-mediated transcytosis, it
does not require specific binding sites on cell surfaces but involves electrostatic interactions
between polycationic substances and negative charges on the endothelial surface [52,53].

Second, GSH coating at loaded NPs can utilize the existing GSH transport mechanism
in the BBB, contributing to the increase the permeability of positive charged NPs into the
brain. GSH acts as an endogenous ligand for the NMDA and AMPA receptors present in
the BBB, enabling the coated NPs to bind the NMDA receptor at glycine and glutamate site,
enhancing the clathrin-mediated endocytosis-coated NP-NMDA receptor complex inside
the cerebral cells.

Moreover, GSH glutathione-conjugated NPs could be recognized as endogenous units
decreasing the clearance out of the brain and allowing the NPs to remain inside the brain for
a longer time, enhancing its therapeutic effect [18,54]. In addition, authors have successfully
demonstrated the delivery of GSH-conjugated NPs inside the brain as a safe, effective, and
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specific ligand for brain-targeted drug delivery systems that are capable of improving the
transport of drugs across the blood-brain barrier [17,53,55].

2.5. Freeze-Drying Stability

After lyophilization, the observation of NH,—PEO-PCL NPs revealed the formation
of an intact cake occupying the same volume as the original frozen volume only in the
samples which used hydroxypropyl-p-cyclodextrin (HPbCD) as a cryoprotectant.

The DLS analysis of the NPs submitted to lyophilization confirmed that, among all
tested cryoprotectants, only HPbCD was capable of preserving the NPs during lyophiliza-
tion. For the other protectants, the redispersed suspensions showed different extents of
particle size and some visible precipitates.

The superior protectant performance of HPbCD relative to the other four protectants
could be linked to its inherently non-crystalline nature and better adsorption onto the NPs
surface during the sublimation of the aqueous phase. In addition, HPbCD is a collapse
temperature modifier with a relatively high Tg’ (i.e., the glass transition temperature
of maximally cryo-concentrated solution), which renders it especially useful for raising
the overall collapse temperature the nanoparticle formulation, as well as shortening the
primary drying cycle. Moreover, HPbCD is an atoxic cyclic oligosaccharide used to improve
the water-solubility and bioavailability of medicinal products currently found in marketed
parenteral formulations [40].

One of the desired characteristics of the lyophilized NPs includes an intact cake occu-
pying the same volume as the original frozen mass, which facilitates the rapid reconstitution
of lyophilized product in a solvent system. A significant drop in volume may indicate
formulation collapse, which is unacceptable from a gross macroscopic perspective. Apart
from the lyophilization process, lyophilized cake formation is highly dependent on the
composition of the formulation, including cryoprotectant [56]. Results obtained by other
authors showed that HPbCD was also the most effective cryoprotectant among different
sugars [40,57,58].

The reconstitution time of lyophilized NPs with HPbCD was practically instantaneous
following the addition of water and gentle manual shaking by inversion. The NPs were
readily dispersible, showing uniform distribution and no aggregation. The rehydration
was achieved upon vortexing and sonication for the other collapsed formulations, which
took a long reconstitution time.

The level of cryoprotection provided by sugars generally depends directly on their
concentrations, meaning that, the higher the concentration of cryoprotectant, the better
the stability of the nanoparticles. Moreover, it is essential to optimize the concentration of
the used cryoprotectant, to use a minimum concentration while preserving all desirable
characteristics [40].

As HPbCD was demonstrated to be the best protectant for the NPs during freeze-drying,
eight different concentrations of HPbCD, ranging from 0.25 to 5% w/v, were tested. Precipi-
tates were observed upon redispersion of the freeze-dried samples if the HPbCD concentration
was below 2%. Then a minimum concentration of 2% of HPbCD was considered suitable for
the reconstitution of lyophilized GSH-coated NH,—PEO-PCL NPs. All the samples tested
with concentrations of HPbCD ranging from 2 to 5% did not showed signs of aggrega-
tion and were easily reconstituted by manual shaking; in addition, the size measurement
demonstrated an almost-identical mean particle size before and after freeze-drying. This
result demonstrated no further enhancement of particle stability with higher HPbCD
concentrations, as Chow et al. (2015) [40] presented.

After optimizing the lyophilization process and selecting the cryoprotectant, the results
indicated that HPbCD at a concentration of 2% w/v was superior among all other sugars
studied, resulting in desirable lyophilized NH,—PEO-PCL NPs. The NPs’ Zeta potential
values were not statistically significant, confirming that the stabilization and NPs’ outside
charges were not affected.
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2.6. Cytotoxicity Evaluations of the Loaded Nanoparticles

When evaluating the biocompatibility of newly designed nanoparticles, ensuring safety
in vitro assays is necessary before advancing in preclinical/clinical trials [59]. This study per-
formed three nanotoxicity assays: erythrocyte hemolysis, MTT, and the LIVE/DEAD® viability
assay. The concentrations, ranging from 1 to 100 M) of the L-DOPA and curcumin-loaded
NH,-PEO-PCL GSH-coated NPs (LdCurNP), applied in these studies were calculated based
on the amount of loaded L-DOPA in nanoparticles, taking into account the encapsulation
efficiency and drug loading previously described. Because of this difference, curcumin concen-
trations could be as high as five-fold the concentration of L-DOPA, and, thus, Supplementary
Materials are available showing the assays using only curcumin-loaded nanoparticles (CurNP)
ranging from 200 to 500 pM (Supplementary Figures S1-54).

2.6.1. Erythrocyte Hemolysis Assay

In the present study, the centrifuged tubes demonstrated that none of the groups had
similar hemolytic activity, as seen in the positive control sample (Figure 5A).

After calculating the hemolysis rate for each NP suspension concentration, it was
detected that the hemolysis rate was lower than 5% for all concentration groups tested.
Only a few concentrations were slightly over 2% in Sample 1 (Figure 5B and Table 3). In
Sample 2, almost all the concentrations were above 2%, but none passed the threshold
of 5% (Figure 5C and Table 3). Such results suggest that the unloaded and L-DOPA and
curcumin-loaded NH,-PEO-PCL GSH-coated NPs have good blood compatibility.

Table 3. Hemolysis assays of the L-DOPA and curcumin-loaded nanoparticles (LdCurNPs) and
unloaded nanoparticles (UnNPs) results presented as mean =+ standard error.

% Hemolysis (LdCurNP) % Hemolysis (UnNP)

uM Sample 1 Sample 2 Sample 1 Sample 2

1 —0.16 £ 0.11 2.68 +0.21 3.27 £0.26 2.50 £0.26
10 0.04 £0.32 2.61 £0.28 122 +£0.13 2.314+0.18
25 145 £0.14 2.00 +0.19 2.71 £ 0.58 143 £0.16
50 3.89 £0.22 2.62 £ 0.30 2.08 £ 0.39 2.59 £0.26
75 3.28 £0.14 243 +0.32 2.23 +0.34 2.62+0.21
100 1.97 £0.15 2.98 £0.19 0.85 £ 0.09 2.93 £0.18

Since all administration routes of NPs lead to blood circulation, blood compatibility is
one of the most important parameters when developing a new nanoparticle [60,61]. The
standard ASTM-F765 [62] defines hemolytic rates of 0 to 2% as non-hemolytic, 2 to 5% as
slightly hemolytic, and above 5% as hemolytic.

As a complement for the absorbance data, it is also important to record images of
the centrifuged tubes for qualitative evaluation of the solutions in order to avoid false
negatives [63].

The development of co-polymer NPs can be made within numerous combinations
of different structures; this makes the comparison between them much more complex. It
should consider the types of polymers that were used, if the NPs were coated, and if they
were loaded or not with drugs.

Regarding all the differences between the NPs, it is essential to encounter a com-
mon ground between them. In the present study, the hemolytic results were validated
by hemolysis assays for polymeric nanoparticles from Mazzarino et al. (2015) [64], who
developed NPs with xyloglucan-block-polycaprolactone and also obtained good blood com-
patibility, and Fan et al. (2018) [65], who evaluated a co-polymeric curcumin-loaded NPs
synthetized with poly (lactic-co-glycolic acid) and polyethylene glycol and also obtained
good blood compatibility.
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Figure 5. (A) Hemolysis assay microtubes after incubation with nanoparticles suspensions in differ-
ent concentrations (1, 10, 25, 50, 75 and 100 uM) for 1 hour and centrifugation at 1500 G for 5 min.
PC (Positive Control, distilled water), NC (Negative Control, saline), UnNPs (Unloaded Nanopar-
ticles), LdCurNPs (L-DOPA and Curcumin- Loaded Nanoparticles). (B,C) The results presented
are mean = standard error of the hemolysis rate of samples 1 and 2, respectively. Dotted lines are
the thresholds of 5% (slightly hemolytic) and 2% (non-hemolytic) hemolysis rate and * p < 0.05;
n.s. p > 0.05 when compared with the negative control.
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2.6.2. MTT Cytotoxicity Assay

The MTT assay is a widely used colorimetric experiment that evaluates the metabolic
capacity of cells, more specifically, the capacity of oxidoreductases to split the tetrazolium
ring into the purple-colored formazan [60,66,67].

In this assay, Vero and PC-12 cells were exposed to unloaded or L-DOPA and
curcumin-loaded NH,-PEO-PCL GSH NPs suspensions in different concentrations. The
Vero cell line is often applied in general cytotoxic evaluations [42,68]; on the other hand,
the PC-12 cell line, when differentiated, is mainly used when neuronal cytotoxicity needs
to be observed [69,70].

In our findings related to the Vero cell line, at 24 h of incubation, only the concentration
10 uM of the LdCurNPs had a significant decrease in absorbance compared with the control.

However, at 48 and 72 h, both unloaded and loaded nanoparticles suspensions induced
a decrease in the proportional absorbance compared to the control group in most of the
concentrations tested, except UnNP at 48 h with 1 and 100 pM (Figure 6A, 48 and 72 h). A
significant absorbance decrease was observed with Vero cells when comparing the unloaded
versus the loaded nanoparticles (comparisons represented by # in Figure 6A), and this could
be related with the slower drug delivery mechanism of nanoparticles. This decrease is also
present in the assay with only curcumin-loaded nanoparticles (Supplementary Figure S2)
and is corroborated with other authors that also applied the MTT assay and treating Vero
cells with curcumin. Kong (2009) [71] observed a ratio decrease after 48 h of exposure of the
Vero cells with curcumin at a concentration of 20 uM, and Prasetyaningrum (2018) [72] also
reported a decrease in this same cell line, with around 30 uM of curcumin. Both studies
used curcumin powder solubilized in DMSO, leading to an all-at-once exposure to these
concentrations. When a drug is loaded into nanoparticles, the drug liberation is time-
dependent, so it can be hypothesized that the curcumin liberation from the nanoparticles
was sustained throughout the assay, maintaining a steady concentration.

Although there are reports in the literature that curcumin had no cytotoxicity effects
in undifferentiated PC12 cells [73,74], some other studies have shown the opposite, [75-77].
Mendonga (2013) [76] also reported the cytotoxicity effects of curcumin in differentiated
PC12 cells, but lower in undifferentiated cells.

Farani (2019) [78] tested a curcumin-loaded iron oxide G-NH; nanocarrier bonded
with PEG in undifferentiated PC12 cells, with concentrations of the curcumin up to 134 pM
and 48 h of incubation, and their results showed a cell viability above 80% even in
higher concentrations.

Most of these studies treated cells with curcumin dissolved in DMSO solution and
evaluated only 24 h of incubation before analysis. In the present study, we wanted to
verify if long-term exposure (48 and 72 h) of L-DOPA and curcumin-loaded nanoparticles
resuspended directly into the cell culture medium could somehow affect cells’ viability.

When treating PC12 cells with L-DOPA (100 uM) for 24 h, studies have shown a
decrease in viability when compared with the control group [79-81], thus corroborating
our results.

It is also reasonable to consider that it is not entirely understood how suspended
nanoparticles interact with cell membranes, organelles, and nuclei, and if such interactions
can lead to cytotoxicity [82].

For the MTT assay, there is a significant difference when comparing the unloaded and
the loaded nanoparticles in the Vero cell line; and this is accentuated in 48 and 72 h. These
differences appear in fewer comparisons in the PC12 cell line (Figure 6B).

These considerations are important because there is a lack of works in the literature that
report a longer exposure times of L-DOPA, and curcumin-loaded nanoparticles. Although
the MTT analysis detected cytotoxicity, especially in longer exposure times (48 and 72 h),
it is necessary to discuss that, besides being extensively used in cytotoxicity assays, this
colorimetric assay has its flaws, such as over/underestimation of absorbance, susceptibility
of microplate edge effect, particle-induced artifacts, and false positives [83-87].
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Figure 6. MTT assays of Vero and differentiated PC12 cells after 24, 48 and 72 h of incubation
with the nanoparticles’ suspensions in different concentrations. Absorbance was determined in
spectrophotometer at wavelength of 595 nm and values are presented as mean =+ standard error
of the % of control group (* and # p < 0.05; n.s. p > 0.05). (A) Vero cells treated with L-DOPA and
Curcumin-loaded nanoparticles (LACurNP) and unloaded nanoparticles (UnNP) suspensions in
concentration of 1, 10, 25, 50, 75 and 100uM. (B) differentiated PC12 cells treated with LdACurNP and
UnNP suspensions in concentration of 1, 10, 25, 50, 75 and 100 M.

2.6.3. LIVE/DEAD Viability Assay

The LIVE/DEAD assay, together with high throughput microscopy, consisted of
a more accurate representation of the cell population, regarding the viability, and can
complement colorimetric assays. If cells are viable, they can convert, by intracellular
esterases, the nonfluorescent calcein—AM into the green fluorescent calcein. Nevertheless,
when cells are compromised and their cell membrane is damaged, the nuclei marker
ethidium homodimer-1 binds with nuclei acids and emits a red fluorescence [67,88].

After analyzing the LIVE/DEAD viability assay of the Vero cell line treated with
LdCurNP in different concentrations, it was observed that the viability was more than 95%
in all concentrations and all time points. Although some concentrations had a significant
difference compared with the control group, that cannot be biologically relevant (Figure 7B).
An increase in cell number can also be observed between time points, suggesting that cells
are viable and proliferating (Figure 7A).
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Figure 7. LIVE/DEAD viability assays of differentiated Vero cells after 24, 48 and 72 h of incubation
with the nanoparticles’ suspensions in different concentrations. (A) Representative images of control,
L-DOPA and Curcumin-loaded nanoparticles (LdCurNP) 100 uM and unloaded nanoparticles (UnNP)
100 uM. Cells nuclei were stained with Hoechst 33342 and observed with the DAPI channel, live cells
were stained with calcein and observed in the FITC channel, dead cells were stained with ethidium
homodimer-1 and observed in the Texas Red channel. (Scale bar 100 um). (B) LACurNP and UnNP
suspensions in concentration of 1, 10, 25, 50, 75 and 100 uM, Values were presented as mean £
standard error of the % of viable cells (* p < 0.05; n.s. p > 0.05).

Considering the analyzed LIVE/DEAD viability assay of PC12 cell line treated with
LdCurNPs in different concentrations, it was observed that, in all concentrations and
time points, the viability was above 95% (Figure 8B). Although some concentration had a
significant difference compared with the control group, this difference cannot be considered
biologically relevant. Because of the differentiation, the number of cells remained mostly
equal in all time points (Figure 8A). The mechanism that the LIVE/DEAD employs to
determine cytotoxicity differs from the colorimetric assays also performed in this paper.
While colorimetric assays such as hemolysis, which quantifies the amount of hemoglobin
solubilized after red blood cells lysis, or MTT, which quantifies the formazan produced
by reduction of MTT by the oxidoreductases present in cells, the LIVE/DEAD assay can
analyze the integrity of the cells by staining the cytoplasm if viable, or the nuclei if non-
viable. High-throughput microscopy can transform a qualitative into a quantitative assay
by analyzing the whole cell population.
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Figure 8. LIVE/DEAD viability assays of differentiated PC12 cells after 24, 48 and 72 h of incubation
with the nanoparticles” suspensions in different concentrations. (A) Representative images of control,
L-DOPA, and Curcumin-loaded Nanoparticles (LdCurNP) 100 uM and Unloaded Nanoparticles
(UnNP) 100 uM. Cells nuclei were stained with Hoechst 33342 and observed with the DAPI channel,
live cells were stained with calcein and observed in the FITC channel, dead cells were stained with
ethidium homodimer-1 and observed in the Texas Red channel. (Scale bar 100 um). (B) LdCurNP
and UnNP suspensions in concentration of 1, 10, 25, 50, 75 and 100 uM, Values were presented as
mean =+ standard error of the % of viable cells (* p < 0.05; n.s. p > 0.05).

3. Material and Methods
3.1. Materials

The a-amino-w-hydroxy-terminated (NH;)-PEG-b-PCL used in this study was pur-
chased from Polymer Source (Montreal, QC, Canada). The amphiphilic copolymer used had
an average molar mass (Mn) of 5 x 10% g/mol for the PEG block and 10.5 x 10% g/mol for
the PCL block (NH,-PEO-PCL), and an Mw /number average molecular weight (Mn) ratio
of 1.50. Curcumin and L-DOPA were purchased from Sigma-Aldrich Co., LLC (St. Louis,
MO, USA).

3.2. Preparation of NH,—PEO—-PCL Nanoparticles

The NH,-PEO-PCL nanoparticle suspensions were prepared by using a nanopre-
cipitation and solvent displacement method, similar to that described by Numata et al.,
2015 [24]. Following this method, NH,—PEO-PCL (10 mg) was dissolved in 0.5 mL of a mix-
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ture of THF /water 0.9/0.1 (v/v) and then stirred for 18 h. The polymer solution was then
added in a drop-wise manner (5.0 mL/h) to ultrapure water, at room temperature (1 mL),
under stirring (750 rpm). The remaining THF was rapidly eliminated by evaporation under
reduced pressure at room temperature.

Curcumin and L-DOPA-loaded nanoparticles were prepared by cosolvent evaporation,
as described above, except for dissolving curcumin and NH,-PEO-PCL in a mixture of
THEF /water 0.9/0.1 (v/v), and adding the solution in a drop-wise manner to a solution of
3 mg/mL of L-DOPA in 0.01 M monobasic potassium phosphate, adjusted to pH 3.0 with
phosphoric acid 85%.

Curcumin-loaded nanoparticles were prepared by cosolvent evaporation, as described
above, except for dissolving curcumin and NH,-PEO-PCL in a mixture of THF/water
0.9/0.1 (v/v). Then the nanoparticle suspension was centrifuged at 10,000 rpm for 5 min to
remove the curcumin precipitate from the outside of the nanoparticles.

L-DOPA-loaded nanoparticles were prepared by cosolvent evaporation, as described
above, except for adding the NH;-PEO-PCL solution in a drop-wise manner to a solution
of 3 mg/mL of L-DOPA in 0.01 M monobasic potassium phosphate, adjusted to pH 3.0
with phosphoric acid 85%.

3.3. Coating of the NPs

The coating of NH,-PEO-PCL nanoparticle suspensions with glutathione (GSH) was
prepared by using a method similar to Geldenhuys et al., 2015 [89]; 20 mg of glutathione
was added to 1 mL of nanoparticle suspension in order to get a 2% w/v coating and allowed
to sit at room temperature for at least 30 min before use in order to warrant a maximal
GSH coating.

3.4. Characterization of NHy—PEO-PCL Nanoparticles
3.4.1. Dynamic Light Scattering (DLS)

The size distribution, mean particle size, polydispersity index, and morphology of the
nanoparticle suspensions in aqueous media were determined by using DLS at 25 °C by
Static and Dynamic Light Scattering (SLS/DLS) with an ALV 5000 (ALV, Langen, Germany)
providing a red helium—neon laser at a wavelength of 632.8 nm, utilizing 35 mW power.
Then it was diluted in ultrapure water, and samples were placed in cylindrical measurement
cells, which were immersed in a toluene bath at 25 °C. A very sensitive avalanche diode
detected the scattered photons. In this study, the modulus of the scattering vector is denoted
q and is equal to (4 pn/k)sin (h/2), where n represents the refractive index of pure water,
h is the scattering angle, and k designates the light wavelength. Each experiment was
performed during 120 s, and the scattered light was measured at different angles, ranging
from 30° to 140°, with a 2.5° stepwise increase. The scattering intensity was corrected by
considering the contributions of the solvent (water) and the toluene (standard), as well as
the change of the scattering volume with the detection angle. The hydrodynamic radius
(Rh) was determined by using the Stokes—Einstein equation, Rh =jBT/6 pgD, where jB is
Boltzmann constant (in J/K), T is the temperature (in K), D is the diffusion coefficient, and
g is the viscosity of the medium—pure water, in this case (g = 0.89 cP at 25 °C). Unloaded
and loaded nanoparticle suspensions show no absorption at the wavelength used in light-
scattering experiments. The data were acquired with the ALV correlator control software,
and the distributions of the relaxation times, A(t), were obtained by using CONTIN analysis
applied to the autocorrelation function, C(g, t).

3.4.2. Nanoparticles Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) experiments were performed by analyzing
with a digital microscope LM10 System (NanoSight, Salisbury, UK). The samples were
diluted in ultrapure water and then introduced into the chamber with a syringe. Each
sample was illuminated with a 405 nm blue laser and separated. The video images of
particles were analyzed by the NTA analytical software version 2.1 (NanoSight, Salisbury,
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UK). The particles were in movement under Brownian motion, and each video clip was
captured over 60 s, at room temperature.

3.4.3. Transmission Electron Microscopy

The morphology of the NH,-PEO-PCL nanoparticle was observed under a Philips CM200
microscope (Royal Philips, Amsterdam, Netherlands) operated at 120 kV. NH,—PEO-PCL
nanoparticles in aqueous media were released on a glow-discharge carbon-coated copper grid,
staining negative with 2% (w/v) uranyl acetate to dry completely.

3.4.4. Zeta Potential Measurement

Nanoparticle samples were diluted in ultrapure water and placed in the electrophoretic
cell, where a potential of +150 mV was established. The laser-doppler anemometry with a
Zetasizer Nano Series (Malvern Instruments, Worcestershire, UK) was used to determine
the Zeta potential. The f potential values were used as the mean electrophoretic mobility
calculated values, using Smoluchowski’s equation.

3.5. Stability of the GSH-Coated Nanoparticles with Added Salt

At different concentrations of NaCl solutions, the GSH-coated and uncoated nanopar-
ticle suspensions were diluted. The effects of salt addition on the particle size and Zeta
potential were monitored by using DLS, as described above.

3.6. Determination of Drug Loading and Entrapment Efficiency

The amount of L-DOPA loading and entrapment efficiency was estimated after the
determination of the drug concentration in the nanoparticle suspensions by UV-HPLC,
according to the method described by Pereira et al. (2012) [90], using a PerkinElmer Lambda
10 UV /Vis spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) at 280 nm. The
loading efficiency (%) was estimated as the difference between the total concentration of
L-DOPA found in the solution used for the nanoprecipitation. Then the drug concentration
in the supernatant was obtained by the suspension ultrafiltration/centrifugation proce-
dure (13,000 rpm for 15 min), using Amicon Centrifugal Filter Devices with Ultracel-3000
membrane (3 kDa, Millipore Corp., Burlington, MA, USA), after the nanoprecipitation to
separate the free drug in the supernatant from the L-DOPA-loaded nanoparticles. The
amount of encapsulated L-DOPA was calculated from the calibration curve established,
using standard solutions of L-DOPA in the same solvent. The loading and entrapment
efficiencies of L-DOPA were calculated according to the following formulas:

Loading LDinNPs — FreeLD
. o = 1 1
Efficiency / Totalamounto fLD <100 @)

Entrapment ,,  LDinNPs — FreeLD
Efficiency ° TotalamountofNPs

where LD = L-DOPA, and NPs = NH;-PEO-PCL nanoparticles.

Curcumin (CUR) loading and entrapment efficiency in the nanoparticle suspension
were calculated after the drug concentration in the nanoparticle suspensions by UV-HPLC,
according to the method described by Monton et al. (2016) [91], at 425 nm. The loading
efficiency (%) was estimated as being the difference between the total amount of CUR
added to the formulations and the total concentration of curcumin found in the nanoparticle
suspensions after their complete dissolution in acetonitrile, deducted from the concentration
of the drug in the supernatant, obtained by the suspension ultrafiltration/centrifugation
procedure, using Amicon Centrifugal Filter Devices with Ultracel-100 membrane (100 kDa,
Millipore Corp., Burlington, MA, USA), as described by Mazzarino et al. (2012) [37] and
Scarano et al. (2015) [39]). The amount of CUR calculated from the calibration curve was

x 100 )
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established by using standard solutions of curcumin in the same solvent. The loading and
entrapment efficiencies of CUR were calculated according to the following formulas:

Loading ,  CURinNPs — FreeCUR < 100 3)
Efficiency Totalamounto fCur
Entrapment ,  CURinNPs — FreeCUR < 100 @)

Efficiency *°~  TotalamountofNPs
CUR = curcumin, and NPs = NH,—-PEO-PCL nanoparticles.

3.7. Freeze-Drying Stability

In order to minimize the physical changes of the NH,-PEO-PCL NPs, lactose, manni-
tol, sucrose, trehalose, and hydroxypropyl-B-cyclodextrin (HPbCD) were tested as cryopro-
tectants. Aqueous solutions were made at various concentrations of cryoprotectants and
mixed with aliquots of the NH,-PEO-PCL NPs suspension before freeze-drying to obtain
the final concentrations of cryoprotectant from 0.25 to 5%, w/v. The colloidal suspensions
were placed inside a 1.5 mL microtube, frozen at —196 °C in liquid nitrogen, and then
transferred immediately to a freeze dryer (Free Zone 6, Labconco, Kansas City, MO, USA)
and lyophilized (—50 °C and 50 mbar) for 48 h. The freeze-dried cake was rehydrated by
slowly injecting 1 mL ultrapure water onto the tube, stabilized for 5 min, and gently shaken
to ensure complete disintegration and dissolution of the cake. The mean particle size of the
original fresh nanoparticle was measured by DLS before (Si) and after (Sf) freeze-drying at
25 °C, and then it was compared and expressed as an Sf/Si % ratio.

3.8. Cytotoxicity Evaluations of the Loaded Nanoparticles

All cytotoxicity assays were performed by using drug concentrations of 1, 10, 25, 50,
75, and 100 pM.

3.8.1. Erythrocyte Hemolysis Assay

To perform the erythrocyte hemolysis assay, 2 mL of peripheral blood was collected
from two healthy donors into tubes containing EDTA anticoagulant. The erythrocytes were
washed by separating them with centrifugation at 1500 G for 5 min, the supernatant was
removed with micropipette, and the erythrocytes were suspended with saline, and this
process was repeated twice. After the removal of the supernatant, 1 mL of the washed ery-
throcytes was added to 9 mL of saline, referred to now as the stock solution of erythrocytes.
In 1.5 mL microtubes, 50 pL of the stock solution of erythrocytes was added and treated
with 950 uL of saline containing the NH,-PEO-PCL NPs suspensions that were unloaded
(UnNP) or loaded with curcumin and L-DOPA (LdCurNP) at a concentration of the drugs
ranging from 1 to 100 uM (concentrations of the LdCurNPs), calculated regarding the drug
L-DOPA. The negative control (established as 0% hemolysis) was treated with saline only,
and the positive control (established as 100% hemolysis) was treated with distilled water
only. The microtubes were homogenized and incubated in a shaker at 37 °C for 1 h. After
the incubation time, the tubes were centrifuged 1500 G for 5 min, and the image of the
tubes was recorded; the supernatant was collected and transferred to a 96-well plate and
read at 405 nm wavelength in spectrophotometer. The hemolysis percentage was calculated
according to the following formula:

.o ABS—ABSnc
HemolySlS /0 — m X 100 (5)

where ABS = the observed absorbance of the samples, ABSnc = the negative control ab-
sorbance, and ABSpc = the positive control absorbance.
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3.8.2. MTT Cytotoxicity Assay

Vero cells acquired from the Cell Bank of Rio de Janeiro (Duque de Caxias, R]J, Brazil)
(BCRJ code: 0245/ ATCC code: CCL-81) were cultivated with complete medium, DMEM-F12
supplemented with 10% fetal bovine serum, and 1% penicillin and streptomycin (100 U/mL
and 100 pug/mL respectively), at 37 °C, with 5% CO,. They were seeded in 96-well plates
(seeding density of 2 x 10° cells per well). After 24 h, the medium was discarded, and the
cells were treated with a complete medium containing the NH,—PEO-PCL NP suspensions
that were either unloaded (UnNP) or loaded with L-DOPA and curcumin (LdCurNP), at a
concentration ranging from 1 to 100 uM, for 24, 48, and 72 h. After the incubation time, 20 pL
of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solubilized in
DMEM was added to each well (final concentration of MTT for each well was 0.5 mg/mL).
The plates were incubated for 3 h at 37 °C; after this period, the medium was removed
with a micropipette, and 100 pL of DMSO was added. The plates were placed onto a
shaker for at least 30 min to solubilize the formazan crystals and finally read with 595 nm
wavelength in a spectrophotometer. Data collected from three individual experiments, each
with quadruplicates samples, were presented as a percentage of the observed absorbance of
the control group.

PC-12 cells acquired from the European Collection of Authenticated Cell Cultures
(ECACC) (Porton Down, Wiltshire, UK) (Catalogue No.: 88,022,401) were previously culti-
vated in suspension with RPMI 1640 supplemented with 10% fetal horse serum, 5% fetal
bovine serum, and 1% penicillin and streptomycin (100 U/mL and 100 pug/mL respectively),
at 37 °C, with 5% CO,. PC-12 cells can adhere to plastic pretreated with collagen type IV
(Sigma Aldrich Catalogue Number C5533) (San Luis, MO, USA). The collagen coating was
performed by adding 50 pL of a 0.01 mg/mL collagen solution in each well of a 96-well
plate. Plates were left open in a laminar flow hood until total solvent evaporation. For
sterilization, coated plates were exposed lidless to UV light for 1 h inside the laminar flow
hood, sealed and maintained at 4 °C until use. PC-12 cells were seeded on a collagen
type IV coated 96-well plate (seeding density of 2 x 10% cells per well) with neuronal
differentiation medium, RPMI 1640 supplemented with 1% of fetal horse serum, and 100
ng/mL of Nerve Growth Factor-7S (Sigma Aldrich catalog number N05013) (San Luis, MO,
USA) for 17 days. Three-quarters of the differentiation medium was replaced twice a week.
After neuronal differentiation, the medium was replaced by a differentiation medium con-
taining the NH,-PEO-PCL NPs suspensions, followed by the same procedures described
in this section.

3.8.3. LIVE/DEAD Viability Assay

Vero cells, previously cultivated as described above, were seeded in 96-well plates
(seeding density of 5 x 10% per well). After 24 h, the medium was replaced, and the cells
were treated with a complete medium containing the NH,—PEO-PCL NPs suspensions
that were either unloaded (UnNP) or loaded with curcumin and L-DOPA (LdCurNP),
at a concentration ranging from 1 to 100 uM, for 24, 48, and 72 h. After the incubation
time, 20 pL of Hoechst 33,342, calcein AM, and Ethidium Homodimer-1 solubilized in
DMEM-F12 were added to each well (fluorescence markers’ final concentration for each
well was 2 pg/mL, 0.3 uM, and 0.6 uM, respectively). The plates were incubated for 30 min
at 37 °C, and images were acquired with high-throughput microscopy (GE In Cell Analyzer
2000, Boston, MA, USA). The image acquisition protocol consisted of defined exposure
time for each channel DAPI 650 ms, FITC 350 ms, and Texas Red 650 ms. These channels
were used to observe the fluorescence of the Hoechst 33,342, calcein AM, and Ethidium
Homodimer-1, respectively. In addition, each concentration having quadruplicate wells
and images was acquired from four different fields in each well. Images were analyzed
with an In Cell Analyzer Workstation v.3.7.3, using the cell nuclei for detection and the
identification. Cell viability was determined by the positive staining with calcein, and cell
death was marked with Ethidium Homodimer-1, respectively.
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PC-12 cells were cultivated, seeded, and differentiated into neuron-like cells as de-
scribed previously, followed by the same treatment and procedures described in this section.

4. Conclusions

In this study, NPs consisting of NH,—PEO-PCL were characterized as potential formu-
lations to pass across the BBB for brain delivery of both L-DOPA and curcumin, transporting
these active compounds simultaneously.

It is the first time that both L-DOPA and curcumin were presented together in the same
nanoparticle that can act in treating Parkinson’s disease. L-DOPA is a dopamine precursor,
and curcumin has antioxidant properties that could protect dopaminergic neurons.

The demonstrated results indicate that the developed biodegradable nanomicelles
were blood compatible, with low cytotoxicity, and may be considered a promising novel
therapy for treating Parkinson’s disease. Such a therapy represents a promising approach
for future clinical applications and constitutes an exciting drug delivery system, with
desirable features for brain delivery of a neurotransmitter precursor associated with an
antioxidant molecule capable of producing a synergistic therapeutic effect. The advantages
of these nanoparticles are that the treatment could be applied with lower concentrations,
with the possibility of new routes of administrations, such as nasal, allied with higher
treatment tolerance, due to the reduction of unwanted collateral effects.

However, to evaluate the anti-parkinsonian effects, future in vivo studies should be
carried on to verify if these nanocarriers can reduce the dopaminergic neuron degeneration
or the motor symptoms related to Parkinson’s disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27092811/s1, Figure S1: (A) Hemolysis assay microtubes
after incubation with nanoparticles suspensions in different concentrations (200, 400 and 500 uM)
for 1 h and centrifugation at 1500 G for 5 min Positive Control, distilled water (PC), Negative Con-
trol, saline (NC), Unloaded Nanoparticles (UnNPs), Curcumin-loaded Nanoparticles (CurNPs).
(B,C) The results presented are mean =+ standard error of the hemolysis rate of samples 1 and 2,
respectively. Dotted lines are the thresholds of 5% (slightly hemolytic) and 2% (non-hemolytic)
hemolysis rate and * p < 0.05; n.s. p > 0.05 when compared with the negative control; Figure S2:
MTT assays of Vero and differentiated PC12 cells after 24, 48, and 72 h of incubation with the
nanoparticles’ suspensions in different concentrations. Absorbance was determined in a spec-
trophotometer at a wavelength of 595 nm, and values are presented as mean =+ standard error of
the % of the control group (* and # p < 0.05; n.s. p > 0.05); Figure S3: LIVE/DEAD viability assays of
differentiated Vero cells after 24, 48, and 72 h of incubation with the nanoparticles’ suspensions in
different concentrations; Figure S4: LIVE/DEAD viability assays of differentiated PC12 cells after
24, 48 and 72 hours of incubation with the nanoparticles” suspensions in different concentrations.
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Abstract: Selenium nanoparticles (SeNPs) have attracted great attention in recent years due to their
unique properties and potential bioactivities. While the production of SeNPs has been long reported,
there is little news about the influence of reaction conditions and clean-up procedure on their physical
properties (e.g., shape, size) as well as their antioxidant activity. This study takes up this issue. SeNPs
were synthesized by two methods using cysteine and ascorbic acid as selenium reductants. The
reactions were performed with and without the use of polyvinyl alcohol as a stabilizer. After the
synthesis, SeNPs were cleaned using various procedures. The antioxidant properties of the obtained
SeNPs were investigated using DPPH and hydroxyl radical scavenging assays. It was found that
their antioxidant activity does not always depend only on the nanoparticles size but also on their
homogeneity. Moreover, the size and morphology of selenium nanoparticles are controlled by the
clean-up step.

Keywords: selenium; selenium nanoparticles; antioxidant activities; clean-up procedure

1. Introduction

Selenium is an essential trace element that supports many processes that occur in
human body. The importance of selenium in the human diet comes from the fact that it is
involved in protection of the cell from oxidative damage and plays a key role in decreasing
lipid peroxidation [1,2]. Moreover, selenium is postulated to be useful for protection against
various forms of cancer and many serious diseases, including cardiovascular disease, arthri-
tis and muscular dystrophy [3,4]. For that reason, selenium dietary supplements generate
considerable interest in pharmaceutical and food sciences [5]. Some of the selenium supple-
ments, particularly the inorganic forms, have shown toxicity in higher nutritional doses.
However, it is necessary to emphasize that the biological activity of the selenium depends
on its chemical form and structure. In recent years, selenium nanoparticles (SeNPs) have
attracted great attention due to their unique properties and potential bioactivities. The
toxicity of SeNPs is significantly lower in comparison to that of inorganic and organic
forms of selenium [6]. SeNPs offer great potential for several applications in the fields of
medicine, diagnostics, therapeutics and toxicology [7-11]. On the other hand, due to their
unique structural, optical and electronic properties, selenium nanomaterials also find appli-
cations in electronics and technology. The newest research shows great potential of SeNPs
regarding their antimicrobial activity. Various mechanisms of their action were described,
including the generation of radical oxygen species (ROS), interaction with cell barrier or
inhibition of the synthesis of proteins and DNA [12]. The ROS species (e.g., hydroxyl
radicals, superoxide anions, hydrogen peroxide) can inhibit DNA replication or amino acid
synthesis, but they can also damage bacterial cell membranes. The potential of nanoparti-
cles (NPs) as antimicrobial agents can be explained by their ability to simultaneously act
through these multiple mechanisms. In such a situation, microbes are unable to develop
resistance to these expressed mechanisms of action, contrary to the case for commercially
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available antibiotics [12]. The particle size, shape and surface morphology are important
parameters determining the interaction of nanomaterials with bioorganisms. Due to these
findings, the synthesis method is crucial when the obtained SeNPs are intended for use in
the biomedical field.

Several chemical and physical methods have been proposed to prepare SeNPs. The
main method of preparing nanoselenium is the chemical reduction of selenium salts [6,13-16].
Sodium selenite, sodium selenosulfate or selenious acid are examples of the precursors
in the chemical synthesis of SeNPs. However, chemical methodologies are criticized due
to the use of toxic chemicals in the synthesis protocol. Attempts have been made to
use non-toxic reagents in the synthesis of SeNPs such as ascorbic acid [13,14,17,18] or
sugars [13,18,19]; however, such actions are limited by the instability of the nanoparticles.
This can be improved by adding stabilizers such as glucose, chitosan or polyvinyl alcohol
(PVA) [13,14,20]. This is a very important aspect of nanoselenium synthesis because
SeNPs are usually prone to agglomeration into large clusters in aqueous media, which
results in a reduction in their bioactivity, biocompatibility and bioavailability [20]. On the
other hand, some residuals of the used stabilizers limit the application of the obtained
SeNPs in pharmaceutical and medicinal areas. Therefore, green synthesis methods of
SeNPs preparation have recently garnered great attention [21-26]. These ecofriendly
methods involve plant extracts or various microorganisms in their protocol. The main
assumption of such methods is the use of naturally occurring substances in the extract as
both stabilizers and reductants [13]. Many studies showed that SeNPs possesses higher
antioxidant activity than the used plant extract itself [27,28]. It is known that particular
synthesis conditions (e.g., concentration and type of selenium precursor and reductant,
presence of stabilizer, temperature) affect the size, shape and stability of the obtained
nanoparticles [6,14,29-31]. However, until now, it was not reported how the clean-up
procedure of previously synthesized SeNPs affects their physical properties such as size
and shape and, even more importantly, their antioxidant properties. Usually, the reaction
protocols involve stirring of the reaction mixture for different time intervals and, in some
cases, also heating at the desired temperature [30-32]. The most common way to purify and
isolate NPs from surrounding liquid is centrifugation at different speeds and then washing
with water [23,24,33-35]. However, the duration and speed of centrifugation (expressed
as revolutions per minute (rpm)) are different in each study. In the research described by
Sharma et al., SeNPs were centrifuged and precipitated at 15,000 rpm [34]. As a result,
selenium nanoballs of a size of about 3-18 nm were obtained. Menon et al. centrifuged
the reaction mixture at 10,000 rpm for 10 min and then washed three times with Mili-Q
water [23]. As a result, shaped NPs in range 100-150 nm were obtained. SeNPs were also
collected by centrifuging the solution at 12,000 rpm, and the pellet was resuspended in
sterile double-distilled water before using in a bacterial experiment [35]. Centrifugation
was also used by Chen et al. [36]. In this study, the post reaction solution was aged for 24 h
followed by centrifugation at 9000 rpm for 30 min. Then, the precipitate was washed with
twice with water and ethanol. At the end, the final product was redispersed in deionized
water. In other studies, Chen et al. mentioned overnight dialysis against ultrapure water as
a potential method for the purification of SeNPs [37,38]. This was a critical operation, due
to the fact that, in the next stages of the research, the antioxidant properties of the SeNPs
were tested. However, the impact of such a cleaning procedure on the physical properties
of SeNPs was also not investigated. SeNPs have been considered as a potential anticancer
and antioxidant agent. Before NPs can be used in treatment, they must undergo an entire
clinical trial process similar to that of drugs [39]. One of the most challenging steps is the
adaptation of the synthesis method from laboratory to industrial scale. The use of SeNPs in
clinical trials depends on the approval of the production methods and quality assurance of
the final product by the implementation and verification of good manufacturing practice
(GMP). GMP is strictly connected with the quality assurance (QA) process, which should
be implemented to guarantee that the obtained NPs follow the specifications and meet
the required quality. Compliance with quality control (QC) requires SeNPs to be tested to
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confirm that they are of expected quality for the intended use. From the point of view of
these regulations, it is obvious that the type and concentration of the used reductant must be
characterized in detail, because it has enormous impact on the properties of the synthesized
SeNPs. On the other hand, the very possibility of influencing the properties of SeNPs also
at the purification stage gives enormous opportunities to improve some methods of SeNP
synthesis so that they meet the requirements set by GMP and QC. Additionally, if they have
such a large impact on the parameters of NPs, their optimization should be one of the points
taken into account when developing GMP standards for SeNPs. It should be remembered
that the methods of purifying NPs may not only improve their properties but also worsen
them. Thus, there is the need to develop an optimal method for the purification of the
synthesized NPs, as this step ultimately determines the quality of the obtained product.
However, there is no comparison of the properties of NPs obtained with the same method
but with different purification steps.

In this study, SeNPs were synthesized using two well-known chemical methods,
involving ascorbic acid (AA) or cysteine (Cys) as the reductants and sodium selenite as the
precursor. The syntheses were carried out in two variants: in the presence and without the
use of polyvinyl alcohol (PVA) as a stabilizer. After each synthesis, SeNPs were cleaned by
rinsing with water and centrifuging at different speeds (8000 and 12,000 rpm). The impact
of additional post-synthesis heating on their physical properties was also investigated. The
influence of all the above-mentioned factors on the antioxidant capacity of SeNPs has been
evaluated. To the best of our knowledge, this has not been described so far. This step
of SeNP synthesis is extremely important if the obtained SeNPs are intended for use in
medicine, e.g., as a substitute for antibiotics [40].

The antioxidant properties of the synthesized SeNPs were examined using scavenging
of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) as well as hydroxyl (OH) radicals. The
morphology of the SeNPs was compared using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

2. Results and Discussion

Syntheses of SeNPs were carried out in parallel by the reduction of sodium selenite us-
ing AA or Cys. Theoretically, the antioxidant properties of SeNPs can already be controlled
at the stage of selecting the concentrations of the reactants for their synthesis. Li et al. [41]
found that an excess of Cys to Se(IV) that was higher than 1:4 caused the aggregation of
SeNPs. Such a process would be disadvantageous from the point of view of the antioxidant
capacity of SeNPs. It has been proven that the antioxidant capacity of NPs increases with
the decrease in their dimensions [42]. Therefore, a selenium to reductants ratio of 1:4 was
selected for use. After mixing the reagents, the color of the product solutions gradually
changed from colorless through light orange, to orange and brick red due to reduction of
selenium ions, which confirmed SeNP formation (Figure 1).

The synthesis of SeNPs was also monitored by determining the decrease of the
reagent’s concentration in the supernatant using hydrophilic interaction chromatogra-
phy coupled with mass spectrometry detection. For each compound used in the synthesis,
the optimum conditions of MRM (multiple reaction mode) were determined. The obtained
MS spectra are presented in Figure S1. Figure 2 shows the remaining concentration of
selenium ions and AA or Cys at various time intervals during synthesis. The appropriate
chromatograms as well as mass spectra of the reagents are shown in Figure S1. The obtained
results a confirmed faster reaction rate with Cys. Its concentration decreased from an initial
value of 4 to 0.07 mg L~ after 5 min of reaction time; thus, the reduction of Se(IV) by Cys is
almost instantaneous. In the presence of PVA as a stabilizer, this reaction is slightly slower.
Cys was found in the reaction media at the level of 0.48 mg L~! after 5 min of mixing with
88% synthesis yield. After 30 min of reaction with AA, the synthesis yields of SeNPs were
found to be 68% and 77% in the absence and presence of PVA, respectively. Even after
60 min of intensive mixing with a stirring speed of 1000 rpm, there was still a small residue
of both components in the reaction medium. The higher intensity of the transformation
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process using Cys was also confirmed on the basis of changes in the UV-Vis absorption
spectra during the ongoing synthesis (Figure 3).

After 60 min

Figure 1. Color changes of product solutions upon synthesis of SeNPs (CysP or AAP—reductant in
the presence of PVA).
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Figure 2. The changes in the concentration of selenium salt and reductants: (A) AA and (B) Cys as
a function of synthesis time.

Lin et al. [43] postulated that the well-known belief that nano-Se is “red” is somewhat
misleading. In fact, the color of the NPs’ suspension strictly depends on their dimensions.
These observations were the basis for the authors to develop a method for determining the
size of SeNPs based on their UV-Vis spectra [43]. According to this method, the suspension
of the SeNPs of 20 nm diameter had a yellowish-orange appearance and showed the
absorption maximum below 250 nm. When the particle sizes increase, the characteristic
red-shift of the absorbance peak maxima is observed. As result, SeNPs’ suspension with
diameters of about 100 nm was characterized by an absorption maximum below 350 nm,
while for SeNPs’” with diameters of 240 + 32.2 nm, the absorbance maximum was observed
at 680 nm. This method was also used in our study.

The obtained results indicate that the extension of the reaction time does not cause the
changes in the spectra obtained for solutions of Cys as a reductant (Figure 3). This suggests
that SeNPs obtained by this method do not change their dimensions with increasing mixing
time. Therefore, they probably do not aggregate. Any change in the size of the obtained
NPs would entail a change in the spectrum, which was not observed here. In the case of
synthesis with Cys and CysP, the UV-Vis spectrum did not change within two hours from
the end of the synthesis, and the stability of SeNPs was observed during this time interval.
Based on the Lin et al. method [43], the predicted diameters of obtained Cys SeNPs were
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about 101 £ 9.8 nm. However, the shift of the maximum absorbance peak for the CysP
suggests that SeNPs obtained this way are slightly smaller. This is in good accordance
with our studies, in which size ranges equal to 108 & 9.3 nm for Cys and 80 & 5.1 nm for
CysP were obtained. A totally different observation was made for the synthesis with the
use of AA. In this case, changes in the location of the maximum absorbance peak were
observed during the extension of the reaction time. This may be due to the slower reaction
rate, which was confirmed by monitoring the decrease in the concentration of the reactants
(Figure 2). As explained later in the publication, the process of NPs synthesis is a dynamic
one, and depending on which mechanism prevails, changes in the size and structure of the
NPs are observed. These changes are visible in the UV-Vis spectrum. For the synthesis
with AA, the increasing absorbance of the peak located at 400 nm was observed, which
suggests that larger of SeNPs are expected. Our research has proven the formation of SeNPs
with the size of 193 &= 9.5 nm. The presence of a stabilizing agent greatly differentiates the
sizes of NPs. The peak at 300 nm indicates the presence of particles of the size 70 & 9.1 nm
according to the Lin model and 90 £ 7.3 nm based on our studies. However, much bigger
SeNPs can also be found—predicted to be 182.8 &= 33.2 nm and 189 + 6.4 nm based on our
study. It can be concluded that the use of a stabilizer does not always bring the desired
effect. In the reaction with Cys, slightly lower dimensions of NPs were obtained when the
PVA was used. However, in the synthesis with AA, the presence of PVA made the NPs less
homogenous, with a predominance of larger particles.
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Figure 3. UV-visible spectra of SeNPs as a function of synthesis time.

It is worth noticing that the occurrence of the SeNPs” absorption spectra with maxima
within visible and UV regions was often explained by the formation of surface plasma
vibration on spherical NPs [13,22,24,33,44,45]. Probably, the authors of these works just
copied it from reports on noble-metal NPs. Selenium, as a semiconductor, lacks free con-
duction electrons. The light irradiation of SeNPs can cause exciton resonance or transition
to occur [46], determining the development of their unique optical properties.

In the past decade, prompted by rapid developments in nanotechnology, SeNPs have
attracted extensive attention from researchers in biomedical fields [23,40]. SeNPs obtained
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by chemical synthesis should be cleaned first to be suitable for use in these applications, as
residues of the reagents may be toxic or can block the desired effect of the nanomaterial.
However, systematic studies on the impact of cleaning procedure on the properties of
SeNPs are very rare. For evaluation of the antioxidant activity of SeNPs, an appropriate
volume of the formed colloidal solution was just mixed with a given reagent [14,23,47]. In
such a case, the presence of the used reductant residue could affect the results.

In our study, two centrifugation speeds 8000 and 12,000 rpm were used. The influence
of the cleaning procedure on the properties of SeNPs can already be observed in the UV-Vis
spectra of cleaned NPs (Figure 4). A wide band in the range of 350-550 nm was observed
for AA SeNPs, which corresponds to the NPs in the size range 195 &+ 5.0 nm. In the case
of the AAP, the band at 382 nm exhibited lower intensity with a simultaneous increase in
the intensity of the band at about 300 nm. This suggests that PVA prevents agglomeration
of the resulting SeNPs, hence shifting the absorption maxima toward lower wavelengths.
Moreover, the use of any purification method in the case of AA SeNPs led to a reduction in
their size, as evidenced by the disappearance of the absorption band at 382 nm. It should
be mentioned that other researchers have also reported a similar type of SeNP multimodal
distribution [15,47,48]. Heating at different temperatures (70-120 °C) was also employed
during the synthesis of SeNPs [32,48,49]. Zhang et al. found that heating treatment (1 h at
90 °C) caused aggregation of SeNPs into larger sizes and rods, which leads to a significant
reduction of their bioactivity in mice [50]. In two synthesis methods using AA, heating of
the post-reaction mixture led to an increase in peak intensity with an absorption maximum
of 300 nm. This is a desirable effect, as this increases the formation intensity of NPs with
dimensions of about 100 nm.
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Figure 4. UV-visible spectra of SeNPs after the application of various cleaning procedures.

For synthesis conducted using Cys, the occurrence of a peak at 325-350 nm indicates
the formation of SeNPs with lower diameters (108 & 4.2 nm). The highest intensity was
observed for NPs without a clean-up procedure, while the lowest observed for those
centrifuged at high speed (12,000 rpm, 17,257 rcf), while tailoring the signal to higher
wavelengths. This suggests that centrifugation does not prevent the aggregation of NPs
but makes them less homogeneous with a predominance of NPs larger than 100 nm. It

108



Molecules 2022, 27, 2486

should be highlighted that heating the post-reaction mixture resulted in a reduction in the
signal intensity of about 300 nm, and additionally, a significant tailing of the signal was
observed, if PVA was used for synthesis. Surprisingly, none of the purification methods of
SeNPs obtained from Cys synthesis seemed to improve their properties but rather favored
their agglomeration.

According to previous reports, SeNPs are strong free radical scavengers that can be
used as an active form of selenium in food supplements [14,23,24,45,47,51]. As mentioned
before, the antioxidant capacity of NPs increases with the decrease in their dimensions [42].
This leads to the hypothesis that, since the cleaning procedure affects the size of the NPs, it
also has an impact on their antioxidant capacity. However, the impact of these procedures
on the antioxidant properties of SeNPs has not been reported on. Thus, we compared the
free radical scavenging potential of SeNPs toward hydroxyl and DPPH radicals. Stable
DPPH radicals are widely used to evaluate the antioxidant activity of NPs [52]. The
scavenging of hydroxyl radicals is an important antioxidant activity because of the very
high reactivity of the OH radical, enabling it to react with a wide range of molecules
found in living cells. The applied cleaning procedure was not changed and involved
centrifugation at two speeds (8000 and 12,000 rpm) or additional heating (1 h at 70 °C). The
obtained results are presented in Figure 5.
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Figure 5. The antioxidant activity of the obtained SeNPs.

At the beginning, the antioxidant activity of the used reagents was established. In the
DPPH assay, the antioxidant activity of AA (in the same concentration as in SeNP synthesis)
was 1.15 £+ 0.11 umol TR L~1. The addition of PVA did not change this value; in its presence,
the value 1.16 & 0.10 umol TR L~! was obtained. The same situation was observed for Cys,
for which, the determined value of the antioxidant capacity was 1.11 + 0.05 umol TR L.
PVA itself shows a very low antioxidant capacity of 0.008 4- 0.0001 umol TR L~!. In the
OH radical assay, the addition of PVA resulted in an increase in capacity, from 93.0% to
100% in case of Cys solution and from 33.3% to 98.1% for AA. This suggests a strong
synergistic effect between the reactants. However, CysP SeNPs showed dramatically
lower antioxidant capacity than those obtained from analogous synthesis but without
the use of a stabilizer. Under these conditions, differences were obtained at a significant
level (p = 0.05). Such differences were not observed in the case of synthesis with AA as
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a reductant. The use of any method of purification of NPs obtained with the use of AA
did not significantly affect the antioxidant capacity they demonstrated. Only the heating
of the reaction mixture increased these capabilities, but in this case, a higher effect was
observed for the AA SeNPs. In the case of Cys SeNPs, applying any cleaning procedure
increased their ability to scavenge DPPH radicals. As previously observed for the SeNPs
from the synthesis with AA, the highest increase was observed for the synthesis protocol
that involved heating. Such observations can suggest that the greater impact on the SeNPs’
antioxidant activity was due to their homogeneity and not their size. If their dimensions
were crucial, a significant increase in antioxidant capacity should have been observed when
using high-speed centrifugation (12,000 rpm). Such a procedure prevents the aggregation
of SeNPs, while heating makes them more spherical and homogeneous. The lowest results
in the DPPH assay were obtained for CysP (1.7-9.1 umol TR L~1), which further confirmed
our predictions as the stabilizer also prevents the aggregations of SeNPs, but the small
dimensions of NPs are not the dominant factor affecting their antioxidant capacity.

The influence of the cleaning procedure for SeNPs on the scavenging of hydroxyl
radicals was also positive. The highest ability to scavenge OH radicals was established
for AAP SeNPs cleaned using high-speed centrifugation (35.2% =+ 0.9%). This value
was not statistically different from that obtained for Cys subjected to additional heating
(35.4% £ 0.5%). Presence of the stabilizer during the synthesis of SeNPs with Cys, resulted
in lower ability to scavenge the hydroxyl radicals; however, every cleaning procedure,
applied just after the synthesis resulted in increased antioxidant capacity. For the synthesis
of SeNPs with AA, the presence of a stabilizer resulted in a higher ability to scavenge OH
radicals. Every clean-up procedure improved this ability, with the exception of additional
heating of the post-reaction mixture without the stabilizer.

The morphology of synthesized SeNPs was evaluated by SEM analysis, and major-
ity of them were found to be spherical (Figure 6). Only the Cys SeNPs centrifuged at
high speed were nanorods. Similar shape of SeNPs was obtained with asparagines and
polyvinylpyrrolidone [35]. Surprisingly, the highest antioxidant abilities were not deter-
mined for the most spherical SeNPs obtained for Cys. The highest ability to scavenge free
radicals was found in SeNPs obtained without the use of PVA but subjected to additional
heating; however, their average size increased at elevated temperature. This was caused
by the aggregation of the NPs. A similar phenomenon was observed by others [31,48].
Literature reports indicate that smaller SeNPs exhibit higher antioxidant activity [34,50],
but this correlation was observed only for AAP. Centrifugation reduced only reduced
the size of AAP SeNPs, and these showed the highest ability to scavenge free radicals of
all the protocols examined for synthesis involving AA. On the other hand, Zhang et al.
demonstrated that SeNPs with different sizes (5-200 nm) have equal capacity in the in-
duction of selenoenzymes in cultured cells and in mice [49]. Our results, rather, indicate
that SeNPs with better homogeneity show higher scavenging activity toward free radicals.
It should be recalled that synthesis of SeNPs is a dynamic process, which is controlled
by both thermodynamics and kinetics. Thermodynamics deals with the driving force of
a system moving from the initial state to the product state, whereas kinetics is concerned
with the energy barriers of the specific pathways in this process [53]. Due to this fact, SeNPs
are changing during synthesis to reach a relatively stable state. This can be explained by
a well-known concept called Ostwald ripening. When the substrates used for synthesis are
nearly depleted, some of the NPs can redissolve in the reaction solution. Such dissolved
components can attach to the surface of the NPs, increasing their size. As a result, fewer but
larger NPs are formed. Another phenomenon that can also take place during NPs synthesis
is digestive ripening. In this process, larger NPs are transformed into smaller ones with
a uniform monodisperse state by mixing NPs in a solution that contains digestive ripening
ligands, e.g., PVA. The action of these two mechanisms is visible in the surface changes
of NPs, as shown in Figure 6. When the results obtained for Cys are discussed, the larger
SeNPs are broken up into smaller ones, which was induced by PVA. Then, these CysP
were completely transformed into a nearly monodisperse form with an almost uniform

110



Molecules 2022, 27, 2486

size by centrifuging at 12,000 rpm. When centrifuging at 8000 rpm, monodisperse particles
together with larger particles are formed. Thus, it can be inferred that digestive ripening is
responsible for such an observation. On the other hand, probably due to the weak binding
of PVA with SeNPs’ surfaces, uniform SeNPs are transformed back to larger polyhedral
particles as a result of heating, according to the mechanism of Ostwald ripening. Such
a dynamic state is also observed for the SeNPs obtained via synthesis with AA. Using this
phenomenon, the production of nanorods in the case of Cys centrifuged at 12,000 rpm can
also be explained. Such nanostructures are synthesized in solution at low temperature
mainly due to the wet-chemical reactions. The orientation and shape of nanorods can be
controlled mostly by temperature, concentration of precursor and the length of the rod by
the time of synthesis. In our case, only the method of cleaning previously formed SeNPs
was changed. It can be assumed that centrifuging at high speed favors the process of
Ostwald ripening. However, the mechanism in this case is different than for other cleaning
procedures due to a combination of ligands that act as the shape-control agents and bond
to different facets of the nanorod with different strengths. This allows different faces of the
nanorod to grow at different rates, producing an elongated object.

without 8 000 rpm 12,000 rpm heat

Figure 6. SEM images of the obtained SeNPs.

Figure 7 shows the TEM images of the obtained SeNPs. These results confirm that
more spherical-shaped NPs were obtained without any purification procedure. Chen et al.
found that the reaction temperature affects not only the size evolution of SeNPs but also
their shape formation [48]. The TEM images were used for the construction of histograms of
SeNP size distribution in each obtained sample. The results are presented in Figure S2. The
obtained results confirmed the enormous influence of the cleaning procedure on the size of
the NPs. In many cases, the applied procedure resulted in obtaining less-homogeneous
particles of various sizes. This is especially evident when additional heating is used for
AA and CysP. We previously linked the antioxidant capacity with the homogeneity of
NPs. Referring to these results, this influence is particularly visible. A lower hydroxyl
scavenging capacity was observed for the sample of AA subjected to heating than for the
sample without the cleaning procedure. The use of heating also resulted in the reduction
by half of the ability to neutralize hydroxyl radicals for CysP. On the other hand, it was
observed that, for some samples with less homogeneity but with a predominance of smaller
NPs, the antioxidant capacity was higher in comparison to that of the more homogeneous
samples. Such a situation was observed for AA subjected to moderate-speed centrifugation
(8000 rpm) or heating. This suggests that the antioxidant capacity of SeNPs is influenced
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by both size and homogeneity. Both these factors are important. Such relations can be also
observed for the DPPH radical scavenging. For example, higher antioxidant activity was
observed for the more homogenous sample of AAP, subjected to 8000 rpm, than for the
sample without any cleaning procedure but with the predominance of smaller particles.

without 8000 rpm 12,000 rpm heat

100 nm

Figure 7. TEM images of the obtained SeNPs.

3. Materials and Methods
3.1. Reagents

The commercial standards of sodium selenite (Na,SeO3) as well as ascorbic acid
(AA), L-cysteine (Cys) and polyvinyl alcohol (PVA) were purchased from Merck-Sigma
(Steinheim, Germany). Ultrapure water from Milli-Q system (Millipore, Bedford, MA, USA)
was used in all experiments.

3.2. Synthesis of Selenium Nanoparticles and Their Purification

SeNPs were synthesized via reduction of Nay;SeO3; with ascorbic acid. The proce-
dure was performed with and without polyvinyl alcohol (PVA) as a stabilizing agent.
PVA is often used for this purpose [32]. Briefly, 20 mL of sodium selenite solution
(5 x 1073 mol L™ 1) was placed in a beaker with a magnetic stirrer. Then, 10 mL of AA
solution (40 x 1073 mol L~!) was added dropwise. After 60 min of stirring, 70 mL of
Milli-Q water was added. In the second procedure of synthesis, PVA was added just after
the first addition of AA in such amount that its final concentration was 1 mg L.

SeNPs were also synthesized using Cys as the reductant. In detail, to 0.1 mol L~!
solution of NaySeOj3, Cys solution (50 x 1073 mol L) was added dropwise with vigorous
stirring (stirring speed of 1000 rpm) for 60 min. In parallel, SeNPs were obtained using
PVA as a stabilizing agent. In each method of synthesis, the final concentration of selenium
was equal to 1 x 1073 mol L™, and the reductants was equal to 4 x 1073 mol L.

After the synthesis, SeNPs were purified from the surrounding liquid containing
dissolved substrate residuals using different procedures: (i) centrifugation for 10 min with
two units of rotational speed 8000 rpm (3122 rcf) and 12,000 rpm (17,257 rcf), decantation
and rising three times with 10 mL of deionized water; (ii) additional heating with magnetic
stirring at 70 °C for 1 h, then rising three times with 10 mL of deionized water. Heating
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the reaction mixture is sometimes recommended in order to obtain more-homogeneous
NPs [40]. The morphology and properties of SeNPs synthesized using these clean-up
procedures were compared with those of SeNPs obtained directly by mixing reagents.

3.3. Characterization of Selenium Nanoparticles

The morphology and characterization of SeNPs were investigated using various meth-
ods. The size and shape of SeNPs were observed using transmission electron microscopy
(TEM) with a TALOS F200 model (Thermo Fisher Scientific, Waltham, MA, USA) working
at an accelerating voltage of 200 kV. A drop of bright red solution containing synthesized
SeNPs was placed on copper grid and then air dried before examination. Scanning electron
microscopy (SEM) was performed with a field-emission SEM (Merlin Zeiss) for images and
morphology of SeNPs. Before measurements samples were plasma sputtered with a few-
nanometer-thick Au/Pd layer. The obtained results were processed in the program iTEM,
which is a part of the apparatus software. The histograms presented in the supplementary
section were obtained based on the TEM images in the Image] program.

The UV-visible absorption spectra were recorded in the range of 250-900 nm using
a Perkin Elmer model Lambda 20 spectrophotometer with cuvettes of 1 cm length.

Chromatographic analysis was performed to study the conversion of reagents at
various time intervals by determining their remaining concentration in the supernatant. It
was done with the Shimadzu LC system consisting of binary pumps LC20-AD, degasser
DGU-20A5, column oven CTO-20AC, autosampler SIL-20AC and 8030 triple quadrupole
mass spectrometer (Shimadzu, Japan) equipped with an ESI source operated in negative-
ion mode for selenium or in positive mode for ascorbic acid and cysteine quantification.
The ESI conditions were as follows: capillary voltage 4.5 kV, temperature 400 °C, source
gas flow 3 L min~! and drying gas flow 10 L min~!. The separation was performed using
a silica column Atlantis HILIC (100 x 2.1, 3 um) from Phenomenex. The mobile phase
consisted of methanol and water (85/15, v/v).

3.4. Antioxidant Activity

The hydroxyl radical scavenging activity of SeNPs was evaluated according to the method
reported by Smirnoff and Cumbes [54]. The method involves the addition of 1 mL of SeNP
solution to the reaction mixture containing: 1 mL iron sulfate (1.5 x 1073 mol L™!), 0.7 mL
hydrogen peroxide (6 x 1073 mol L~!) and 0.3 mL sodium salicylate (2 x 1072 mol L™!). After
60 min of incubation at 37 °C, the absorbance was measured at 562 nm, and the percentage
of hydroxyl radical scavenging inhibition was calculated.

The radical scavenging ability was also examined in vitro using DPPH radicals [36].
Briefly, 0.1 mL of a sample was added to 2.4 mL of DPPH solution (9 x 107> mol L~! in
methanol). After 30 min, the decrease in the absorbance was measured at 518 nm. Each
sample was analyzed in triplicate, and the results are expressed as Trolox equivalent (TRE)
in uM.

4. Conclusions

The potential of nanopharmaceuticals, such as the investigated SeNPs, is based on their
morphology, size and shape, and those parameters are related to the applied purification
method. Our results clearly showed that every procedure that is used on the purification
step has a great impact on the properties of the final product. In fact, NPs synthesized by
the same method, under the same conditions, by the same person but subjected to different
cleaning methods will have different physical properties. This, in turn, has an impact on
their properties, including the antioxidant properties. It can be assumed that depending on
the applied cleaning method, the properties that can be used in medicine are also subject
to major changes. Therefore, it should be also optimized as a separate step on the way
to obtain SeNPs with desired shape and properties. Such an approach can maximize the
potential of SeNPs in medicinal applications. Moreover, when the intention is to evaluate
the antioxidant activity of the obtained SeNPs, the clean-up procedure is crucial. The results
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described in the paper are a good introduction to biomedical research. It is assumed that
they will be continued in this direction.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules27082486/s1, Figure S1: The chromatograms of Se(IV)
and ascorbic acid or cysteine in the function of synthesis time.; Figure S2: Particle size distribution
histograms of selenium nanoparticles.
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) main protease (Mpro) has
been regarded as one of the ideal targets for the development of antiviral drugs. The currently used
methods for the probing of Mpro activity and the screening of its inhibitors require the use of a
double-labeled peptide substrate. In this work, we suggested that the label-free peptide substrate
could induce the aggregation of AuNPs through the electrostatic interactions, and the cleavage
of the peptide by the Mpro inhibited the aggregation of AuNPs. This fact allowed for the visual
analysis of Mpro activity by observing the color change of the AuNPs suspension. Furthermore, the
co-assembly of AuNPs and peptide was achieved on the peptide-covered electrode surface. Cleavage
of the peptide substrate by the Mpro limited the formation of AuNPs/peptide assembles, thus
allowing for the development of a simple and sensitive electrochemical method for Mpro detection in
serum samples. The change of the electrochemical signal was easily monitored by electrochemical
impedance spectroscopy (EIS). The detection limits of the colorimetric and electrochemical methods
are 10 and 0.1 pM, respectively. This work should be valuable for the development of effective
antiviral drugs and the design of novel optical and electrical biosensors.

Keywords: SARS-CoV-2 main protease; colorimetry; electrochemical impedance spectroscopy;
gold nanoparticles

1. Introduction

The outbreak of pneumonia caused by the new coronavirus started from the beginning
of 2020 in a global pandemic. The new coronavirus was defined as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of
Viruses and the pneumonia was named coronavirus disease 2019 (2019-nCoV) by the
World Health Organization (WHO). The currently approved drugs for treating the infected
patients show limited and toxic side effects. Thus, more effective antiviral drugs are still
urgently desired [1-3]. The SARS-CoV-2 main protease (Mpro), also known as 3C-like
protease (3CLpro), is involved in cleaving the viral polyprotein to produce the essential
viral protein required for virus replication and pathogenesis. The protease plays a leading
physiological role in the life cycle of the virus and has been regarded as one of the ideal
targets for the design of antiviral drugs [4-8]. The commercial kits for the detection of the
Mpro and the screening of its inhibitors mainly adopt the fluorescence resonance energy
transfer (FRET) method, in which the Mpro catalyzes the hydrolysis of a double-labeled
peptide substrate with an acceptor and donor couple [9,10]. Although the approach is
sensitive and rapid, it requires the use of an expensive and complicated peptide substrate
and advanced instruments [11]. For this reason, it is of importance to develop simple,
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sensitive, cost-efficient and high-throughput methods for the rapid detection of the Mpro
and the screening of its potential inhibitors.

Gold nanoparticles (AuNPs) exhibit a high extinction coefficient and unique size-
dependent optical properties. AuNPs-based colorimetric methods have been widely used
in the field of biological analysis because of their simple sample processing and low
instrument investment [12-15]. Peptides with cysteine and/or positively charged amino
acid (e.g., Lys and Arg) residues can induce the aggregation of AuNPs through the Au-S
and electrostatic interactions [16-22]. The protease-catalyzed cleavage of the peptide may
regulate the aggregation of AuNPs, thus allowing for the detection of protease activity
and the screening of its inhibitors. In the commercial kits, a double-labeled peptide with a
sequence of acceptor-KTSAVLQSGFRKME-donor can be used as the substrate to monitor
Mpro activity. When the substrate is cleaved into two short segments by the Mpro, the
acceptor and donor labeled at the two ends of the peptide are separated, resulting in the
fluorescence recovery of the donor. In the present work, we found that the label-free
peptide with a sequence of RKTSAVLQSGFRK can induce the aggregation of AuNPs
through the electrostatic interactions (Scheme 1A). Cleavage of the peptide by the Mpro
inhibits the aggregation of AuNPs, thus allowing for the visual analysis of the Mpro by
monitoring the color change of the AuNPs suspension. The AuNPs-based homogeneous
method is simple, rapid, cost-efficient and high-throughput for monitoring Mpro activity
and the screening of its inhibitors, but both the sensitivity and the anti-interference ability
of the method for determining the Mpro in biological samples are poor. Electrochemical
biosensors can sensitively monitor the cleavage event of the peptide at the liquid—solid
interface. Recent studies have shown that the aggregation of nanoparticles induced by
the targets can be initiated on the electrode surface, thus implanting one principle into
another field [22-29]. Herein, we propose that the liquid phase analysis of the Mpro
can be transformed into an electrochemical analysis by regulating the peptide-triggered
assembly of AuNPs on the peptide-covered electrode surface (Scheme 1B). The resulting
peptide/ AuNPs networks can promote the electron transfer of [Fe(CN)6]3~74 due to the
excellent conductivity and large specific surface area of AuNPs and the positive charges
of the peptide framework [22,30]. However, when the peptide substrate immobilized on
the electrode surface was cleaved by the Mpro, the assembly of AuNPs on the electrode
surface would be prevented. The change of electron transfer resistance can be easily
monitored by electrochemical impedance spectroscopy (EIS). The electrochemical method
integrates the advantages of colorimetric analysis and surface-tethered biosensors. Finally,
the colorimetric method was used to evaluate the activity of the Mpro in the absence and
presence of inhibitors, and the electrochemical strategy was employed to determine the
Mpro in biological samples.
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Scheme 1. Schematic illustration of colorimetric (A) and electrochemical (B) methods for Mpro
detection based on the peptide-triggered assembly of AuNPs in solution and on electrode surface,
respectively.

2. Results and Discussion
2.1. Feasibility for Colorimetric Analysis of Mpro

For the colorimetric analysis of Mpro activity, a label-free peptide substrate (RKT-
SAVLQSGFRK) was designed according to the sequence of the commercial peptide sub-
strate (acceptor—-KTSAVLQSGFRKME-donor). The positively charged Lys and Arg residues
at both ends can bind with AuNPs through the electrostatic interactions, thus leading to
the aggregation of AuNPs. As shown in Figure 1A, the surface plasmon resonance bond
of AuNPs changed from 520 nm to 585 nm with the addition of the peptide substrate
(curves 1 and 2), which is accompanied by the change of the solution color from red to blue
(tubes 1 and 2). The result demonstrated that the peptide can induce the aggregation of
AuNPs, which is also confirmed by DLS analysis. Interestingly, when the peptide substrate
was incubated with the Mpro for a given time, no apparent changes in the solution color
and UV-Vis spectrum were observed (tube/curve 3), demonstrating that the cleavage of the
peptide by the Mpro prevented the aggregation of AuNPs. Thus, the activity and concen-
tration of the Mpro may be easily monitored by discriminating the solution color with the
naked eye in a convenient and straightforward way. The peptide concentration is crucial
for the aggregation of AuNPs. We found that the changes of the solution color and the
UV-Vis spectrum were dependent upon the concentration of the peptide. The ratio of the
absorbance at 585 nm and 520 nm (Asgs / Asyp) was used to evaluate the degree of AuNPs
aggregates. The Asgs/Aspo was intensified with the increase of the peptide concentration in
the range of 0.1~7.5 uM. Since a high concentration of the peptide substrate may decrease
the sensitivity of the method, a compromised concentration of the peptide (5 tM) was used
for the detection of the Mpro in the follow-up quantitative analysis.
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Figure 1. (A) UV-Vis spectra and photographs of AuNPs in the absence (curve/tube 1) and presence
of peptide (curve/tube 2) or the mixture of peptide and Mpro (curve/tube 3). (B) DLS analysis for
the peptide-triggered assembly of AuNPs.

2.2. Sensitivity for Colorimetric Analysis of Mpro

The sensitivity of the colorimetric method was evaluated by measuring different con-
centrations of the Mpro. As shown in Figure 2, the solution color gradually became purple
and red from blue with the increase of the Mpro concentration, which was accompanied
by the decrease of the absorption intensity at 585 nm. The Asgs/Asyg value decreased
linearly with the Mpro concentration change from 0.01 to 0.5 nM. The linear equation can
be expressed as Asgs/Aspg = 0.93-0.85 [Mpro] (nM). The lowest detectable concentration
was comparable to that measured by the commercial fluorescence kit. However, the col-
orimetric method can be performed in a rapid and straightforward way and the peptide
substrate is cheap and stable for long-term storage. To demonstrate the application of the
method, the inhibitory effect of ebselen (a well-known Mpro inhibitor) was determined.
As shown in Figure 3, the Asgs/ Aspg value was intensified and the solution turned purple
when the Mpro was incubated with increasing concentrations of ebselen, demonstrating
that higher concentrations of ebselen could inhibit the Mpro activity more effectively. The
half-maximum inhibition value (ICs5p) was calculated according to the inhibition rate (%),
described by the following equation:

1
inhibition rate (%) :H X %
where A” and Al represent the Asgs/Aspg in the absence and presence of the Mpro at a
fixed concentration; A represents the Asgs/Aspg in the presence of the Mpro and a given
concentration of ebselen. Based on the relationship between the inhibitor rate and the
ebselen concentration, the ICs; was found to be 7.6 nM, which is consistent with that
obtained by the fluorescence kit. Thus, the colorimetric method can be employed to screen
the potential Mpro inhibitors for the development of novel antiviral drugs.
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Figure 2. (A) UV-Vis spectra and photographs of AuNPs for the analysis of different concentrations
of Mpro. (B) Dependence of Asgs/Aspy on the concentration of Mpro. The inset shows the linear
portion of the curve.
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Figure 3. Dependence of Asgs/Aspg on the concentration of inhibitor ebselen. The inset shows the

photographs for the assays of different concentrations of ebselen.

2.3. Feasibility for Electrochemical Detection of Mpro

Although the colorimetric method is simple and easy to operate, other components
in biological samples may adsorb onto the surface of bare AuNPs [31], thus limiting its
application for the determination of low concentrations of Mpro in biological matrixes.
Based on the principle of the peptide-induced aggregation of AuNPs, we propose that
AuNPs could be assembled on the peptide-covered electrode surface due to the similar
environment of the gold electrode and AuNPs. The detection principle based on the co-
assembly of peptide and AuNDPs are illustrated in Scheme 1B. The peptide anchored on the
electrode can capture AuNPs via the electrostatic interactions. Then, the captured AuNPs
recruit the peptides (RKTSAVLQSGFRK) in the solution via the same interactions. The
repeated recruitment of AuNPs and peptide will lead to the formation of peptide/AuNPs
aggregates on the electrode surface, thus facilitating the electron transfer of [Fe(CN)g]3~/4~
due to the excellent conductivity and large specific surface area of AuNPs. Once the peptide-
covered electrode was pre-incubated with the Mpro, the peptide on the electrode surface
would be specifically recognized and cleaved, thus limiting the attachment of AuNPs and
preventing the co-assembly of AuNPs and peptide on the electrode surface. As shown in
Figure 4A, the electron transfer resistance (Ret) of the peptide-covered electrode (curve one)
decreased after incubation with the mixture of AuNPs and peptide (curve two) or AuNPs
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(curve three). The Re for the mixture is greatly lower than that for the AuNPs alone, and
no significant change for the Re; was observed when the peptide-covered electrode was
incubated with the peptide only (data not shown). The result indicated the decrease in the
Ret (curve two) should be attributed to the co-assembly of AuNPs and peptide. When the
peptide-covered electrode was treated by the Mpro, the Re; was intensified slightly (curve
four), demonstrating that the direct EIS detection of the Mpro by the enzymatic hydrolysis
of the peptide substrate on the electrode surface was less sensitive. When the Mpro-treated
electrode was incubated with the mixture of AuNPs and peptide, no significant change
in the Ret was observed (curve five). The result indicated that the cleavage of the peptide
prevented the co-assembly of AuNPs and peptide on the electrode surface. The impedance
change (ARet) between curve two and curve five is greater than that between curve one
and curve four, indicating that the sensitivity can be improved by simply treating the
sensor electrode with the mixture of AuNPs and peptide. The results were also confirmed
by cyclic voltammogram (CV). As depicted in Figure 4B, the incubation of the peptide-
covered electrode (curve one) with AuNPs/peptide (curve two) or AuNPs alone (curve
three) led to the increase of peak currents, confirming the capture and formation of the
peptide/ AuNPs networks. When the peptide-covered electrode was treated by the Mpro,
the current decreased slightly (cf. curve one and curve four). No significant change was
observed when the Mpro-treated sensing electrode was incubated with AuNPs/peptide (cf.
curve four and curve five), indicating that the cleavage of the peptide substrate prevented
the attachment of AuNPs and the follow-up formation of the AuNPs/peptide networks.
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Figure 4. EIS (A) and CV (B) curves of the peptide-covered sensor electrode after treatment by
different solutions: curve 1, buffer; curve 2, AuNPs/peptide; curve 3, AuNPs; curve 4, Mpro; curve 5,
Mpro + AuNPs/peptide.

2.4. Sensitivity and Selectivity of the Electrochemical Method

The sensitivity of the electrochemical method was investigated by analyzing the differ-
ent concentrations of the Mpro. As depicted in Figure 5, the Rt increased correspondingly
with the increase of the Mpro concentration. A linear relationship was attained between
the average ARt value of three trails and the Mpro concentration in the range of 0.1~15
PM. The linear equation was found to be AR = 448.9 [Mpro] (pM) + 315.5 with a detection
limit down to 0.1 pM. The value is lower than that of the above colorimetric method,
demonstrating that the electrochemical method showed relatively higher sensitivity.
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Figure 5. (A) EIS curves for the analysis of different concentrations of Mpro (0, 0.1, 1, 5, 10 and
15 pM). (B) Dependence of AR¢t on the Mpro concentration.

The selectivity of the method was evaluated by testing BSA, IgG, thrombin and
PKA. As shown in Figure 6, the AR¢t value for the Mpro was significantly higher than
that for the four proteins, even at a high concentration, demonstrating that the method
exhibits excellent selectivity. Additionally, the anti-interference ability of the method was
investigated by determining the Mpro in 10% serum. As a result, the AR¢¢ for determining
the Mpro in the serum is not significantly different from that in the buffer. This suggests
that the electrochemical method exhibits great potential in biological sample analysis and
clinical investigation.
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Figure 6. Selectivity of the method toward 0.1 ug/mL BSA (bar 1), 0.5 pg/mL IgG (bar 2), 10 ng/mL
thrombin (bar 3), 100 U/mL PKA (bar 4) and 10 pM Mpro in the buffer (bar 5) or 10% serum (bar 6).

3. Materials and Methods
3.1. Chemicals and Reagents

Mpro kits were purchased from Beyotime Biotechnology (Shanghai, China). 11-
Mercapto-1-undecanol (MUA), tris(2-carboxyethyl)phosphine (TCEP), bovine serum albu-
min (BSA), IgG, thrombin, protein kinase (PKA) and serum were purchased from Sigma-
Aldrich (Shanghai, China). Chloroauric (III) acid, citrate, phosphate and other reagents
were obtained from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Peptides
were prepared by the solid—solid phase synthesis method with a Focus XI peptide synthesizer.

3.2. Peptide-Triggered Aggregation of AuNPs

AuNPs with an average size of 13 nm were prepared through the citrate reduction
method. The prepared AuNPs were diluted with 10 mM phosphate (pH 7.0) to a given con-
centration. Then, 50 uL of AuNPs suspension was added to 50 uL of peptide (RKTSAVLQS-
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GFRK) at different concentrations. After incubation for 5 min, the change of solution color
was observed by eyes and the UV-Vis spectra were collected on a Cary 50 spectrophotome-
ter. The aggregation of AuNPs was confirmed by dynamic light scattering (DLS) analysis
performed on a Zeta Sizer Nano ZS90 (Malvern Company, Worcestershire, England).

3.3. Colorimetric Assays of Mpro Activity

Mpro was diluted with phosphate buffer to different concentrations. Then, 25 uL of
Mpro was mixed with 25 pL of RKTSAVLQSGEFRK peptide in a centrifugal tube. After
reaction at 37 °C for 30 min, 50 puL of AuNPs suspension was added to the mixture for
5 min incubation. After that, the color change was observed and the UV-Vis spectra were
collected. For the inhibition analysis, 20 puL of 1 nM Mpro was first mixed with 5 uL of
ebselen at different concentrations. After incubation for 10 min to inhibit the Mpro activity,
25 uL of peptide was added to the Mpro/ebselen mixed solution. The other procedures are
similar to those for monitoring the activity of pure Mpro sample.

3.4. Preparation of Sensing Electrode

The gold electrode was incubated with piranha solution, rinsed with water and
polished with 0.05 um aluminum powder. After being washed in 50% ethanol under
sonication, the electrode was electrochemically scanned in 0.5 M sulfuric acid. After being
rinsed with water and dried with nitrogen, the cleaned electrode was immersed in the
peptide solution (10 uM CPPPPKTSAVLQSGFRK and 0.5 mM TCEP in phosphate buffer) at
4 °C overnight. After that, the electrode was incubated with 10 mM MUA for 1 h to block the
unreacted gold surface. Finally, the peptide-covered electrode was rinsed with 50% ethanol
and used for the detection of Mpro. In this work, the CPPPP segment is an effective linker
and spacer for peptide immobilization to attain high cleavage efficiency [32,33].

3.5. Electrochemical Detection of Mpro

For the electrochemical analysis of Mpro, the peptide-covered electrode was incubated
with Mpro at a given concentration for 30 min to allow the hydrolysis of the peptide. Then,
the electrode was incubated with 25 uL. of AuNPs suspension, followed by the addition of
25 pL of RKTSAVLQSGEFRK peptide. After being gently rinsed with water, the electrode
was placed in 5 mM [Fe(CN)s]>~/4~ for EIS measurement.

4. Conclusions

In summary, this work indicated that the peptide substrate of the Mpro could induce
the aggregation and color change of AuNPs. Cleavage of the peptide by Mpro prevented
the aggregation of AuNPs and thus facilitated the development of a colorimetric method
for the analysis of Mpro activity and the screening of its inhibitors. In contrast to the
commercial fluorescence kit, the method features the advantages of being low cost, having
good stability, facile operation and naked-eye readout. Furthermore, we developed a
sensitive surface-tethered method for Mpro detection by implanting the principle of the
colorimetric assay into the electrochemical field. In contrast to the colorimetric method,
the electrochemical method showed a higher sensitivity and a better anti-interference
ability and has been used for the assay of Mpro in a 10% human serum with a satisfactory
result. The proposed approach based on the co-assembly of AuNPs and peptide on the
electrode surface should be promising as a general strategy for the design of protease
biosensors by matching the sequence of the peptide substrate and using appropriate types
of nanomaterials.
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Abstract: X-ray computed tomography (CT) imaging can produce three-dimensional and high-
resolution anatomical images without invasion, which is extremely useful for disease diagnosis in the
clinic. However, its applications are still severely limited by the intrinsic drawbacks of contrast media
(mainly iodinated water-soluble molecules), such as rapid clearance, serious toxicity, inefficient
targetability and poor sensitivity. Due to their high biocompatibility, flexibility in preparation and
modification and simplicity for drug loading, organic nanoparticles (NPs), including liposomes,
nanoemulsions, micelles, polymersomes, dendrimers, polymer conjugates and polymeric particles,
have demonstrated tremendous potential for use in the efficient delivery of iodinated contrast media
(ICMs). Herein, we comprehensively summarized the strategies and applications of organic NPs,
especially polymer-based NPs, for the delivery of ICMs in CT imaging. We mainly focused on the use
of polymeric nanoplatforms to prolong circulation time, reduce toxicity and enhance the targetability
of ICMs. The emergence of some new technologies, such as theragnostic NPs and multimodal
imaging and their clinical translations, are also discussed.

Keywords: biomedical imaging; iodinated contrast media; X-ray computed tomography; organic
nanoparticles; iodinated polymers

1. Introduction

Noninvasive in vivo bioimaging techniques are extremely valuable and useful for
the visualization of an abnormal state within the body, the detection of the pathological
situations of patients, assessment of the therapy efficacy and disease management [1,2].
According to the energy or signal sources to produce images, imaging modalities in the
clinic are generally categorized using the following: ultrasound imaging (US), photoacous-
tic imaging (PA), positron emission tomography (PET), single-photon emission computed
tomography (SPECT), fluorescence imaging (FI), luminescence imaging (LI), nuclear mag-
netic resonance imaging (MRI) and X-ray computed tomography (CT) [3]. Each imaging
modality possesses its own unique advantages along with intrinsic limitations. US imaging
offers real-time noninvasive imaging of soft tissue based on high-frequency sound waves.
Its advantages include the fact that it is highly portable, has a low cost and is free of
radiation risk, but its clinical applications are not suitable for adipose tissues and bones,
and it can be strongly interfered with by air or gas and air-filled tissues [4]. PET and SPECT
as high-resolution imaging modalities still suffer from the health hazard of radioactive

127



Molecules 2021, 26, 7063

components and extremely high costs [5]. The advantages of FI and LI imaging are their
high sensitivity and high temporal resolution. Nevertheless, their clinical applications are
severely impeded by the limited depth of light penetration through the tissues [6]. As a
radiation-free and safe medical imaging technique, MRI can provide anatomical images of
soft tissues, organs and blood vessels, but this expensive modality can be easily distorted
by metal objects in the body [7].

Among all imaging modalities, computed tomography (CT) imaging has become one
of the most powerful and popular imaging modalities for diseases diagnosis in modern
clinical practice [1,8-10]. It can offer three-dimensional (3D) anatomic images with excellent
spatial resolution based on X-ray attenuation. However, CT imaging can only offer superior
images of electron-dense materials. To achieve high contrast within the body, it needs a
very large difference between atomic weights or material densities within the patient. For
example, due to the big difference between electron-dense bones and surrounding soft
tissues, bone structures in the whole body can be visible using CT imaging under X-ray
irradiation. However, for soft tissues with similar densities, their exquisite details cannot
be distinguished clearly using CT imaging. Additionally, thus, to clearly delineate various
tissues and detect subtle changes within tissues, the administration of exogenous contrast
media is often required for most patients for effective CT imaging. Exogenous CT contrast
media are distributed into different tissues, affording transient contrast enhancement in
soft tissues under X-ray irradiation.

In current clinical practice, barium- and iodine-based compounds are routinely used
as contrast media for in vivo CT imaging. Barium-based contrast media are restricted only
to gastrointestinal tract imaging via oral route due to their inherent high toxicity. Therefore,
iodinated contrast media (ICMs) have become the most prevalent intravenous media used
for X-ray CT imaging. The yearly use of the ICMs was estimated to reach approximately
90 million doses worldwide.

2. Iodinated Contrast Media

For better visualization of soft tissues and especially for identifying the interface
between two adjacent soft tissues, the presence of a great difference in X-ray attenuation
around the lesion location is indispensable for CT imaging to achieve high contrast-to-noise
ratios. The contrast media containing high-Z elements can enhance differentiation among
different tissues, because the X-ray attenuation effect of a material generally increases
with its atomic number [9,11]. Iodine has historically been the atom of choice for the
applications of CT imaging, and now, small iodinated compounds predominantly dominate
X-ray contrast media due to their high atomic number (Z = 53), high X-ray absorption
coefficient and their great flexibility and versatility in chemical synthesis [12]. Water-soluble
sodium iodide and potassium iodide are among the earliest contrast media, first used in
1924. However, at the concentrations necessary for imaging, inorganic iodine solutions
exhibit high toxicity, which severely hinder their clinical applications. The development
of ICMs rapidly moved from inorganic iodine to organic iodinated molecules. Some
commercially available, clinically approved organic ICMs are summarized in Figure 1.
Organic ICMs started as ionic mono-iodinated, di-iodinated and tri-iodinated molecules.
As shown in Figure 1, ionic iodinated molecules mainly include Iothalamate, Uroselectan A,
Uroselectan B and Diatrizoate, which are often the derivatives of iodine-containing benzoic
acid [8,9,13,14]. These ionic iodinated molecules are high osmolar contrast materials, which
are associated with some severe side effects.

Continuous efforts were directed toward minimizing risks of contrast reactions during
the 1960s. Compared with ionic molecules, nonionic compounds do not dissociate in
water and thus have much lower osmolality. Moreover, they have a lower tendency to
interact with cell membranes, peptides and other biological structures. Therefore, the
toxicity of nonionic compounds is significantly lower than that of ionic molecules. As a
result, the exploitation of ICMs with improved imaging capabilities and reduced toxicity
focused on the nonionic iodinated molecules. As presented in Figure 1, the nonionic
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iodinated contrast media mainly include Iohexol, Iopromide, Ioversol, lomeprol, Iopamidol
and Jopentol. Nearly all of them are tri-iodinated benzene derivatives with very similar
structures. The benzene ring not only can offer a stable framework for the three adjacent
iodine atoms, but also increase the effective molecular size and decrease the toxicity.
Moreover, the other positions of the benzene ring are occupied by long side chains rich in
hydroxy groups, ensuring high water solubility and low toxicity. In addition to iodinated
monomers, ionic and nonionic dimers were also developed, such as loxaglate, Iotrolan and
Iotrolan, as shown in Figure 2. Compared with monomers, dimers possess much lower
osmolality, which can alleviate pain at the site of injection and decrease the renal injury and
cardiovascular complications. However, the viscosity of nonionic dimers is much higher
than that of monomers, often leading to a slower excretion and more painful injection
compared with some monomeric agents [8,9,13,14].
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Figure 1. Ionic and nonionic iodinated contrast media.
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Figure 2. Ionic and nonionic dimers as iodinated contrast media.
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3. Iodinated Macromolecular Contrast Media

The last several decades have witnessed tremendous progress in nonionic ICMs.
However, their clinical applications are still hampered by some limitations: (1) rapid
renal excretion and thus a very short circulation time [10,14,15]; (2) serious adverse
effects, especially contrast-induced nephropathy (CIN), with potential life-threatening
injuries [16,17]; (3) inefficient targetability and thus unclear CT imaging at target le-
sions [18,19]. In order to address these limitations, great efforts have been made to develop
and optimize these small-molecule ICMs [8,9,20-23]. Due to their unique biocompatibil-
ity, designability, biodegradation, facile synthesis and modification capability, polymers
have opened up a new avenue to enhance the delivery efficacy and biocompatibility of
ICMs [24-35]. The applications of polymers for ICM delivery can be achieved using a
combination of polymers and small iodinated compounds through various mechanisms.
One of the most important approaches is the design and preparation of iodinated macro-
molecular contrast media. The main strategies based on polymerization technologies for
combining polymer and ICMs to prepare macromolecular contrast media are shown in
Figure 3. The macromolecular contrast media can be prepared by free radical polymeriza-
tion, condensation polymerization or ring-opening polymerization of iodine-containing
monomers [36-39]. For example, triiodobenzoate-containing vinylic monomers, such as
3-(methacryloy-lamidoacetamido)-2,4,6-triiodobenzoic acid (MABTIB) [40], 2-hydroxy-3-
methacryloyloxypropyl (2,3,5-triiodobenzoate) (HMTIB) [41,42] and 2-methacryloyloxyethyl
(2,3,5-triiodobenzoate) (MAOETIB) [36,43] were widely used to prepare radiopaque poly-
mers by homo-polymerization or copolymerization with other vinylic monomers. It is
worth pointing out that some iodine-containing vinylic monomers, such as triiodophenyl
methacrylate, only can be used to obtain low molecular weight polymers (oligomers),
due to the steric hinderance effect of the iodinated aromatic nucleus [44]. In addition,
some iodine-containing diol monomers, such as 2,2-bis(iodomethyl)-1,3-propanediol [38]
and 2,2-bis(hydroxymethyl)propane-1,3-diyl bis(2,3,5-triiodobenzoate) [45], were used to
undergo condensation polymerization with diacids to prepare iodinated polyesters as a
versatile platform for radiopaque biomaterials. Moreover, ring-opening polymerization
also can be applied to prepare iodinated macromolecular contrast media. For example, a
new iodine-functionalized trimethylene carbonate as monomer can be used in ring-opening
polymerization using CH30-PEG-OH as an initiator and zinc bis[bis(trimethylsilyl) amide]
as a catalyst to prepare iodinated polymer poly(ethylene glycol)-b-poly(iodine trimethylene
carbonate) with an ultrahigh iodine content of 60.4 wt.% [30].

In addition, iodinated macromolecular contrast media can be also prepared via the
modification or functionalization of polymer chains via iodination reaction, addition reac-
tion and conjugation or graft reaction [46—48], as summarized in Figure 4. For example,
polyvinyl phenol can be iodinated via aromatic electrophilic substitution, using sodium
iodide (Nal) as an iodination reagent [46]. Iodic acid (HIO3) was also used as an iodina-
tion reagent to prepare iodinated macromolecular contrast media [48]. In addition, the
addition reaction between iodine and unsaturated carbon compounds was widely used
as an effective approach to prepare diiodine compounds and iodinated polymers. For
example, iodinated chitosan derivatives were prepared using the iodine addition reac-
tion [49]. The most widely used strategy for the synthesis of iodinated polymers is chemical
conjugation reaction. The chemical conjugation of iodinated compounds onto polymer
backbones [50-53] or onto the surface of polymers including dendrimers [54-56] and star
polyesters [45,57] was also widely used to prepare various macromolecular contrast media.
Due to the high simplicity and versatility in preparation, the wide availability of starting
materials and the extremely high reactivity with alcohols and phenols, or ammonia and
amines, iodine-containing acyl chlorides (especially for 2,3,5-triiodobezoyl chloride) were
widely conjugated onto various polymer chains, such as celluloses [58], chitosan [50,59] and
polyvinyl alcohol [52], as well as dendrimers [54-56]. These results indicated that strategies
based on iodinated macromolecular contrast media have great potential to overcome those
intrinsic limitations of small molecular ICM compounds. In addition, it is worth pointing
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out that iodinated macromolecular contrast media often suffer from a relatively low iodine
content. Nonetheless, macromolecular contrast media with tailored functionality have
opened up new possibilities for precise imaging and diagnosis.
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Figure 3. Polymerization strategies for combining polymer and ICMs to prepare iodinated macro-
molecular contrast media via free radical polymerization, condensation polymerization and ring
opening polymerization of iodine-containing monomers, (Star refers to iodine-carrying groups
or compounds).
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Figure 4. Reaction strategies for combining polymer and ICMs to prepare iodinated macromolecular
contrast media via iodination reaction, iodine addition reaction and chemical conjugation of ICMs on
polymer chains, the surface of dendrimers or hyperbranched polyesters, (Star refers to iodine-carrying
groups or compounds).

Apparently, the strategies and applications of polymers to produce iodinated macro-
molecular contrast media can endow the unique advantages of polymers to small molecular
ICMs, especially the ability of self-assembly into nanostructures, which will open a new
avenue for the future design of biosafe and efficient CT contrast media. Moreover, both
small molecular ICMs and iodinated macromolecular contrast media can also be loaded
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into various nanocarriers to form nanoscale contrast media, which can thoroughly improve
the efficacy of ICMs’ delivery and change their metabolic pathway, thus exhibiting great
potential to address the abovementioned issues of traditional ICMs [1,8,20,60—-64]. Never-
theless, an exhaustive discussion on the biomedical applications of organic nanoparticles
(NPs) for delivering ICMs is currently missing in the literature. Herein we comprehen-
sively summarize the strategies and applications of organic NPs, including liposomes,
nanoemulsions, micelles, polymersomes, dendrimers, polymer conjugates and polymeric
particles, for the efficient delivery of small molecular ICMs and iodinated macromolecular
contrast media. We mainly focus on the use of polymeric nanoplatforms to prolong circula-
tion time, reduce toxicity and enhance the targetability of ICMs. The emergence of some
new technologies, such as theragnostic NPs and multimodal imaging and their clinical
translations, are also discussed.

4. Organic Nanoparticles for ICMs Delivery
4.1. Nanoparticles for Biomedical Applications

In the past several decades, nanoparticulate systems have gained a great amount of
attention as one of the most promising biomedical materials, due to their unique physico-
chemical properties, nano-sized characteristics, controlled shape and versatile modification
possibilities, as well as well-defined multifunctionalities. A wide variety of nanomaterials,
such as carbon-based NPs, silica-based and other inorganic NPs, semiconductor NPs, metal
and metal oxide NPs, as well as organic NPs (e.g., liposomes, nanoemulsions and polymer-
based NPs, including micelles and nanogels, polymersomes, dendrimer, polymer-drug
conjugations and protein NPs) have been developed and employed in a diverse array of
biomedical fields, as shown in Figure 5. These nanomaterials provide a powerful platform
for the site-specific and controllable delivery of drugs, genes, proteins and contrast agents;
some of them exhibit noticeable antibacterial, antiviral and antifungal activities. Some
inorganic and metal NPs with unique physicochemical properties can be used for photoa-
coustic, photothermal or photodynamic as well as hyperthermal therapy. In addition, some
functional NPs can find wide applications in a new generation of intelligent biosensing,
bioseparation, cell labeling, bioimaging and diagnosing.

The in vivo transportation behavior and metabolic processes of NPs are different
from traditional small molecular compounds. After invading a biological milieu, NPs will
inevitably make contact with a huge variety of biomolecules in body fluids or blood, such as
sugars, proteins and lipids, leading to the formation of the so-called “protein corona” and
clearance via the reticuloendothelial system (RES) and/or mononuclear phagocytic system
(MPS). Undoubtedly, the circulation behavior and time in blood of NPs are critical for their
biodistribution and metabolism, accumulation in targeted tissues and thus therapeutic and
diagnostic efficacy. As is well known, the in vivo behaviors of NPs are dictated by their
physicochemical properties, such as hydrophilic-lipophilic properties, surface feature and
surface charge, particle size and particle shape. For example, the hydrophilicity of NPs
can impede aggregation and opsonization in water or serum and prolong the circulation
time of NPs. Surface charge is another important factor that can definitely affect the fate of
NPs administered in biological systems. Positively charged NPs have higher affinity with
negatively charged cell membrane but often suffer from serious aggregation and rapid
clearance after injection due to nonspecific interactions with blood components. The size
and shape of NPs also contribute significantly to their biodistribution in circulation and
interaction with tissues and cells. Generally, the ideal size of NPs for long circulation is in
the range of 20-200 nm. The size of NPs should be larger than 20 nm in diameter in order
to avoid filtration via the kidney and smaller than 200 nm to avoid specific sequestration
via fenestra of liver and sinusoids in spleen. Spherical NPs can be more efficiently taken
up by cells than non-spherical NPs with similar sizes and under the same conditions.
Nevertheless, non-spherical NPs exhibit superior properties to their spherical counterparts
in terms of escaping from phagocytosis and circulating in blood. In sum, the effect of
the physicochemical properties of NPs on biological systems is very complicated and
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unclear, which should be fully demonstrated prior to the widespread application of NPs in
pharmaceutical, biomedical and diagnostic fields.
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Figure 5. Types of nanoplatforms currently described in biomedical fields [65]. Reprinted with
permission from ref. [65], Copyright 2015 MDPL

As mentioned above, iodine-based contrast media have shown a very high potential
for CT diagnostic applications. However, some inherent drawbacks, such as the short cir-
culation time, poor biocompatibility and inefficient targeting capability, inhibited the more
widespread application of such media. To meet increasingly rigorous requirements for
clinical use, a great number of approaches have been explored to effectively surmount these
drawbacks [8,9,21-23,61,62,66,67]. The strategies and applications of organic NPs with de-
sirable functions and excellent performances for medical imaging have gained an enormous
amount of attention [3,32-34,38,68-76]. This is due to the fact that organic NPs possess a
great number of desirable physicochemical properties, such as simplicity for drug loading,
high biocompatibility, desirable biodegradation, facile synthesis, low cost as well as great
flexibility and versatility in modification or functionalization [28,34,61,62,65,72-82]. Appar-
ently, the applications of organic NPs and especially polymeric NPs for ICMs’ delivery offer
an excellent improvement in X-ray imaging and medical diagnosis [33,34,83]. A variety
of organic NPs, such as PEGylated liposomes, nanoemulsions, micelles, polymersomes,
dendrimers and natural NPs, have been explored in the development of functionalized
contrast media with better biocompatibility, longer circulation time or more efficient tar-
geting capability [8,33,34,64,76,83]. Different types of organic NPs for ICMs’ delivery are
described below.

4.2. Liposomes for ICMs Delivery

As mentioned above, small iodinated compounds are widely used as injectable CT
contrast media in the clinic. However, because small ICMs can be rapidly cleared from the
bloodstream through the kidney, one of the long-standing challenges for their application
is their inherently short circulation time, leading to a very narrow window for imaging
after injection and serious side effects in the excretion pathway [8,10,60]. Great effort

133



Molecules 2021, 26, 7063

has been made to develop long-acting forms of ICMs. As one of the earliest and most
widespread nanotechnologies for drug delivery, liposomes have been widely used for ICMs’
delivery [82,84-87]. As shown in Figure 6, liposomes consist of an aqueous core enclosed
by a lipid bilayer of natural phospholipids, which can be used to encapsulate hydrosoluble
ICMs such as Iopamidol and Iodixanol in an aqueous core and load iodinated oils within
the hydrophobic bilayer [88]. Due to their high biocompatibility from the innocuous nature
of phospholipids, the first batch of liposomal formulations containing contrast agents was
reported in the 1980s, which achieved enhanced vascular and hepatic imaging [89-91].
However, these liposomes can be rapidly recognized and cleaned by the immune system.

¥ Liopiodol or
Iodinated lipids ‘ -~ ~ PEG chains

Figure 6. Liposomes structure for ICMs’ delivery. Hydrophobic ICMs loaded within bilayer; hy-
drosoluble ICMs encapsulated in aqueous core.

Some hydrophilic polymers have been proved to be able to prolong the blood circu-
lation time of drug delivery systems. Among them, polyethylene glycol (PEG) and PEG-
containing polymers are the most commonly employed in biological and pharmaceutical
fields for the development of long-circulating drug delivery systems [92-94]. This is due to
the fact that the PEG chain provides a high hydration level, big hydrodynamic size and
strong steric hindrance, which can not only enhance in vivo stability, but also prevent the
attachment of serum proteins and impede uptake by the reticuloendothelial system, leading
to a significant decrease in the clearance rate from circulation. As a result, the modification
of liposomal surfaces with PEG was widely applied to formulate long-circulating liposomes
with improved pharmacodynamic properties for a variety of pharmaceutical, biomedical
and bioimaging applications. For example, PEG phospholipids, such as 1, 2-distearoyl-sn-
glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG), were widely used and
successfully demonstrated to be able to enhance stability, improve encapsulation efficiency
and prolong the blood circulation time of liposomes [95,96]. Water-soluble ICMs, such as
Iohexol [97] or lodixanol [98], were encapsulated into the core of PEG-coated liposomes as
effective blood pool contrast media for use in long-term imaging of pulmonary arteries.
Iodixanol-loaded liposomes can maintain contrast enhancement over several hours in
rabbits. On the contrary, lodixanol is rapidly cleared from the body within minutes [98].
Moreover, renal filtration was found to be a non-dominant approach for liposome clearance
from blood, which can decrease the risk of contrast-induced nephrotoxicity.

In addition to rapid clearance via kidney, the inefficient targetability of ICMs de-
livery is another key issue yet to be resolved, as small molecular ICMs are nonspecific
compounds. After intravascular injection, they are mainly distributed within the extracel-
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lular fluid compartment and then rapidly cleared from human blood via kidney filtration
and clearance, which not only results in a short timeframe for CT imaging and unde-
sirable renal toxicity, but also impedes the specific visualization and detection of target
tissues [14,99,100]. Delivery systems for liposomal ICMs have attracted significant research
interest and demonstrated targeted imaging of tumor tissues, cardiovascular diseases and
lymph nodes, as liposomes can deliver both drug molecules and contrast media via passive
targeting [14]. Generally, one of the main mechanisms of passive delivery is the reticuloen-
dothelial system (RES)—recognized accumulation [101-103]. After intravenous injection,
exogenous nanoparticles are rapidly recognized and sequestered by RES and hepatocytes
in spleen and liver, especially for non-PEGylated (i.e., non-stealth) nanoparticulate drug
delivery systems. In addition, even PEGylated long-circulating nanoparticles can also
gradually accumulate in the liver via RES and hepatocytes. This kind of phenomena has
initiated a surge of development in the passively targeted delivery of X-ray contrast media
to spleen and liver. For example, some studies have demonstrated that the non-PEGylated
iodinated liposomes specifically accumulated in the spleen and liver [104,105]. For exam-
ple, Kweon et al. reported a kind of liposome that simultaneously loaded water-soluble
iodinated compound (Iopamidol) and an iodinated ethyl ester of poppy seed oil (Lipiodol)
via the modified reverse-phase evaporation method. Compared with free liposomes or
liposomes loaded with Iopamidol alone, liposomes coloaded with Iopamidol/Lipiodol
after intravenous injection into rats produced more pronounced contrast enhancement
and more significant persistence in RES-rich organs, such as the liver and spleen. These
results indicated that liposomes can serve as an RES-targeted contrast agent for targeted
CT imaging [106].

The other main mechanism of passive delivery is the accumulation of delivery sys-
tems for nanoparticulate ICMs through the enhanced permeation and retention (EPR)
effect. The EPR effect is a property where there is a significantly higher accumulation of
macromolecules and nanoparticles with appropriate nanoscale size in tumor tissues than in
normal tissues [107-109]. In normal tissues, the tight junctions of endothelial cells prevent
the transport of nanoparticles. In contrast, due to the leakage of tumor vasculature and
poor lymphatic drainage, tumor tissues can selectively accumulate and retain macromolec-
ular drugs and nanoparticles, especially for PEGylated long-circulating nanomedicines.
Therefore, the EPR effect has become an important guiding principle for the develop-
ment of nanomedicines and nanoparticulate contrast media for cancer treatment and
diagnosis [18,85,95]. The Allen group tried to longitudinally quantify and visualize the
biodistribution of Iohexol-containing PEGylated liposomes in various body compartment
volumes over a 14-day period in VX2 sarcoma-bearing New Zealand White rabbits using
volumetric high-resolution CT imaging [110]. The results indicated that liposomes can
be passively accumulated at tumor sites through the EPR effect. Other PEGylated lipo-
somes, including Iopamidol-loaded liposome [95] and lodixanol-loaded liposome [111],
also achieved a prolonged blood pool contrast enhancement and an increased accumulation
of iodinated liposomes in tumor tissues via the EPR effect.

It is well known that each imaging modality has its own unique advantages and
intrinsic limitations. Imaging modalities with high resolution often suffer from relatively
low sensitivity resolution, while those with high sensitivity have relatively poor resolution.
Recently, to resolve this problem, the use of multimodal imaging, i.e., combining two or
more imaging modalities into one system, has gained significant attention, because this
synergistic method of imaging can overcome the limitations and take advantage of the
strengths of each modality [1,112-115]. For example, imaging modalities with high spatial
resolution (such as CT imaging) are frequently combined with other imaging modalities
with high sensitivity (PET, optical, etc.). A complementary combination of CT imaging with
high resolution and fluorescence (FL) imaging with high sensitivity has exhibited some
desirable advantages in cancer diagnostics. Recently, Xu et al. reported a kind of PEGylated
liposome that co-encapsulated clinically approved Iodixanol as ICMs and hydrophilic meso-
tetrakis(4-sulphonatophenyl) porphine (TPPS,) as a photosensitizer for concurrent CT and
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FL imaging-guided cancer theragnostics [116], as shown in Figure 7A. Liposomes with
sizes of about 100 nm were found to have an enhanced passive tumor uptake via the EPR
effect, along with insignificant accumulation in the liver and other organs. Their highly
tumor-specific biodistribution was manifested using both FL (Figure 7B) and CT imaging
(Figure 7C), which can demonstrate the applicability of liposomes as contrast agents for
bimodal tumor imaging and the imaging-guided treatment of cancer.
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Figure 7. Liposomes co-encapsulating Iodixanol TPPS, for concurrent CT and FL imaging [116].
(A) Schematic diagram illustrating the structure and composition of liposomes; (B) photography
and fluorescence images of the major organs resected from mouse after 96 h injection; (C) CT
images at different time after injection; Reprinted with permission from ref. [116], Copyright 2021
Ivyspring.Although liposomes, especially PEG-coated liposomes, used for ICMs delivery can prolong
the blood circulation time, increase targetability via the EPR effect and enhance sensitivity via
multimodal imaging, they still suffer from a variety of challenges. In addition to the complexity of
the formulation processes and very low drug loading, the stability of liposomes is one of their main
disadvantages. Liposomes can be degraded through various physicochemical processes, such as auto-
oxidation, hydrolysis, destabilization by dilution, self-aggregation and coalescence, often leading to
premature ICMs leakage during storage and a strong ICMs burst release in blood. More research
from various fields is needed to truly exploit the clinical experience of liposomes in combination with
ICMs toward more capable imaging.
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4.3. Nanoemulsions for ICMs Delivery

In addition to liposomes, significant progress was recently observed in exploiting
the ICMs-loaded nanoemulsions as an effective contrast agent with improved perfor-
mance [117]. The nanoemulsions-based contrast media were generally a colloidal dis-
persion form of ICMs with diameters ranging from 20 to 200 nm. The ICMs-loaded
nanoemulsions generally consisted of water-insoluble iodinated oil and different types of
lipids as the oily phase and PEGylated surfactants or PEG-containing block polymers as
dispersion stabilizers in an aqueous medium [118-123]. As shown in Figure 8, after mixing
the organic iodinated oil into the aqueous solution of PEGylated nonionic surfactants, the
lipophilic molecules in the form of nanoscale droplets were immediately stabilized by the
surfactant molecules, leading to the formation of an iodinated oily core surrounded by a
hairy layer of the PEG moiety from nonionic surfactant. For nanoemulsions, the dispersion
stabilizers are very important to govern the phase behavior of nanoemulsions and inhibit
the occurrence of the flocculation, coalescence and sedimentation of nanoemulsions. More-
over, the presence of free surfactants had a significant impact in regard to the elimination,
pharmacokinetics and biodistribution of nanoemulsions [121].

Todinated oil

o
2

Figure 8. Schematic representation of the formation process of iodinated nanoemulsions and application for CT imag-
ing [121]. Reprinted with permission from ref. [121], Copyright 2013 Elsevier.

Some ICMs-loaded nanoemulsions are commercially available, such as Fenestra®,
which consists of poly-iodinated triglyceride (ITG) and phospholipids and cholesterol as
a dispersion stabilizer [124]. These iodinated nanoemulsions are mainly used for blood
pool or liver/spleen preclinical imaging and found an important place in the market of
preclinical CT contrast agents. However, their iodine content is relatively low and thus the
injection of a relatively large volume must be required, often leading to a non-negligible
toxicity of the product. To decrease the toxicity even more, Attia et al. used the PEGylated
nonionic surfactant, PEG-35 castor oil (trade name Kolliphor® ELP), to develop PEGylated
nanoemulsions with iodinated monoglyceride and iodinated castor oil [118]. The obtained
PEGylated nanoemulsions not only were endowed with very high iodine concentration,
leading to a very strong X-ray attenuation property, but also achieved a very high contrast
enhancement in blood with a half-life around 6 h. In addition, PEG-containing block
polymers were demonstrated to be able to more effectively stabilize the nanoemulsions.
Vries et al. synthesized three hydrophobic iodinated oils for use as the oily phase, based on
the 2,3,5-triiodobenzoate moiety [119]. These new iodinated oils have a very high iodine
content over 50%. In addition, then, poly(ethylene glycol)-b-poly(propylene glycol)-b-
poly(ethylene glycol)(PEG-PPG-PEG, Pluronic F68) and poly(butadiene)-b-poly(ethylene
glycol) (PBD-PEG) were used as dispersion stabilizers to prepare long-circulating blood
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pool contrast media. Compared with the commercial formulations (Fenestra®), the PBD-
PEG stabilized nanoemulsions could exhibit much lower in vivo toxicity and achieved
a longer blood circulation time, exhibiting great potential for use as blood pool agents
in contrast-enhanced CT imaging. In addition, due to their excellent biocompatibility
and biodegradability, a PEG-polyester, such as diblock copolymer poly(ethylene glycol)-
b-polycaprolactone (PEG-PCL), was also used as a dispersion stabilizer to prepare ICMs-
loaded nanoemulsions [125].

Compared with liposomal formulations, nanoemulsions actually have many more
advantages. Firstly, the stability of nanoemulsions is much higher. They are relatively
stable against dilution and under heating. In addition, their formulation and fabrication
are much simpler and cheaper, especially for the fabrication process of nanoemulsion
droplets. Moreover, nanoemulsions exhibited higher encapsulation efficacy of ICMs and
had a higher loading capacity for water-insoluble ICMs or hydrophobic drugs than lipo-
somes. Finally, PEG or specific ligands can be more easily introduced onto the droplets’
surface, conferring them strong stealth properties or targetability [88,124]. Apparently,
nanoemulsions and liposomes have exhibited great potential for efficient ICMs delivery.
However, these nanocarriers still suffer from the leakage of internal payloads and very low
drug loading capacity.

4.4. Polymeric Nanoparticles for ICMs Delivery

Over the past several decades, polymers and their related nanomaterials have gained
great attention and exhibited great potential for biomedical and pharmaceutical applica-
tions due to their unique biocompatibility, designability, biodegradation, facile synthesis
and modification capability. According to their morphology and composition in the core
and periphery, polymeric NPs can be mainly categorized as micelles, solid NPs, nanogels,
polymersomes, polyplexes and dendrimers, as shown in Figure 9. These polymeric NPs
can be incorporated with drugs or ICMs via encapsulation or conjugation, which have
opened up a new avenue to improve the biocompatibility, delivery efficacy and diagnosis
sensitivity of ICMs [24-35].

inge

Polymeric micelles Polymeric solid NPs Polymeric nanogels

Polymersomes Polyplexes NPs Dendrimers

Figure 9. Schematic illustration of typical polymeric nanoparticles.

4.4.1. Polymeric Micelles

Polymeric micelles, a kind of aggregation colloid derived from the self-assembly of
amphiphilic polymers in water, have been demonstrated as an effective approach to address
the issues related to the delivery and release of drug or diagnostic agents [32,33,86,126].
Micelles are a kind of unique core—shell nanostructure. Their hydrophilic shells are mainly
composed of PEG or similar hydrophilic polymers, such as polyvinyl pyrrolidone (PVP),
polyvinyl alcohol (PVA), dextran, chitosan, hyaluronic acid, polyacrylic acid (PAA) as well
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as polyelectrolytes and zwitterionic polymers. Hydrophilic polymers on the shells provide
stability to the cores in water. The hydrophobic cores are generally derived from the
aggregations of hydrophobic chains or the co-assembly of lipophilic chains and hydropho-
bic drugs due to the hydrophobic interactions. Due to their excellent biocompatibility
and biodegradability, polyesters, including poly(caprolactone) (PCL), poly(lactide) (PLA),
poly(lactide-co-glycolide) (PLGA) and poly(amino acids), were widely accepted as hy-
drophobic polymers for the construction of micelles for pharmaceutical applications. The
hydrophilic and hydrophobic chains can be easily tailor-made by changing the number of
structural repeating units and the chain composition in each polymeric chain.

The superior flexibilities in structure, composition and functionalization made poly-
meric micelles attractive for their use in of drug delivery, especially for hydrophobic drugs.
Generally, drugs can be loaded in polymeric micelles via physical encapsulation to prepare
polymeric drug delivery systems. However, it was ineffective and very difficult for com-
mon micelles to encapsulate ICMs via hydrophobic interactions. On the one hand, ICMs
are typically water-soluble ionic or nonionic iodinated molecules, or water-insoluble iodi-
nated oil. On the other hand, different from liposomes with an internal aqueous core and
nanoemulsions with an internal oily core, polymeric micelles with aggregation-forming
hydrophobic cores were not suitable for loading water-soluble molecules or lipophilic oil.
Therefore, one of the main strategies for the fabrication of iodinated micelles is via the
covalent linkage of ICMs to the hydrophobic tails of amphiphiles, and then self-assembly
of the iodinated moieties into the center of the micelles. For example, the Torchilin group
has developed a kind of amphiphilic block copolymer (mPEG-PA-PLL) by conjugating
a hydrophilic PEG chain with 12-repeat-unit polylysine. Then, 2,4,6-triiodobenzoic acid
was conjugated to the amine groups of the mPEG-PA-PLL chain to prepare iodinated
amphiphilic block copolymer (ICPM-forming copolymer) [34,53], as shown in Figure 10A.
The ICPM-forming copolymer possessed the ability of forming polymeric micelles with
iodine content of about 17.7% by weight. A strong contrast of over 50 HU could still
be observed in the heart, liver and spleen after injection in rat for 2 h (Figure 10B). This
kind of iodinated polymeric micelle exhibited great potential for long-lasting blood pool
contrast [34,53,124].

In addition, based on the self-assembly of amphiphilic polymers into micelles, am-
phiphilic macromolecular ICMs (PEG-PHEMA-I) were prepared via the atom transfer
radical polymerization (ATRP) polymerization of 2-hydroxyethyl methacrylate (HEMA)
in the presence of macro-ATRP initiator (PEG-Br) and subsequent esterification reaction
with 2,3,5-triiodobenzoic acid to introduce iodine onto the side chain of PHEMA [127]. The
obtained PEG-PHEMA-I can self-assemble into iodinated polymeric micelles. Moreover, to
overcome the barriers of encapsulating ICMs into micelles, co-assembly between iodinated
polymers and amphiphilic polymers was also widely used to prepare iodinated micelles.
In this strategy, iodinated macromolecular contrast agents were prepared firstly as shown
in Figures 3 and 4, and then iodinated macromolecular contrast media were used as a
building block to co-assemble with amphiphilic polymers or surfactant to form micelles, as
shown in Figure 11. For example, Balegamire et al. prepared a kind of iodinated polymer
(TIB-PVAL) via the attachment of tri-iodobenzoyl to the PVAL backbone. Then, TIB-PVAL
was co-assembled with poly(caprolactone)-b-poly(ethylene glycol) (PCL-b-PEG) to form
polymeric micelles with diameters of about 150 nm (Figure 11A). The intravenous injec-
tion of polymeric micelles into rats resulted in a clear visualization of the cardiovascular
system over several hours [52]. Di-iodinated polyvinyl phenol was prepared via aromatic
electrophilic substitution using sodium iodide (Figure 11B). Then, di-iodinated polyvinyl
phenol was co-assembled with polystyrene-b-polyethylene glycol (PS-b-PEG) to produce
micelles with iodine loadings up to 45 wt.% [46]. In addition, macromolecular ICMs
poly(MAQOTIB) was prepared via the free radical polymerization of MAOTIB (Figure 11C).
Poly(MAOTIB) can be co-assembled with PEGylated surfactant PEG-35 castor oil [27]. The
obtained micelles can be formulated with a size of about 140-200 nm, exhibiting a very
strong X-ray attenuation capacity for blood pool. As shown in Figure 11D, a variety of
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iodinated aliphatic polyesters with high biocompatibility and biodegradability, as well
as tunable thermal and mechanical properties, were prepared. Then, the co-assembly of
thermosets with PEG-monostearate and lecithin was used to obtain iodinated micelles. The
initial studies indicated that these micelles show good continual contrast without uptake
into the kidneys [38]. These results indicate that the co-assembly strategies show great
potential for the fabrication of iodinated polymer micelles for CT imaging.
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Figure 10. Micelles formed from iodinated amphiphilic block copolymer for CT imaging.
(A) Schematic depiction of preparation process and chemical structure of ICPM-forming copolymer.
(B) Micelles formed from ICPM-forming copolymer for CT imaging of a rat [126]. Reprinted with
permission from ref. [126], Copyright 2013 Wiley.

It is well known that each imaging modality has its own unique advantages and
intrinsic limitations. Thus, a single imaging modality can no longer satisfy the rapidly
growing demand for the more reliable and accurate detection of disease sites. Recently,
to resolve this problem, the use of multimodal imaging, i.e., combining two or more
imaging modalities into one system, has gained significant attention, because this syner-
gistic imaging can overcome the limitations and take advantage of the strengths of each
modality [1,112-115]. Co-assembly strategies have also been used to prepare multimodal
iodinated micelles. For example, Zhou et al. reported novel iodine-rich semiconducting
polymer-based multimodal iodinated micelles for use as contrast agents for CT and flu-
orescence dual-modal imaging [127]. The combination of CT and fluorescence imaging
is due to the fact that the fluorescence imaging has relatively high sensitivity, which can
compensate for the low sensitivity of CT imaging. Iodine-grafted amphiphilic copolymer
(PEG-PHEMA-I) was firstly prepared via a combination of atom transfer radical polymer-
ization of 2-hydroxyethyl methacrylate (HEMA) and esterification with 2,3,5-triiodobenzoic
acid. Then, the semiconducting polymer (PCPDTBT) as the source of NIR fluorescence
signal and the photosensitizer was used to co-assemble with PEG-PHEMA-I to form mul-
timodal iodinated micelles in aqueous solution, as shown in Figure 12A. Multimodal
iodinated micelles with sizes of about 50 nm not only have a high density of iodine to
provide a high X-ray attenuation coefficient for CT imaging, but also possess a high con-
tent of PCPDTBT with high fluorescence quantum yields for fluorescence imaging. The
performance of in vivo CT/fluorescence imaging for SPN-I was investigated using tumor
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bearing csyb; /¢ male mice. After the injection of SPN-I, both CT and fluorescence signals in
the tumor area were observed to gradually increase with time. These results indicated that
SPN-I could passively accumulate in a tumor via the EPR effect and successfully detect a
xenograft tumor both via CT and fluorescence imaging. Moreover, due to enhanced photo-
sensitization via the iodine-induced heavy-atom effect, multimodal iodinated micelles have
an improved !0, quantum yield, which can be used for efficient photodynamic therapy
(Figure 12B). In vivo antitumor studies confirmed that photodynamic therapy achieves a
significant tumor inhibition rate (98.7%).
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Figure 11. Jodinated macromolecular contrast agents for construction of micelles by co-assembly for CT imaging. (A) TIB-
PVAL co-assembly with PCL-b-PEG [52]; Reprinted with permission from ref. [52], Copyright 2020 Royal Society of
Chemistry; (B) di-iodinated polyvinyl phenol co-assembly with PS-b-PEG [46]; Reprinted with permission from ref. [46]
Copyright 2018 Wiley; (C) poly(MAOTIB) co-assembly with PEG-35 castor oil [27]; Reprinted with permission from ref. [27],
Copyright 2017 Elsevier; (D) iodinated thermoset co-assembly with PEG-monostearate [38]. Reprinted with permission
from ref. [38], Copyright 2017 Wiley.

4.4.2. Polymersomes

Polymersomes, types of self-assembled vesicular structures of amphiphilic block copoly-
mers, consist of a bilayer shell of amphiphilic copolymers and an aqueous core [128,129].
Apparently, the structures of polymersomes are different from the structure of micelles but
very similar to liposomes. However, compared with liposomes, polymersomes have exhibited
some significant advantages, such as higher stability in vivo circulation, tunable membrane
property and versatility in chemical synthesis, which make them an attractive option for
application in the encapsulation and delivery of various drugs [130-132].

Similar with polymer micelles, polymersomes are also not suitable for encapsulat-
ing and delivering small molecular ICMs, and no reports on this topic can be found.
However, some iodine-containing amphiphilic copolymers can be assembled into iodi-
nated polymersomes. For example, the group of Du recently designed and synthesized
a kind of biodegradable, iodinated amphiphilic block copolymer poly(ethylene oxide)-
block-poly(trilodobenzoic chlorideconjugated polylysine-stat-phenylboronic acid pinacol
ester-conjugated polylysine) (PEO,5-b-P[(Lys-IBC)45-stat-(Lys-PAPE);5]), which can self-
assemble into renoprotective angiographic polymersomes [31], as shown in Figure 13.
Polymersomes can be used as renoprotective blood pool CT contrast media due to ra-
tionally chosen repeat units. Firstly, PEO (i.e., PEG) can not only stabilize the formed
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polymersomes in water with a high concentration, but also endow polymersomes with a
stealth function when circulating in blood. Second, Lys-IBC with high content iodine can
possess a concentration-dependent X-ray attenuation capability. In addition, considering
that the generation of reactive oxygen species (ROS) within the kidneys contributes to
CIN pathology, Lys-PAPE with an ROS-scavenging ability was introduced into polymer-
somes. PAPE can scavenge ROS due to the oxidization and hydrolysis of aryl boronic
ester groups. In vivo experiments indicated that the use of polymersomes as a renopro-
tective angiographic contrast agent can markedly reduce the risk of CIN in mice with
kidney injury.
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Figure 12. Schematic illustration of multimodal iodinated micelles for CT/fluorescence dual-modal
imaging [127]. (A) Co-assembly of iodinated polymer PEG-PHEMA-I and semiconducting polymer
PCPDTBT; (B) enhanced photosensitization by iodine-induced heavy-atom effect. Reprinted with
permission from ref. [127], Copyright 2020 Wiley.

To improve tumor accumulation and retention rates, some researchers designed and
developed some active targeting polymersomes. Recently, the group of Zhong designed
and developed a kind of cyclic RGD-directed, disulfide crosslinked iodine-rich biodegrad-
able polymersome (cRGD-XIP), as shown in Figure 14. The cRGD-XIPs were prepared
via the co-assembly of poly(ethylene glycol)-b-poly(dithiolane trimethylene carbonate-co-
iodinated trimethylene carbonate) copolymer (PEG-P(DTC-IC)) and ¢cRGD functionalized
PEG-P(DTC-IC) (cRGD-PEG-P(DTC-IC)) [133]. These novel theranostic polymersomes
with size of about 90 nm exhibited a very high content of iodine (55.5 wt.%). Moreover, the
cRGD-XIPs achieved a high loading content of doxorubicin (15.3 wt.%) via the pH-gradient
method. Moreover, the polymersomes cRGD-XIPs and doxorubicin-loaded cRGD-XIPs
(cRGD-XIPs-Dox) possessed superior colloidal stability during blood circulation due to the
disulfide-crosslinked nanostructure but underwent fast drug release within tumor cells in
response to the reductive microenvironment. Moreover, cRGD can act as an active targeting
ligand to «y 33 integrin on overexpressed cancer cells. Thus, cRGD-targeted polymersomes
can actively deliver and preferentially accumulate in tumor tissues. Compared with Io-
hexol, in vivo CT imaging of cRGD-XIP-treated mice presented much stronger tumor
contrast. These results demonstrated that cRGD-XIPs can serve as a robust, non-toxic and
smart theragnostic agent with the ability to significantly enhance CT imaging of tumors.
Moreover, cRGD-XIPs-Dox displayed an enhanced targetability to tumors and achieved an
elevated accumulation in tumors, which was significantly effective in inhibiting the growth
of B16 melanoma model. Similarly, they also reported a kind of tumor-targeted biodegrad-
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able polymersome derived from the self-assembly of iodinated amphiphilic polyesters
(cRGD-PEG-b-PIC and PEG-b-PIC), which possessed not only an ultrahigh iodine content,
but also an excellent ability to target neovascular and o 33 integrin due to the presence
of cRGDAfK cyclic peptide [30]. They first synthesized the iodinated amphiphilic polyester
PEG-b-PIC and cRGDfK cyclic peptide (cCRGD) functionalized polyester ((RGD-PEG-b-PIC)
via ring-opening polymerization of a new iodine-functionalized trimethylene carbonate (IC)
monomer using mPEG-OH and NHS-PEG-OH as initiator, respectively. The co-assembly
of cRGD-PEG-b-PIC and PEG-b-PIC can form stable polymersomes with a small hydrody-
namic size of about 100 nm. The obtained polymersomes were demonstrated to have an
unprecedented iodine content (about 60 wt.%), low viscosity, and iso-osmolality, as well as
long circulating property. In oty 33 integrin-overexpressing B16 melanoma xenografted mice,
the cRGD-targeted polymersomes achieved a significantly higher tumor accumulation and
yielded more a sufficient contrast of tumors at 6-8 h after administration when compared
to Iohexol and nontargeted polymersomes groups. This kind of targeted polymersome
showed great potential for application in high-performance targeted CT imaging.

Stabilizer CT imaging ROS scavenging

Self-assembly

| ——
Renoprotective Angiographic
Polymersome (RAP)
Angiography Renoprotection
PEQ,s-b-P[(Lys-IBC),s-stat-(Lys-PAPE),] i.v. injection

-1 Right
nephrectomy

'Kidney injury model

Damaged cells Healthy cells ) Vs
@lodine s

* ROS scavenging mechanism of primary and secondary renoprotective effects

F

AN <, AM ,< : y
oy ROS
\ ¢ e :4‘3 e K@\
ROS-scavenging K@ k@ <J<T©\ ﬁ Antioxidant
Primary renopr;éjﬁon Secondary renoprotection

Figure 13. Schematic illustration of preparation process of renoprotective angiographic polymersome, the renoprotection

behavior by ROS scavenging and ROS scavenging mechanism [31]. Reprinted with permission from ref. [31], Copyright
2020 Wiley.
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Figure 14. cRGD-targeted biodegradable polymersomes [133]. (A) Co-assembly of cRGD-PEG-
b-PIC and PEG-b-PIC to prepare cRGD-targeted polymersomes (cRGD-XIPs and cRGD-XIPs-
Dox); (B) cRGD-XIPs for enhanced in vivo CT imaging of tumor and cRGD-XIPs-Dox for targeted
chemotherapy. Reprinted with permission from ref. [133], Copyright 2019 Ivyspring.

To meet the demand of high sensitivity and high-spatial resolution diagnosis of tumors,
the group of Zhong recently developed a kind of iodine-rich polymersome (I-PS) and then,
the I-PS was labeled with radioiodine (}2°I and 13'1) [25], as shown in Figure 15. 12T and
131 have been demonstrated to be able to be used for imaging and radioisotope therapy,
respectively. 12°I-PS with size of about 100 nm exhibited not only a prolonged circulation,
but also an obviously enhanced distribution in tumors and the reticuloendothelial system.
Meanwhile, 13!1-PS used for radioisotope therapy could significantly inhibit the growth
of 4T breast tumors and effectively prolong mice survival time. More importantly, the
125I-]abeled I-PS was demonstrated to be able to effectively achieve high-efficiency CT
imaging and SPECT imaging as multimodal contrast agent for breast cancer in vivo. This
study provided a robust and versatile platform for dual-modal imaging and targeted
radioisotope therapy.

4.4.3. Dendrimers

Dendrimers are another very important and stable nanoplatform for the development
of polymer-based contrast media for use in computed tomography [134,135]. Dendrimers
represent a versatile and well-defined nanoscale architecture, which are a class of unique
polymeric molecules. They are synthesized in a step-wise fashion, generally starting from
a multifunctional core of the dendrimer and then outwards, growing by the layer-by-layer
addition of monomeric units. With the increase in the generation, the morphological
structure of dendrimers will turn into a globular shape. These hyperbranched macro-
molecules are often monodispersed but have a highly branched and tree-like molecular
architecture with uniform composition, well-defined geometry and abundant terminal
functional groups. Especially, abundant terminal functional groups can not only provide
many sites for functionalization at the ends of the branches, but also offer many reactive
groups for the conjugation of drugs at the available termini of the molecules. Compared
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with linear polymers, dendrimers often have a higher solubility in various solvents and
show much lower viscosity under the same conditions. In addition to their nanometric size
range, permeability across the biological membrane and a relatively high biocompatibility,
dendrimers have displayed significant potential as a versatile delivery system for drugs
and diagnostic agents [69,136,137].
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Figure 15. Radiolabeled iodine-rich polymersomes as multimodal contrast agent for SPECT/CT imaging [25]. (A) Synthesis
of PEG-PIC (1?°1) and PEG-PIC (131]) by isotopic exchange; (B) size distribution profiles of I-PS and 1251.ps; (C) morphology
of 1251-PS; (D) phantom reconstructions of 1251_PS measured at different polymer concentrations; (E) coronal section of
in vivo CT, SPECT, and fusion images of mice. Reprinted with permission from ref. [25], Copyright 2019 American
Chemical Society.

As a typical dendrimer, poly(amido amine) (PAMAM) consists of an ethylenediamine
core, tertiary amine branches, and alkyl amide spacers, which allows for functionaliza-
tion and drug conjugation through amine groups on its outer surface. PAMAM has been
widely used to load and deliver ICMs to increase imaging time, decrease rental toxicity and
improve specificity. For example, amine-terminated fourth-generation (G4) PAMAM den-
drimers were used as a multifunctional platform to conjugate a small iodinated compound
3-N-[(N,N-dimethylaminoacetyl) amino]-a-ethyl-2,4,6-triiodobenzenepropanoic acid. The
obtained iodinated dendritic nanoparticles [G-4-(DMAA-IPA)37] with a hydrodynamic
radius of 2.4 nm can achieve 33% iodine content by weight and retain their high water
solubility [138]. Amine-terminated third- and fourth-generation PAMAM dendrimers
with ethylenediamine cores were also conjugated with tetraiodobenzene derivatives to
prepare blood pool contrast media for use in CT imaging [56], as shown in Figure 16. The
obtained unimolecular dendritic contrast media with the size of 13-22 nm are water soluble
and exhibited high contrast enhancement in the blood pool and effectively extended their
blood half-lives. Fu et al. synthesized a series of paired, symmetrical dendritic polylysines
initiated from a large PEG core (3000-12,000 g/mol). Then, triiodophthalamide molecules
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were conjugated onto the amine termini of these dendrimers. The in vivo enhancement for
CT contrast in a rat model was evaluated. The results indicated that the iodinated PEG-core
dendrimer conjugates achieve high X-ray attenuation intensity, high water solubility, good
chemical stability and persistent intravascular enhancement, with a blood half-life of about
35 min [55].
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Figure 16. Synthesis process of iodinated dendritic nanoparticles [56]. (A) Synthetic process; (B) den-
dritic CT contrast agents. Reprinted with permission from ref. [56], Copyright 2016 Elsevier.

4.4.4. Polymeric Solid Nanoparticles

Although polymeric micelles and polymersomes have been demonstrated to have
significant potential for improving the delivery efficiency and circulation time of ICMs,
their intrinsic instability limits their wider applications [32,33,126]. Therefore, developing
polymeric NPs with high stabilities is highly demanded. Polymeric solid nanoparticles
(SNPs) with stable core structures due to crosslinking or multiple interactions can serve as
an excellent platform for ICMs delivery. For example, some core-crosslinked polymeric
SNPs were designed and developed for the delivery of contrast agents. Ding et al. reported
a one-pot strategy for the synthesis of core-crosslinked Iohexol nanoparticles (INPs) on a
large scale for CT imaging [139]. They used Iohexol acrylate as a crosslinking agent via
polymerization-induced self-assembly to achieve the high stability and good dispersion of
INPs even in an extremely high concentration. INPs can not only have lower toxicity and a
longer circulation time, but also exhibit strong imaging capability and prominent accumula-
tion in tumors when compared with Iohexol. Hainfeld et al. reported a kind of PEG-coated
core-crosslinked polymer iodinated nanoparticle with a size of about 20 nm [140]. Iodine
SNPs are a polymerized triiodobenzene compound coated with PEG, which were demon-
strated to not only have an extraordinarily long blood half-life (40 h) for better tumor
uptake, but to also be non-toxic after an intravenous dose of 4 g iodine/kg. These iodine
SNPs may serve as an X-ray contrast agent with novel properties for cancer therapy and
vascular imaging.

Similarly, the Cheng group developed a kind of poly(iohexol) SNP by using the
addition reaction between hexamethylene diisocyanate and Iohexol with multiple hydroxyl
groups as a comonomer [141], as shown in Figure 17A. After nanoprecipitation with mPEG-
polylactide (mPEG-PLA), poly(iohexol) SNPs with sizes of about 150 nm in diameter
with narrow size distributions were obtained (Figure 17B). PEGylated poly(iohexol) SNPs
exhibited remarkable stability without any significant size changes or premature release of
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Iohexol in PBS and human serum buffer, as the crosslinked core could prevent disassembly
against dilutions upon administration (Figure 17C). The potential of poly(iohexol) SNPs
for in vivo CT diagnosis was evaluated and is shown in Figure 17D. The results indicated
that poly(iohexol) SNPs with high stability exhibited a substantial improvement in tissue
retention and CT contrast (a 36-fold increase in CT contrast 4 h post injection).
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Figure 17. Synthesis and structure of core-crosslinked poly(iohexol) SNPs [141]. (A) Synthetic illustration of preparing
cross-linked poly(iohexol) and PEGylated poly(iohexol) SNPs; (B) size and morphology; (C) stability in PBS or human
serum buffer for different times; (D) serial axial CT images of the MCF-7 tumors in mice after intratumoral injection Iohexol
and poly(iohexol) SNPs. Reprinted with permission from ref. [141], Copyright 2013 American Chemical Society.

Considering their endogenous origin, nonimmunogenic, biocompatible and biodegrad-
able nature as well as relatively high stability, lipoproteins, including low-density lipopro-
teins (LDL) and high-density lipoproteins (HDL) as natural SNPs, have been demonstrated
to be highly suitable as a platform for delivering imaging agents [28,75,142]. For example,
the radio-iodine as radiotracers, including iodine-131 (1317) and iodine-125 (%), were used
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to label LDL. The obtained radio-iodinated LDL SNPs were used to image and characterize
tumor accumulation within animals for over several decades [143]. Zheng et al. incorpo-
rated poly-iodinated triglyceride into LDL for the delivery of a CT contrast agent [144],
achieving an enhancement on CT imaging via LDL-induced RES targeting. Radiopaque
iodinated copolymeric SNPs with sizes ranging between 30 and 350 nm were prepared
via the emulsion copolymerization of MAOETIB and glycidyl methacrylate (GMA) in
the presence of sodium dodecyl sulfate as a surfactant and potassium persulfate as an
initiator. The obtained PIMAOETIB-GMA) SNPs with high iodine contents of 58% possess
a significant radiopaque nature. In vivo CT imaging was performed in a dog model. The
results indicated that the obtained P(IMAOETIB-GMA) SNPs can achieve significant en-
hanced visibility of the liver, spleen and lymph nodes of model animals by RES-selective
uptake [43].

Recently, Krafft et al. reported a series of stable iodinated coordination polymer SNPs
with the ability to carry a very high payload of iodine (over 60 wt.%) [145]. As shown in
Figure 184, 2,3,5,6-tetraiodo-1,4-benzenedicarboxylic acid (I4-BDC-H,) as bridging ligands
and Cull or ZnlII metal as connecting points were used to synthesize five new coordination
polymer SNPs. Scanning electron microscopy images confirmed that the formed iodinated
coordination polymer SNPs, typically polymer (3), are plate-like particles, 50 nm thick and
with a diameter of 300 nm and (Figure 18B). This is due to the fact that each Cull center
can coordinate to two water molecules and three carboxylate oxygen atoms in a square
pyramidal geometry. They also conducted phantom studies on the obtained polymer SNPs
to evaluate their potential for use as CT contrast media. As shown in Figure 18C, the
coordination polymer SNPs show a very high X-ray attenuation coefficient, which can be
comparable to that of the molecular contrast agent (Iodixanol). These new nanomaterials
can deliver high payloads of iodine, which shows that they have great potential for the
development of efficient CT contrast media without the inherent drawbacks of small-
molecule ICMs.
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Figure 18. Iodinated coordination polymer SNPs with high payload of iodine [145]. (A) Synthesis
process; (B) Typical morphology of iodinated coordination polymer SNPs; (C) CT phantom images.
Reprinted with permission from ref. [145], Copyright 2009 Wiley.

To further achieve targeted CT imaging on tumors, Gao et al. firstly synthesized a
kind of methacrylated Iopamidol (MAI) monomer, and then, MAI was polymerized to
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obtain poly(methacrylated Iopamidol) (PMAI) SNPs via a precipitation polymerization
method [146], as shown in Figure 19. Subsequently, PMAI SNPs were PEGylated via the
introduction of PEG chains, and then, the targeting ligand cRGD peptide was conjugated
onto the outer surface to obtain poly(methacrylated iopamidol)-polyethylene glycol-cRGD
(PMAI-PEG-RGD) SNPs with sizes of about 150 nm and iodine contents of about 30 wt.%.
The X-ray attenuation capability of PMAI-PEG-RGD SNPs was detected. Compared with
Iopamidol, the stronger X-ray attenuation effect of PMAI-PEG-RGD SNPs was demon-
strated. These results indicated that PMAI-PEG-RGD SNPs can act as a promising contrast
agent for X-ray CT imaging. More importantly, PMAI-PEG-RGD SNPs were endowed with
tumor-targeting ability due to the presence of cRGD ligand with a specific affinity for «+ 33
integrin overexpressed on cancer cells. In vivo CT imaging indicated that PMAI-PEG-RGD
SNPs can show greatly enhanced CT imaging efficacy, confirming their more efficient
tumor accumulation due to the cRGD peptide-mediated active targeting effect.
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Figure 19. Synthesis process of poly(methacrylated iopamidol)-polyethylene glycol-cRGD (PMAI-
PEG-RGD) SNPs [146]. Reprinted with permission from ref. [146], Copyright 2020 Royal Society
of Chemistry.

Hyaluronic acid (HA), as a highly water-soluble, negatively charged polysaccharide,
was widely used to increase stability in aqueous solution and prolong the circulation time
of nanoparticles in vivo. More importantly, HA, as a specific ligand for CD44 often over-
expressed on tumor cells, was also applied for the tumor-targeted delivery of anticancer
drugs and imaging contrast media [147]. Liu et al. recently reported a facile but effective
approach to synthesize multifunctional HA-coated iodinated SNPs with Au nanoshells
(PMATIB/PEI/ Au nanoshell/HA) [26]. They first prepared iodinated crosslinked SNPs
(PMATIB) via the precipitation polymerization of 2-methacryl(3-amide-2,4,6-triiodobenzoic
acid) (MATIB) using N,N-methylenebis-(acrylamide) (MBAAm) as a cross-linker. Subse-
quently, PMATIB SNPs were modified with PEI and ultrafine Au NPs through the electro-
static interaction. Finally, HA was coated on the outer surface to obtain PMATIB/PEI/Au
nanoshell/HA SNPs with sizes of about 200 nm and excellent dispersibility in aqueous
solution. After intravenous injection into MCF-7 tumor-bearing mice, PMATIB/PEI/Au
nanoshell/HA SNPs could efficiently be accumulated in the tumor and significantly en-
hance CT imaging of the tumor. Pan et al. presented a novel approach based on a soft,
radio-opaque, and vascular-constrained colloidal particle, which can improve targeting
specificity for intraluminal thrombus [148]. In this study, the amphiphilic diblock copoly-
mer, polystyrene-b-polyacrylic acid (PS-b-PAA) was used to encapsulate ethiodized oil (a
mixture of iodostearic acid ethyl ester and ethyldiiodostearate with 37 wt.% of total iodine
content). Then, the particles were crosslinked via carbodiimide-mediated intramolecular
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cross-linking and then conjugated with biotin hydrazide as the targeting ligand on the
surface of cross-linked particle, which finally obtained the soft type, vascularly constrained,
stable colloidal radio-opaque iodinated polymeric SNPs (iodinated-cROMP-Biotin). The
carboxylic acid groups throughout the nanoparticle shell led to a significant enhancement
on stability. Moreover, the biotinylated cROMP particles were demonstrated to be able to
effectively target to acellular fibrin clot phantoms with classic avidin-biotin interactions.

Single CT imaging modality often cannot satisfy the rapidly growing demand for the
more reliable and accurate detection of disease sites, due to its low sensitivity. The combi-
nation of two or more imaging modalities into one system can overcome the limitations
and take advantage of the strengths of each modality [1,112-115]. Polymeric SNPs were
also designed for multimodal imaging. For example, the group of Whittaker designed and
synthesized a kind of multifunctional, crosslinked hyperbranched polymer SNP containing
iodine and fluorine, which can be used as bimodal imaging contrast media for use in
CT/19F MRI imaging [149]. The hyperbranched iodopolymer (HBIP) was first synthesized
via the reversible addition—fragmentation chain transfer polymerization of poly(ethylene
glycol) methyl ether methacrylate (PEGMA), 2-(2',3' 5'-triiodobenzoyl)ethyl methacrylate
(TIBMA), and a degradable crosslinker bis-(2-methacryloyl)oxyethyl disulfide (DSDMA).
Then, hyperbranched iodopolymers containing 19F (HBIPFs) with different contents of
iodine and fluorine were prepared via the chain-extension reaction between the HBIP with
PEGMA and 2,2 2-trifluoroethyl acrylate (TFEA). After the direct dissolution of HBIPFs in
water, HBIPF SNPs with diameters of 10-15 nm were obtained. The radio-opacity of HBIPF
SNPs in water was investigated using 19F MRI and CT imaging. The results indicated that
HBIPF SNPs are attractive multimodal imaging contrast media for use in CT/19F MRI
bimodal imaging.

Due to its high safety, low cost and portability, ultrasound (US) imaging has been
widely utilized in clinical diagnosis. However, US imaging often suffers from very low
resolution. The combination of high-resolution CT imaging with US imaging has significant
merits for the development of multimodal imaging. To obtain real-time imaging and
additional anatomic information about a tumor, Choi et al. synthesized a kind of iodine
containing diatrizoic acid (DTA)-conjugated glycol chitosan (GC) SNP, which was used to
physically encapsulate a US imaging agent (perfluoropentane, PFP) via the O/W emulsion
method to prepare GC-DTA-PFP nanoparticles [59]. The in vitro and in vivo X-ray CT/US
dual-modal imaging efficacy of GC-DTA-PFP SNPs was evaluated. The results indicated
that as imaging contrast agents, GC-DTA-PFP SNPs presented very strong X-ray CT and
US signals in phantom tests. Moreover, after intravenous injection, GC-DTA-PFP SNPs
can be effectively accumulated on the tumor site by EPR effects, which thus could be used
in X-ray CT/US dual-modal imaging to provide comprehensive and accurate diagnostic
information about a tumor. In sum, due to their high stability, excellent biocompatibility,
multifunctionality and flexibility in modification, polymeric SNPs provide a variety of
multifunctional platforms for not only improved ICMs delivery, but also the development
of multimodal contrast media for multimodal imaging.

Photoacoustic (PA) imaging is a type of biomedical imaging based on laser-generated
ultrasound. As a new and hybrid modality, PA imaging integrates the high spatial reso-
lution and deep penetration of ultrasound imaging with the high-contrast and specificity
of optical imaging [150]. Polyaniline (PANi), with intense near-infrared (NIR) absorbance
and a stable light-to-heat conversion capacity, has exhibited excellent imaging capability as
a PA contrast agent [151]. To design multimodal contrast media for CT/PA-guided ther-
apy, recently, Fu et al. rationally designed and developed a kind of iodinated polyaniline
(LC@I-PANI) SNP via the simultaneous iodination and chemical oxidation polymerization
of aniline in one system [48], as shown in Figure 20. LC@I-PANi SNPs with sphere-like
morphologies and around 170 nm diameters have excellent colloidal stability and high
biocompatibility. Furthermore, in vitro and in vivo experiments confirmed that LC@I-PANi
SNPs possess favorable CT and PA imaging performance and good photothermal perfor-
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mance under NIR laser irradiation, providing a promising multifunctional therapeutic
nanoplatform.
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Figure 20. Schematic illustration of the preparation process of LC@I-PANi SNPs as multimodal
contrast agent for CT/PA dual-modal imaging [48]. Reprinted with permission from ref. [48],
Copyright 2021 Elsevier.

5. Conclusions

The clinical applications of X-ray CT imaging in medical diagnosis are still limited
by the intrinsic drawbacks of iodine-based contrast media. Small molecular ICMs, used
as the main contrast media in clinic, still suffer from fast renal clearance and serious
adverse effects, especially the acute renal toxicity and inefficient targetability as well as low
sensitivity. Due to their unique advantages, organic NPs, especially polymeric NPs, have
exhibited great potential for the development of next-generation drug delivery systems
with desirable properties. In this review, we comprehensively summarized the strategies
and applications of organic NPs for ICMs delivery. Undoubtedly, these nanocarriers
can significantly prolong blood circulation time, decrease renal toxicity, enhance delivery
targetability and improve the sensitivity.

Despite the tremendous progress, the use of organic NPs for ICMs delivery is still far
from applicable to clinical practice at the moment. Many challenges, such as batch-to-batch
reproducibility, long-term biocompatibility, specific delivery, in vitro/in vivo stability and
desirable pharmacokinetics need to be urgently overcome. As a result, tremendous efforts
are still needed to develop efficient organic NPs for ICMs delivery. First, the scale-up
preparation of organic NPs with controlled and uniform morphology is still a big challenge.
With regard to nanomedicines and nanoimaging agents, the uniformity in nanostructure,
the stability in physicochemical property and therapeutic performance, especially the
controllability in the preparation process and the reproducibility in product quality are
very important requirements for pharmaceutical and biomedical applications. However,
due to the heterogeneity in the raw materials and the complexity and extremely high
variability in the preparation process, the biomedical applications of organic NPs need to
address the scalable production and batch-to-batch reproducibility. Thus, it is imperative
to develop an effective approach to fabricate organic NPs with precise sizes, nanostructures
and geometries in a scalable process, achieving high uniformity, reproducibility and thus
high-performance. Second, ICMs were loaded into various organic NPs, often leading
to a relatively low iodine content. As a result, a massive dose of contrast agents often
necessitates the need for clear CT imaging, which will always pose a risk of renal toxicity
and cytotoxicity. In addition, the in vivo degradation behaviors or decomposition product
of organic NPs remain unclear, and thus thorough toxicological evaluations will be needed
to confirm the biocompatibility of organic NPs for ICMs delivery. In addition, the delivery
of sufficient amounts of contrast media in the targeted disease site is indispensable for
successful imaging. Therefore, how to avoid fast clearance from the system but achieve the
high accumulation of ICMs in malignant tissues is a key issue yet to be resolved, especially
for the preoperative and intraoperative identification of tumors as well as intraoperative
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image-guided surgery. Significant efforts have been focused on improving the ability to
target the delivery of ICMs via use of active and passive targeting strategies. However,
the sophisticated pathophysiological barriers from the injection site to the site of action
and the unsatisfying targetability of nanocarriers result in a very low delivery efficiency.
Despite the enormous progress in nanomedicines, the design and development of advanced
nanocarriers that can simultaneously meet the contradictory requirements to successively
overcome each of the biological barriers is still a key issue to be addressed. Finally, we are
witnessing a paradigm shift from conventional therapy to a more personalized, customized
treatment model based on theragnosis. As a result, theragnostic agents must synergistically
integrate multiple functions, including the therapeutic efficacy of drugs, disease recognition
via imaging and targeted delivery to disease sites, leading to a formidable challenge in the
fabrication of theragnostic agents. Organic NPs have been demonstrated to be a promising
platform for theragnostic agents but are still in their infancy.

In sum, various organic NPs have exhibited significant advantages for ICMs delivery,
opening up some new avenues in the search for optimal ICMs for use in CT imaging with
maximum sensitivity, minimal toxicity, improved specificity and biodistribution.
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Abstract: The aberrant aggregation of amyloid-3 (A3) peptides in the brain has been recognized
as the major hallmark of Alzheimer’s disease (AD). Thus, the inhibition and dissociation of AB
aggregation are believed to be effective therapeutic strategiesforthe prevention and treatment of AD.
When integrated with traditional agents and biomolecules, nanomaterials can overcome their intrinsic
shortcomings and boost their efficiency via synergistic effects. This article provides an overview of
recent efforts to utilize nanomaterials with superior properties to propose effective platforms for
AD treatment. The underlying mechanismsthat are involved in modulating AP aggregation are
discussed. The summary of nanomaterials-based modulation of A3 aggregation may help researchers
to understand the critical roles in therapeutic agents and provide new insight into the exploration of
more promising anti-amyloid agents and tactics in AD theranostics.

Keywords: Alzheimer disease’s; amyloid-3; nanomaterials; photothermal therapy; photodynamic therapy

1. Introduction

Abnormal changes in protein spatial structure can lead to the occurrence of protein
conformational diseases [1]. For example, the precipitationand aggregation of protein
amyloid fibers in neurons or brain parenchyma can induce cytotoxicity and eventually
lead to neurodegenerative diseases, such as Alzheimer’s disease (AD), amyotrophic lat-
eral sclerosis (ALS), Huntington’s disease (HD) and Parkinson’s disease (PD) [2-5]. As
the most common form of dementia, AD affects about 40 million people worldwide [6].
Although the pathogenesis of AD is multifactorial [7-11], the abnormal aggregation of
(-amyloid (A) peptidesis still considered the most salient feature in AD. A} peptides con-
sisting of 3943 amino acid residues are the proteolytic cleavage products of the 3-amyloid
precursor protein (APP) [12,13]. Af3149 and AP1_4p are two major abundant types in amy-
loid plaques [14]. A3 monomers can assemble into 3-sheet-rich oligomers with different
sizes and form into long fibrils. Recent studies revealed that extracellular soluble A
oligomers and fibrils exhibit strong neurotoxicity, which may be the potential targets for
AD treatment [15]. Oxidative stress maybe the potential mechanism that explains the
neurotoxicity induced by Af3 aggregates [16]. Thus, the inhibition of Af fibrillogenesis
and the disassembly of Af3 aggregates are considered to be important treatment strategies
for AD.

Prompted by the need to pursue effective treatment of AD, many inhibitors against A3
aggregation and cytotoxicity were explored, including small molecules, peptides [17-19],
proteins [20-22] and antibodies [23]. For example, we demonstrated that 5,10,15,20-
tetrakis(N-methyl-4-pyridyl)-porphyrin (TMPyP), a water-soluble porphyrin, can inhibit
A aggregation, disintegrate the preformed A aggregates and alleviate AB-induced cyto-
toxicity [24]. Peptides with a special sequence that is homologous to Af3 can keep it from
aggregating through hydrophobic, hydrogen, covalent or electrostatic interactions, which
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are known as (3-sheet breaker peptides, including LPFFD, KLVFFAE, CGGGGGIGLMVG
and LVFFARK (LK?). It was suggested that denaturation of native A3 to oxygenated forms
via photooxygenation could slow A aggregation and neurotoxicity [25]. Thus, various
photosensitizers were explored for light-induced preclusion of A3 aggregation, such as
methylene blue, porphyrins and riboflavin [26-29]. However, significant shortcomings
limit the further application of these reagents, such as low solubility andpoor stability
in physiological conditions. Moreover, the low permeability of the blood-brain barrier
(BBB) also renders these inhibitors unsuitable for the treatment of AD [30]. Therefore, the
demand is still urgent to develop effective drugs that target Ap aggregation with great
clinical application potential.

With the development of nanotechnology in the past decades, numerous nanoma-
terials have been designed, synthesized and applied in different fields, such as physics,
environmental science and biosensors. Due to the superb biocompatibility, stable phys-
iochemical properties and synthesis and modification flexibility, nanomaterials-based
approaches offer enormous potential to overcome the challenges in current therapeu-
tic/diagnostic bio-reagents applications. In this regard, great efforts have been committed
to discussing solutions from the nanomaterials perspective for improving AD treatment ef-
ficiency. Based on the characteristics of nanomaterials, traditional small molecule inhibitors
can get across the BBB by being encapsulated into or modified with nanomaterials, such
as mesoporous nano-selenium [31]. Furthermore, nanomaterials can be conjugated with
target ligands, such as folate, polysaccharides, cell-penetrating peptidesand antibodies,
to improve the bioavailability in brain regions and the efficiency of intracellular particles
delivery [32,33]. Although there are a lot of studies that utilized different nanomaterials to
inhibit the aggregation of the AP peptide, their effects on peptide fibrillation still need to
be investigated [34].

In this review, we focused on recent progress in nanomaterials-based methodology
for inhibiting A aggregation. Meanwhile, we also paid close attention to novel strategies
that use photo-sensitive or enzyme-mimicking properties inAD treatment.

2. Nanomaterials

According to the main composition and dimensions, the types of nanomaterialsfor
modulating the aggregation of -amyloid peptidesare various, including gold, carbon,
transition oxide, two-dimensional (2D) nanomaterials, metal-organic framework (MOF)
and self-assembled nanomaterials (Scheme 1).

2.1. Gold-Based Nanomaterials

Gold-based nanomaterials have the strengths ofbeing chemically inert, having tunable
local surface plasmon resonance (LSPR) absorption and good conductivity. The LSPR
absorption can be tuned by varying the size, shape, surrounding environment and dis-
persion state [35]. Owing to their unique properties and easeof manipulation, gold-based
nanomaterials have broad applications in drug delivery, disease diagnosis and illness
treatment, including central nervous system diseases [36]. The main category of gold
nanomaterials that are used for treating AD includes bare gold nanoparticles (AuNPs) and
gold nanocomposites modified with peptides or other molecules.

AuNPs were reported by many researchers as having functions of penetrating through
the BBB, inhibiting A3 peptide from aggregation [37] and degrading A3 aggregates based
on their size, surface charge, shape, functionality and even concentration [38—41]. For
example, Ma et al. found that the negatively charged citrate-capped AuNPs could induce
AP peptides to quickly form short protofibrils, subsequently causing them to assemble
into short fibril bundles or even bundle conjunctions [42]. Wang and co-workers inves-
tigated the effect of AuNPs with different shapes on the aggregation of Af31_49 peptides
(Figure 1A) [43]. Moreover, because of the high degree of surface atomic unsaturation to
adsorb Af1_4 peptides with high affinity, Au nanospheres exhibited a more significant
increase of the fibrillation process than Au nanocubes. Liu et al. investigated the size effect
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of gold nanorods (AuNRs) on modulating the kinetic process of A3 aggregation (Figure
1B) [44]. They found that the inhibition efficiency of larger AuNRs is better than that of
smaller AuNRs and the rate constant was a quadratic function of the diameters or lengths.
Liao et al. studied the effect of the surface charge of AuNPs on A} aggregation [41]. As
shown in Figure 1C, the negatively charged AuNPs could not only inhibit A{ fibrillization
to form fragmented fibrils and spherical oligomers but also remodel preformed fibrils into
smaller and ragged Af3 species. Furthermore, by means of enhanced sampling molecular
dynamics simulations, the interactions between A peptides and Au nanomaterials with
various sizes and morphologies are well characterized, which is helpful for understanding
the inhibition mechanism and explore new strategies for AD treatment [45,46].

Scheme 1. A graphic summary with the important characteristics of nanomaterials discussedin
this article.

Small molecules and peptides can be conjugated on the surface of nanomaterials to
improve the properties and efficiency of both the modifiers and the nanomaterials [47]. For
example, Palmal et al. prepared curcumin-functionalized AuNPs and found that water-
soluble AuNPs with multiple curcumin moieties on the surface could inhibit A fibrillation
and dissolve Ap fibrils without using other external agent or force [48]. 3-Sheet breaker
peptides can also be integrated with Au nanomaterials. Xiong et al. designed a branched
dual-inhibitor sequence (VVIACLPFFD) for inhibiting A3 aggregation and cytotoxicity,
whose inhibitory effects were greatly enhanced due to its special surface orientation and
conformation (Figure 2A) [49]. However, it was also reported that N-methylated peptides
(CGGIGLMVG and CGGGGGIGLMVG) exhibit less effective inhibition of A fibril than
free peptides because 3-sheet N-methylated peptides, with their more ordered arrangement
on the surface, show weak affinity toward A in solution. In contrast, CLPFFD peptides
modified on the nanoparticle surface can improve the stability of NPs, reduce the effect
on cell viability and increase the delivery efficiency to the brain [50,51]. Moreover, the
sequence of the peptide has an influence on the conjugation and stability of AuNPs and
the affinity ability for A fibrils [52].
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Figure 1. (A) Schematic of effects of gold nanospheres and nanocubes on Af31_4 peptide fibrillation. Reprinted with
permission from reference [43]. Copyright 2019 American Chemical Society. (B) Schematic of (a) the process of Af
aggregation and (b) The schematic of CTAB-stabilized AuNRs with different sizes inhibiting A3 peptides fibrillation [44].
Copyright 2019 Elsevier. (C) Diagram of Ap fibrillization pathways influenced by negatively charged AuNPs. (a) Af
monomers assemble into mature amyloid fibrils and cause neurotoxicity. (b) AR monomers incubated with the AuNPs
possessing negative surface potential lead to formation of short and fragmented fi brils along with spherical oligomers. The
alteration rescues the toxicity generated from mature Ap fibrils. (c) AuNPs addition to preformed A fibrils induces ragged
fi brils and amorphous aggregates without changing the toxicity level [41]. Copyright 2012 Wiley-VCH.

A aggregation can be disintegrated via local heat generation. Kogan et al. found that
AuNPs modified with Cys-PEP peptides and CLPFFD can selectively attach to the A3 fibrils
and prefibrillar intermediate amyloidogenic aggregates (PIAA) (Figure 2B) [53,54]. Then,
microwave irradiation generated local heat using nanoparticles to dissolve A3 aggregates.
In photothermal therapy (PTT), light can be converted into heat with the aid of molecules
or nanomaterialsthat display photothermal conversion ability. PTT was shown to be a
promising strategy for the treatment of various diseases due to its remarkable advantages
of site- and time-specificity, non-invasiveness and targeting selectivity. Owing to the
extinction coefficient of theLSPR, Au nanomaterials can cause the photothermal ablation
of amyloid peptide aggregates using laser irradiation [50,55,56]. As shown in Figure 2C,
using penetratin peptide (Pen)-modified Au nanostars as part of an NIR photothermal
method could be activated using ultralow irradiation to treat AD [57]. Due to the irregular
morphology, Au nanostars possessed a high NIR absorption-scattering ratio and large
specific surface area. Pen peptides can enhance the travel across the BBB and the cellular
internalization of nanomaterials. The Pen-Au nanostars not only inhibited the formation
of A fibrils but also disassembled the preformed Af fibrils under the NIR irradiation.
Moreover, a fluorescent ruthenium complex was loaded on the nanostars for tracking the
drug delivery. To shorten the laser irradiation time, Lin et al. applied an NIR femtosecond
laser for the destruction of the preformed AuNR-modified A fibrils (A fibrils@ AuNRs)
(Figure 2D) [58]. The results showed that in the presence of AuNRs, the femtosecondlaser
irradiation could efficiently dissociate the Af fibrils into small fragments with a non-
B-sheet structure in 5 min at a safe energy level and the morphology of AuNRs was
transformed into amorphous shapes. However, there was no obvious destruction effect on
the Ap fibrils or A fibrils@Au nanospheres under the laser irradiation.
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Copyright 2016 American Chemical Society.

Metal ions, such as Zn?* and Cu?*, were shown to participate in the pathology of
AD [59,60]. A metal chelator can capture metal ions, hamper ROS formation and inhibit
metal ion-induced Af3 aggregation [61]. However, they have some disadvantages, such as
poor permeability of the BBB and limited ability to distinguish toxic metal ions related to
Ap aggregates from those associated with normal biological homeostasis [62,63]. Inspired
by stimuli-responsive controlled-release drug delivery systems, the controllable release of
chelators from “containers” may avoid this problem. Shi et al. reported a dual-responsive
“caged metal chelator” release system based on NIR-absorbing Au nanocages [64]. As
illustrated in Figure 3A, the chelator of clioquinol (CQ) was encapsulated in Au nanocages
and the pore was blocked by human IgG via the redox- and thermal-sensitive arylboronic
ester bond. Over-produced H,O;that was induced by deviant A3-metal ions aggregates
would initiate the degradation of arylboronic ester and the subsequent release of CQ.
Moreover, Au nanocages with NIR light could generate local heat to break the bond, thus
enhancingthe CQ release and dissolving A3 deposits via noninvasive remote control.

Unlike AuNPs, gold nanoclusters (AuNCs) consist of several to dozens of atoms that
have excellent optical properties of intense fluorescence and high photostability. As shown
in Figure 3B, Hao et al. found that AuNCs modified with CLVFFA via Au-S bonds showed
improved inhibitory ability [65]. The results exhibited that AuNCs-CLVFFA could block
the fibrillogenesis of A31_49 and the prolongation of fibrils and disaggregate the mature
fibrils into oligomers. Zhang et al. found that Cys-Arg (CR) dipeptide-caped Auy3(CR)14
NCs could completely dissolve exogenous mature Ap fibrils and endogenous Af3 plaques
and restore the natural unfolded state of A3 peptide from a [3-sheet structure [66].
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2.2. Carbon

Carbon nanomaterials, including carbon nanotubes, graphene, fullerene, carbon
nanospheres and carbon dots, have received great attention in the biological field due
to their unique physical and chemical features. Carbon nanomaterials with hydropho-
bic surfaces can interact with various biomolecules, such as DNA, proteins and amyloid
nanostructures. Moreover, when entering into a living organism, they may disturb the
self-assembly processes of peptides or proteins.

2.2.1. Graphene-Based Materials

Owing to the large available surface and hydropathy, graphene oxide (GO) was
applied to modulate the aggregation of Af} via the adsorption of amyloid monomers and
decreasing the kinetic reaction [67-69]. Yang et al. found that pristine graphene and GO
could inhibit A3 peptide fibrillation and clear mature amyloid fibrils through experimental
and computational investigation [70]. Mahmoudi et al. found that the formation of a
protective protein corona on GO sheets could further enhance the inhibition effect [71].
The size effect of GO on modulating A3 aggregation was also investigated by Wang and
co-workers [72]. Surface chirality was also shown to play an important role in protein
adsorption dynamics and cell behaviors. As shown in Figure 4A, Qing et al. studied
the chiral effect on amyloid formation by using cysteine-enantiomer-modified GO as a
platform [73]. The result showed that R-cysteine-modified GO suppressed the absorption,
nucleation and fiber elongation processes of A{31_49, thus leading to a remarkable inhibition
rate of amyloid fibril formation. However, s-cysteine-modified GO accelerated these
processes. The stereoselective interaction between chiral moieties and A3 peptides caused
the enrichment of oligomers on the GO surface, but the distance between them should be
short enough (1-2 nm). This work provided novel insights into understanding the key
roles of biological membranes on protein amyloidosis.

Based on its high optical absorption in the NIR region, graphene has been widely
explored in biomedical applications. In 2012, Li et al. first reported the photothermal
treatment of AD by using thioflavin-S (ThS)-modified GO (Figure 4B) [74]. The ThS-
modified GO can produce local heat to dissociate A fibrils under low-power NIR laser
irradiation with improved selectivity because of the specific targeting of ThS toward
amyloid. Moreover, the A3 morphology change during the photothermal treatment can
be monitored in real time by recording the increased fluorescence of ThS in the complex
of ThS and A fibrils. Taking advantage of the permeation and disruption of the cellular
membrane by A oligomers, Xu et al. developed an oligomer-self-triggered and NIR-
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enhanced system based on the lipid-bilayer-coated graphene (GMS-Lip) [75]. Dyes and
drugs were co-loaded within GMS-Lip, which could be released by the amyloid oligomers.
In addition, thermal-sensitive Lip could be further destroyed by the heat produced by
graphene under an NIR laser to ensure the release efficiency. Moreover, the NIR-assisted
release could be initiated locally by tracking the fluorescence.

GO can hybridize with other nanomaterials to achieve improved inhibition perfor-
mance based on the synergistic effect. Moreover, the decoration of nanomaterials on
GO can avoid the easy agglomeration and restacking of GO. For instance, GO/AuNPs
nanocompositeswere prepared using pulsed laser ablationin water to reduce A3 aggrega-
tion, which produced an enhanced effect compared with using GO or AuNPsalone [76].
Due to the hydrophobic interactions between the nanocomposites with hydrophobic amino
acids of AB1_42, the nucleation process was significantly disturbed and the fibrillation
was subsequently slowed. The result showed that the GO/AuNPs nanocomposites not
only reduced Af31_4, aggregation and cytotoxicity but also led to the deploymerization
of amyloid fibrils and inhibition of their cellular cytotoxicity. In addition, Ahmad et al.
reported that a GO-Fe;O4 nanocomposite showed the enhanced inhibitory effect of Af1_4»
peptides and depolymerized A1y, fibrils (Figure 4C) [77].
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representation of the effect of SWNT-OH on A aggregation. Reprinted with permission from reference [78]. Copyright

2019 American Chemical Society.

2.2.2. Carbon Nanotubes (CNTs)

CNTs are tubular structures of rolled-up sheets of graphene, including single-wall
(SWCNTs) and multi-wall (MWCNTs) species. CNTs can be exploited for biosensing, tissue
engineering and drug delivery due to their chemical stability, good porosity and high
surface area. Moreover, SWCNTs were shown to shuttle drugs into a wide range of cell
types [79,80]. Luo et al. found that SWNTs can induce A peptides to form (3-sheet-rich yet
non-amyloid fibrils, and A peptidescan reduce the toxicity of SWNTs [80]. However, the
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poor dispersibility of pristine SWNTs in solution greatly decreased the inhibition efficiency.
Functionalization of SWNTs with hydrophilic groups may increase their dispersibility.
Liu et al. investigated the inhibitory effect of SWNT-OH on Af1_4, fibrillogenesis [78].
As shown in Figure 4D, the percentage of hydroxyl groups in SWNT-OH was crucial
for their inhibition capacity against Af31_4, aggregation. Moreover, SWNT-OH could
transform the mature fibrils into smaller granular aggregates but not oligomers. Xie et al.
revealed that the electrostatic, hydrophobic and aromatic stacking interactions between
hydroxylated SWCNT and A {31427 not only inhibit the A 3142, fibrillization but also shifted
the conformations of oligomers from the ordered 3-sheet-rich structures into the disordered
coil aggregates [81].

2.2.3. Carbon Nanospheres

Phototherapy, including photothermal therapy (PTT) and photodynamic therapy
(PDT), is generally activated by visible or first NIR-I light. However, it has limited tissue
penetration through dense skull and scalp and may cause damage to nearby normal tissues.
Thus, utilizing excitation light at second near-infrared light (NIR-1I, 1000-1700 nm) is a
more attractive option for deeper tissue penetration and a lower signal-to-noise ratio. Ma
et al. designed Af} targeting, N-doped three-dimensional mesoporous carbon nanospheres
(KD8@N-MCNs) for NIR-II PTT of AD (Figure 5A) [82]. KLVFFAED (KD8) was used as the
target of AP and receptor of the advanced glycation end-products (AGEs). N-MCN was
selected as the NIR-II photothermal agent due to its excellent photothermal effect and super-
oxide dismutase (SOD) and catalase (CAT)-like activities. Combining the above advantages,
KD8@N-MCN s can dissolve Af31_4; aggregates under NIR-II illumination, scavenge in-
tracellular ROS and alleviate neuroinflammation in vivo. Moreover, KDS@N-MCNs can
efficiently cross the BBB due tothe modification of KD8 on the nanosphere’s surface.

2.2.4. Fullerene

Fullerene possesses the advantages of strong hydrophobicity and high electrophilicity,
which endow it with the potential ability to inhibit the aggregation of Af peptides [83].
For example, Xie et al. investigated the molecular mechanism of fullerene-based inhibition,
which could be attributed to the strong hydrophobic and aromatic-stacking interactions
between the fullerene hexagonal rings and the Phe rings of A4 peptide [84]. Moreover,
Kim et al. reported that a C4g derivate (1,2-dimethoxymethanofullerene) could bind to
the central motif, namely, AB316-29 (KLVFF), based on the strong hydrophobic interaction
and inhibit the aggregation of Ap peptides at the early stage [85]. After that, other Cgg
derivates were also synthesized and applied for inhibiting the aggregation of Af3 peptides,
including hydroxylated fullerene and sodium fullerenolate Nay[Cgo(OH).30] [86-90].

Cgo could produce reactive oxygen species (ROS) viathe photo-excitation of Cgp and
O, to stimulate DNA and protein photocleavage [91,92]. Ishida et al. employed a Cgg—sugar
hybrid to inhibit A} aggregation and degrade Afoligomers under long-wavelength UV
radiation and neutral conditions [93]. Besides the hydrophobic interaction between A3 and
Ceo, the hydrophilic sugar can interact with the hydrophilic N-terminal of Af3;_4, through
the formation of hydrogen bonds. Aiming to improve the solubility, Cgy was functionalized
with a sulfo or amino group [94]. These two hydrophilic groups could further strongly
interact with the termini of A;_spthrough the ionic interactions and/or hydrogen bonds.

In addition to generating ROS under photo-excitation, Cgp can be used as a ROS
scavenger in the dark. Du et al. designed a NIR-switchable nanoplatform for synergy
therapy of AD based on the ROS-generating and -quenching properties of Cgg [95]. As
shown in Figure 5B, UCNPs were conjugated with Cgp and the AB-target peptide KLVFE.
Under NIR irradiation, Cgp was photo-sensitized using UCNPs through FRET to produce
ROS, leading to the oxygenation of AP and inhibition of its aggregation. In the dark, Cg
could eliminate the overproduced ROS to protect the cell from oxidative stress.
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2.2.5. Carbon Dots

Since being accidentally discovered as byproducts during the purification of SWCNTs,
carbon dots (CDs) have received growing interest in biomedical and biosensing fields [96].
As a potential alternative to semiconductor QDs, CDs have prominent characteristics,
such as their low cost, ease of synthesis, good biocompatibility and intrinsic fluorescence.
Moreover, the absorption and emission spectra can be tuned by adjusting the degree of
carbonization and the percentage of surface moieties.

CDs generally have abundant functional groups on their conjugated aromatic core,
such as hydroxyl, amino and carboxyl groups. They can interact with A peptides and
aggregates through electrostatic, hydrogen bonding, 7-7 stacking and hydrophobic inter-
actions because of their abundant surface chemical properties and small size (generally
less than 10 nm). Liu et al. demonstrated that graphene quantum dots (GQDs) can in-
hibit AB1_4 peptide aggregation, mainly via hydrophobic interactions, and rescue Af1_4»
oligomer-induced cytotoxicity [97]. The surface chirality of nanoparticles also has an influ-
ence on the inhibition efficiency against AP aggregation [98]. L-Lys-CDs were reported to
exhibit a higher affinity toward Ap;_4 peptides than D-Lys-CDs and could remodel the
A4 secondary structure and fibril morphologies [99]. CDs can cross the BBB because of
their small size, which allows them to be utilized as nano-carriers to transport functional
molecules to the brain. Thus, GQDs conjugated with an endogenous neuroprotective
glycine-proline-glutamate peptide showed an enhanced neuroprotective effect and im-
proved learning and memory capability of APP/PS1 mice [100]. CDs can also be used as
fluorescent nanoprobes for biological imaging. Among them, CDs with red fluorescence
possess several advantages of low biological fluorescence background signal and high
tissue penetration ability. Recently, Gao et al. discovered new functions of nitrogen-doped
carbonized polymer dots (CPDs) to target A3 aggregation [101]. The non-covalent inter-
actions between A aggregates and CPDs limited the molecular vibration and rotation
of CPDs, resulting in the red emission. As shown in Figure 6A, after interacting with A3
fibrils, CPDs emitted an increased red fluorescence signal, indicating that CPDs can be
utilized as a multifunctional therapeutic agent for disintegrating and monitoring A fibrils.

Photoexcited CDs can generate reactive oxygen species (ROS) through energy-transfer and
electron-transfer pathways, which endows them with the ability to denature toxic biomolecules.
For example, branched polyethylenimine-passivated CDs (bPEI@CDs) were reported as photo-
sensitizers that inhibit the self-assembly of A3 peptide and disassemble preformed A3 aggregates
upon light irradiation (Figure 6B) [102]. Photoactivated bPEI@CDs produced ROS to oxygenate
and break (3-sheet-rich A3 aggregates into smaller fragments. Meanwhile, it was more efficient
for reducing A3-mediated toxicity compared with bPEI@CDs under dark conditions. However,
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Green Channel

N2+CPDs

the UV-to-Vis dependent photoexcitation is a potential obstacle to the use of bPEI@CDs. To
improve the effectiveness of photoexcitation of CDs and grant the ability to target A, red-light-
responsive DNA aptamer-functionalized CDs (Apta@CDs) were designed for the A3-targeting
spatiotemporal suppression of A3 aggregation [103]. As shown in Figure 6C, Apta@CDs could
specifically bind to A} aggregates in the 5xFAD (five familial Azheimer’s) mouse brain. Pho-
toexcited Apta@CDs under red LED (617 nm) light can generate 105, denature the A peptide,
slow the formation of 3-sheet-rich aggregates and alleviate the A 3-associated cytotoxicity.
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Figure 6. (A) In vivo assays with C. elegans (CL2006 and N2). (a) Fluorescence images of CL2006 (al,a2) and N2 (a3,a4)
nematodes that were co-stained with ThT and CPDs. (b) Fluorescent images of inhibiting A deposits after treating without
(b1,b2) or with (b3,b4) CPDs in CL2006 nematodes. Reprinted with permission from reference [101]. Copyright 2020 Wiley-
VCH. (B) Schematic of bPEI@CDs’ capabilities regarding inhibiting A3 assembly and disaggregating preformed fibrillar

aggregates. Reprinted with permission from reference [102]. Copyright 2017 Wiley-VCH. (C) Schematic of Ap-targeting,

CD-mediated photomodulation modality for the spatiotemporal inhibition of A3 aggregation in vivo. Reprinted with

permission from reference [103]. Copyright 2020 American Chemical Society.

2.3. Metal-Oxide Nanomaterials
2.3.1. Magnetic Nanoparticle (MNPs)

MNPs have the advantages of good biocompatibility and unique magnetic properties.
Theywere deemed as therapeutics and imaging agents inthe treatment of brain diseases.
Mahmoudi et al. investigated the physicochemical effects (size, charge and surface treat-
ment) of coated superparamagnetic iron oxide nanoparticles (SPIONs) on A} aggregation
(Figure 7A) [104]. They found that the size and surface area have significant effects on
Ap fibrillation. Lower concentrations of SPIONSs inhibited the fibrillation and higher con-
centrations promoted the rate, reversely. Furthermore, the positively charged SPIONs
promoted fibrillation at significantly lower particle concentrations. In addition, peptide-
and antibody-modified MNPs also significantly inhibited A fibrillation [105,106].

MNP-based targeted tissue drug delivery was shown to be a promising therapeutic
approach because MNPs can be directed toward a specific site in disease tissue locations
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by a magnetic force. Mesoporous silica-coated MNPs (MMSNPs) were utilized as smart
vehicles to encapsulate quercetin (QC) with anti-amyloid and antioxidant properties,
overcoming the limitations of poor solubility and bioavailability (Figure 7B) [107]. They
found that biophenols QC can bind with A3 monomers and oligomers to block the fibril
formation [108]. Moreover, the released QCs could decrease the A (3-related cytotoxicity and
minimize the AB-induced ROS. Li et al. designed light-responsive magnetic nanoparticle
prochelator conjugates for inhibiting metal-induced A aggregation [109]. In this complex,
Fe;04 NPs were utilized to cage CQ through a photoactive o-nitrobenzyl bromide (ONB)
linkage and the conjugates did not interact with Cu" in the prochelator form. After the
photolytic cleavage under UV radiation at 365 nm, the caged CQ was liberated from the
NPs, efficiently preventing metal-induced A3 aggregation, decreasing cellular reactive
oxygen species (ROS) and protecting cells against Ap-related toxicity.
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Figure 7. (A) Schematic of the influence of the physiochemical properties of SPIONs on Af fibrillation
in solution. Reprinted with permission from reference [104]. Copyright 2013 American Chemical
Society. (B) Schematic of the encapsulation of QC in MMSNPs, which enhances its aqueous solubility
and its effect on A aggregation. Reprinted with permission from reference [107]. Copyright 2020
Elsevier. (C) Schematic of a method for remote protein disaggregation using AMF and MNPs.
Reprinted with permission from reference [110]. Copyright 2012 American Chemical Society.

Previous studies indicated that MNPs can effectively improve the local temperature in
the area extremely close to the MNPs (about 5 nm) through alternating the magnetic field,
which reduces the penetration depth limit and damage to the neighboring tissues [111,112].
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Therefore, it is a non-invasive strategy for clearing A aggregates by using MNPs/AMF
hyperthermia [113]. For instance, Loynachan et al. used LPFFD-functionalized PEG-coated
MNPs forthe remote magnetothermal disruption of A3 aggregates under a high-frequency
alternating magnetic field (AMF) (Figure 7C) [110]. They found that the local heat dis-
sipated by targeted MNPs could dramatically decrease the size of A3 aggregates from
microns to tens of nanometers upon exposure to a physiologically safe AMF, which isat-
tributed to the dissociation of A3 deposits. The reduced Af cytotoxicity due to the magne-
tothermal disruption was confirmed in primary hippocampal neuronal cultures. Moreover,
for simultaneous diagnosis and treatment, an A3 oligomer-sensitive naphthalimide-based
fluorescent probe (NFP) was loaded on the KLVFF-conjugated MNPs [114].

2.3.2. Polyoxometalates (POMs)

Polyoxometalates (POMs) are early-transition-metal-oxygen-anion clusters that usu-
ally include the d° species V(V), Nb(V), Ta(V), Mo(VI) and W(VI) with versatile structures.
They have been widely explored in recent years for biomedical applications [115] and
showed remarkable effects against acquired immune deficiency syndrome (AIDS) [116].
Because of the similarity to water-solubilized fullerene derivatives, POMs can be utilized
as A aggregation inhibitors. For example, Li et al. identified four POMs with the size-
dependent ability of inhibiting A3 peptide aggregation via a high-throughput screening
method, in which Kg[PpCoW17041] with a Wells—-Dawson structure exhibits the highest in-
hibition (Figure 8A) [117]. They also found that POMs electrostatically bind to the cationic
Hisj3-Lysie cluster (HHQK) of AP peptides. Zhou et al. demonstrated that two POMs
with the wheel-shaped Preyssler structure and the Keggin-type structure could interact
with AP1_49 and inhibit its fibrillization [118]. To suppress the peroxidase-like activity of
AB-hemin, POM-Dawson was further functionalized with transition metal ions of various
histidine-chelating metals. These transition metalPOMs not only specifically targeted the
HHQK in A peptides but also showed a stronger inhibition effect on Af-hemin forma-
tion [119]. After that, organoplatinum-substituted POMs were reported to inhibit Af3
aggregation [120]. Moreover, POMs can also significantly inhibit metal-ion-induced Af1_49
aggregation because POMs with high negative charges show strong interactions with Zn?*
and Cu?* [121].

POMSs have been broadly used for homogeneous photocatalysis in water to produce
ROS and oxidize various substrates, including pyrimidine bases [122,123]. Inspired by
this fact, Li et al. demonstrated that POMs can photodegrade A3 monomers and even
oligomers under photoirradiation conditions [124]. At a low concentration, POMs still
showed ahigh inhibition efficiency under UV irradiation. To disaggregate the neurotoxic
AP fibrils, Li et al. further developed a redox-activated NIR-responsive reduced POMs
(rPOM)-based agent for the photothermal treatment of AD (Figure 8B) [125]. In this work,
mesoporous silica nanoparticles (MSNs) were used to load rPOM and thermally responsive
copolymer poly(N-isopropylacrylamide-co-acrylamide) was employed to cap the pores of
MSNss to prevent rPOMs leakage and ensure they remained intact. When being irradiated
by an 808 nm laser, rPOMs with strong NIR absorption produced local hyperthermia to melt
the shell away from the channels, which would inhibit A3 aggregation and disaggregate
AP fibrils by local heat. Moreover, rPOM could act as antioxidants to clear ROS and the
product of POMs can inhibit A3 aggregation.
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Figure 8. (A) Schematic of the structures of typical polyoxometalates: (a) Wells-Dawson structure, Kg[P,CoW170¢1];
(b) trivacant Keggin structure, a-NagH-[SiW¢O34]; (c) Anderson structure, Nas[IMogO,4]. Reprinted with permission from
reference [117]. Copyright 2011 Wiley-VCH. (B) Schematic of the NIR-responsive rPOMDs@MSNs@copolymer acting as a
multifunctional photothermal agent for the treatment of AD. Reprinted with permission from reference [125]. Copyright
2018 Wiley-VCH. (C) Schematic of the peptide-POM conjugates used for AD treatment. (a) The schematic illustration of
self-assembly of A15-20 and POM to hybrid spheres. (b) The assembled peptide and POM nanoparticles can effectively
inhibit AB1.49 aggregation. Reprinted with permission from reference [126]. Copyright 2013 Wiley-VCH. (D) Schematic of
the AB pathway influenced by AuNPs@POMD-peptide. Reprinted with permission from reference [127]. Copyright 2015

Wiley-VCH.

POMs can be employed as inorganic nanobuilding blocks to fabricate organic-inorganic
assembly nanoarchitectures with the aid of peptide or protein building blocks. POM-
peptide (POM@P) hybrid particles were synthesized as two-in-one bifunctional particles
through the self-assembly of these dual inhibitors (Figure 8C) [126]. AB15-20 peptides
(Ac—QKLVFF-NH;) with a high local density can not only bind the homologous sequence
in AP peptides and disrupt their aggregation but also enhance the targeting inhibition
efficiency. Moreover, congo red (CR), which is a clinically used A fibril-specific staining
dye, was loaded into the nanospheres for real-time monitoring of the inhibition process of
POMG@P. Todevelop novel drugs with multiple functions against AD, Gao et al. synthesized
AuNPs@POM-peptide as a novel multifunctional AB inhibitor (Figure 8D) [127]. In
this hybrid, AuNPs were utilized to carry two inhibitors (POMs and LPFFD peptides) to
efficiently cross the BBB. In addition to the inhibition of A3 aggregation and the dissociation
of A fibrils, AuUNPs@POMD-peptides also decreased AfB-heme peroxidase activity and
AB-induced cytotoxicity via synergistic effects. Based on a similar principle, AuNRs with a
high NIR absorption property were used instead of AuNPs for the hyperthermia-induced
disassembly of Ap fibrils [128]. Moreover, due to the shape and size-dependent optical
properties, AuNRs could also be used to sensitively detect the A3 aggregates.
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2.3.3. Cerium Oxide Nanoparticles (CNPs)

Owing to their rapid transformation between Ce** and Ce®" at physiological pH,
CeO; NPs can act as free radical scavengers and protect cells from oxidative stress. CeO,
NPs possess powerful multienzyme activity, including superoxide oxidase, catalase and
oxidase [129]. Although CeO, NPs exhibit no obvious inhibition effect on A} aggregation,
it is usually utilized to eliminate over-expressed ROS produced by AB-Cu®* and protect
against neurodegeneration [130,131]. To realize the targeted delivery of AD therapeutic
agents, Li et al. designed a double delivery platform for AD treatment based onthe H,O,-
responsive release of antioxidant CeO, NPs and the metal chelator clioquinol (CQ) [132].
In this study, CQ was entrapped into the phenylboronic-acid-modified MSN (MSN-BA)
and glucose-coated CeO,wasused as the gatekeeper via the formation of cyclic boronate
moieties. HyO; could induce the breakage of arylboronic esters, thus resulting in the
release of CeO, NPs and CQ. Finally, the two-in-one bifunctional nanoparticles effectively
inhibited Ap aggregation, reduced intracellular ROS and rescued cells from Ap-related
toxicity. To treat AD in multiple pathways, Guan et al. prepared CeO, NPs with a functional
MnMoS; shell (CeNPs@MnMoSy-n; n = 1-5), as displayed in Figure 9A [133]. MnMoSy
could eliminate intracellular toxic Cu®* through ion exchange. In turn, the release of
Mn?* promoted neurite outgrowth. Moreover, CeNPs@MnMoS,-3 with the SOD activity
decreased the oxidative stress.

According to previous reports, POMs as a class of artificial proteases have the ability
to hydrolyze peptides [134]. Cerium dioxide/POMs (CeONP@POMs) mixed nanoparticles
were used to mimic metallopeptidase for the treatment of the neurotoxicity caused by
Ap (Figure 9B) [135]. The mixed NPs with peptide hydrolysis and superoxide dismutase
activity efficiently degraded A3 aggregates and decreased cellular ROS. Moreover, in addi-
tion to promoting PC12 cell proliferation and crossingthe BBB, CeONP@POMs inhibited
Ap-induced BV2 microglial cell activation. Kim et al. designed an extracorporeal strategy
for cleansing blood Af by using core/shell structured multifunctional magnetite/ceria
nanoparticle assemblies (MCNAs) [136]. As shown in Figure 9C, the nano-assemblies were
further conjugated with antifouling polyethylene glycol (PEG) and A antibodies for the
specific capture of A peptides. The MNPs enabled the magnetic separation of the captured
A peptides by applying an external magnetic field. The ceria NPs alleviated oxidative
stress by scavenging the ROS generated by the immune response during the process. The
blood-cleansing treatment of 5xFAD transgenic mice demonstrated that the levels of AfBin
the blood and brain were effectively reduced and the spatial working memory deficit
was rescued.

2.4. 2D Nanosheets
2.4.1. Black Phosphorus

As a new member of 2D layered semiconductor nanomaterials, black phosphorus (BP)
has attracted broad attention because of its perfect optical and thermal properties. More-
over, BP can degrade into nontoxic phosphate and phosphite anions under physiological
conditions. In 2019, Lim et al. synthesized titanium sulfonate ligand (TiL4)-modified BP
nanosheets and BP quantum dots and reported for the first time that they could inhibit
ABq_40 to form fibrils by adsorbing the monomers [137]. To further improve the stability
of BP, Yang et al. constructed an inhibitor (LK7)-coupled and polyethylene glycol (PEG)-
stabilized BP-based nano-system (PEG-LK7@BP) (Figure 10A) [138]. Besides the enhanced
electrostatic and hydrophobic interactions, LK7 with a high local concentration on the
BP surface could enhance the affinity between the Af3 species and the BP. Based on the
synergistic effect, PEG-LK7@BP prevented the conformational shift of Af31_4, to a 3-sheet
structure, suppressed Af31_4 aggregation and attenuated the toxicity of AB1_4p.

BP with a thickness-dependent energy bandgap from 0.3 eV (bulk) to 2.0 eV (mono-
layer) has broad absorption across the ultraviolet and entire visible light regions. BP,
including the bulk material and ultrathin nanosheets, was found to be an effective photo-
sensitizer for the generation of 'O, under the entire visible light region and was applied in
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the fields of catalysis and PDT [139]. Interestingly, BP QDs, BP NPs and BP NSs have been
reported to possess NIR photothermal properties for PTT [140-142]. Li et al. employed BP
nanosheets as the NIR-activated photosensitizer to generate 'O, and oxidize Ap peptide
in vitro and in vivo (Figure 10B) [143]. BP nanosheets were modified with 4-(6-methyl-1,3-
benzothiazol-2-yl) phenylamine (BTA) to increase the stability and endowed BP with A3
binding selectivity. Moreover, the BP@BTA could reduce the Af-induced cytotoxicity and
show neuroprotection to the transgenic strain Caenorhabditis elegans CL2006.
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Figure 9. (A) Schematic of (a) the preparation of CeNP@MnMoSs-n with a MnMoSy shell; (b) schematic interpretation of
CeNP@MnMoS,-n in vivo. Reprinted with permission from reference [133]. Copyright 2016 Wiley-VCH. (B) Schematic
drawing of the synthesis of CcONP@POMs. Reprinted with permission from reference [135]. Copyright 2016 Elsevier.
(C) Schematic of the synthesis and characterization of magnetite/ceria nanoparticle assemblies. Reprinted with permission
from reference [136]. Copyright 2019 Wiley-VCH.
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Figure 10. (A) Schematic of the Af3;_4, aggregation pathways influenced by PEG-LK7@BP. Reprinted with permission from
reference [138]. Copyright 2020 American Chemical Society. (B) (a) Schematic illustration of the fabrication of BTA-D from
BTA. (b) Schematic illustration of BP@BTA producing 'O, under NIR to inhibit AB aggregation. Reprinted with permission
from reference [143]. Copyright 2019 Wiley-VCH.
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2.4.2. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) have attracted worldwide attention in the
areas of nanoelectronics, optoelectronics and electrocatalysis. They are always used for
drug delivery and tissue ablation. The basal plane of TMD NSs can adsorb or conjugate
various aromatics (e.g., pyridine and purine) and other compounds. Mudedla et al. in-
vestigated the interaction between A fibrils and MoS;-based materials and found that
MoS; nanotubes could inhibit the aggregation of smaller protofibrils to matured fibrils and
bust the preformed fibrils [144]. Wang et al. confirmed the inhibition effect of monolayer
MoS, on the Af33 4paggregation [145]. Liu et al. reported the concentration-dependent
contradictory effect of AuNP-decorated MoS; nanocomposites on Af31_49 aggregation [146].
As displayed in Figure 11A, a low concentration of AuNP-MoS; nanocomposite could
act as the nuclei to accelerate the nucleus formation and fibrillation of A31_49, but a high
concentration of nanocomposites could limit the structural flexibility of Af1_49, leading to
the inhibition of nucleus formation and aggregation.

The 2D TMDs analogous to graphene exhibit excellent properties, such as high col-
loidal stability in aqueous media and a high mass extinction coefficient at 800 nm [147].
Li et al. first reported that WS, could adsorb Af31_49 monomers on the surface through
van der Waals and electrostatic interactions, effectively inhibiting A3 aggregation and
dissociating the preformed Af fibrils via photothermal ablation upon NIR irradiation [148].
To further enhance the inhibition ability, Wang et al. prepared multifunctional MoS; /AuNR
nanocomposites with high stability and good biocompatibility through electrostatic self-
assembly [149]. This nanocomposite with high NIR absorption can modulate the aggre-
gation of AP peptides, disrupt mature fibrils under low laser power NIR irradiation and
alleviate Af-induced ROS against neurotoxicity.

Artificial AB-degrading enzymes were designed for the efficient cleavage of A [150,151].
However, the specific hydrolysis sites are always embedded inside the (3-sheet structure,
hindering the access and hydrolysis efficiency. Therefore, Ma et al. developed a NIR (near-
IR) controllable artificial metalloprotease (MoS,—Co), combining MoS; and a cobalt com-
plex of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (Codota) (Figure 11B) [152].
MoS,-Co can inhibit the formation of a 3-sheet structure and shorten the distance between
A peptides and MoS;—Co. Moreover, under NIR irradiation, MoS;—Co can produce local
heat to disintegrate A3 aggregates and facilitate the hydrolysis activity of Codota toward
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Figure 11. (A) Schematic illustration of the mechanism of the concentration-dependent effect of AuNP-MoS, nanocomposites
on AB1_40 aggregation. Reprinted with permission from reference [146]. Copyright 2019 Elsvier. (B) Schematic illustration
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of the synthesis route of M0S,-Co and hydrolysis enhanced by MoS;-Co in the presence of an NIR laser. (a) Synthesis route

of MoS,-Co. (b) In the presence of NIR laser, MoS,-Co not only improves the hydrolytic activity toward Ab monomers (left

side) but also enhances the hydrolytic capacity toward Ab fibrils (rightside). Reprinted with permission from reference [152].
Copyright 2019 Wiley-VCH. (C) Schematic illustration of MoS, NPs as multifunctional inhibitors against AD. Reprinted
with permission from reference [153]. Copyright 2017 American Chemical Society.

MoS, NPs are also drawing more and more interest as self-lubricating coatings
and in biochemical applications. Han et al. prepared spherical polyvinylpyrrolidone-
functionalized MoS, NPs with an average diameter of 100 nm using a pulsed laser ab-
lation method and found that they show multifunctional effects on Af31_4, aggregation
(Figure 11C) [153]. MoS; NPs could adsorb Af31_s» monomers or oligomers on the surface
based on the interaction between MoS, NPs and the hydrophobic region of Af31_4,. This
delays the nucleation process, inhibits A_saggregation and destabilizes the preformed
fibrils. As a result, the calcium channel induced by the incorporation of Af31_4, oligomers
into neuronal cell membranes was blocked to ensure calcium homeostasis and protect neu-
ronal cells. Moreover, MoS, NPs could reduce the intracellular ROS (-OH) level induced

by AB142.

2.4.3. Graphitic Carbon Nitride

Unlike bulk g-C3Ny, the 2D ultrathin g-C3Nynanosheet is the most stable allotrope of
carbon nitride under ambient conditions. It has excellent properties of good biocompatibil-
ity, high surface-area-to-volume ratio and nontoxicity and was employed in bioimaging,
drug delivery and cancer diagnosis.

A g-C3Nynanosheet, with a narrow band gap of 2.7 eV, can act as a stable photocat-
alyst for water splitting and the degradation of organic pollutants. Chung et al. applied
photoactive g-C3Ny for the light-induced suppression of A3 aggregation and toxicity [154].
As shown in Figure 12A, the photosensitized g-C3Ny generated oxidative ROS through
photoinduced electron transfer under visible-light illumination, which further oxidized A3
peptides, preventing the aggregation of A monomers. However, g-C3N4 had no obvious
effect on AP aggregation under dark conditions. Moreover, doping transition metal ions
could promote ROS generation and enhance their inhibition efficiency. To enhance the pho-
todegradation efficiency, Wang et al. used GO/g-C3Ny as the photocatalyst for irreversible
disassembly of A[333 47 aggregate into nontoxic monomers under UV (Figure 12B) [155].
In this nanocomposite, GO acts as an Af3 collector due to its high surface area and abun-
dant functional groups. g-C3N4 was also decorated with AuNPs to separate photoexcited
electron-hole pairs [156].

Based on its strong adsorption capacity for metal ions, Li et al. reported that a
g-C3Nynanosheet could act as the chelator to block Cu?*-induced A aggregation, disag-
gregate the preformed AB-Cu?* aggregates, reduce the ROS level induced by Ap-Cu?*
and block Ap-mediated toxicity [157]. At the same time, they also found that platinum(II)-
coordinated g-C3Ny (g-C3N4@Pt) can covalently bind to A3 monomers and oxygenate A3
monomers and oligomers upon visible light irradiation, thus inhibiting the aggregation
and toxicity of A3 [158]. Furthermore, they found that the accumulation of oxygenated A
can inhibit the aggregation of native A peptides.

For targeted therapy, Gong et al. developed an intelligent A3 nanocaptor by anchoring
C3Ny4 nanodots to Fe304@MSNs and modifying them with benzothiazole aniline (BTA) (B-
FeCN), as shown in Figure 12C [159]. In this nanocomposite, C3N4 nanodots could capture
Cu?*, subsequently blocking the formation of the AB-Cu?* complex and diminishing A (3
aggregation. Fe3O4 could cause local low-temperature hyperthermia to enhance the BBB
permeability and dissolute the A3 plaques. In addition, BTA endowed the nanocaptor with
aspecific targeting ability and fluorescent imaging property for monitoring A3 aggregates.
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nanosystem as a multifunctional nanocaptor to inhibit Ap aggregation for the magnetic targeting phototherapy of AD

treatment. Reprinted with permission from reference [159]. Copyright 2021 Elsevier.

2.5. Metal-Organic Frameworks

As increasingly popular crystalline porous materials, metal-organic frameworks
(MOFs) are built from metal nodes and organic linkers. Benefitting from the control
of chemical functionality, pore size and crystal morphology, they have been used in many
fields, including catalysis, gas storage, drug delivery and biosensing. Owing to the exposed
metal sites and porphyrin linkers with aromatic rings, porphyrinic MOFs are particu-
larly attractive for biomedical research. Porphyrinic MOF PCN-224 was prepared for the
NIR-induced suppression of A3 peptide aggregation (Figure 13A) [160]. Besides good bio-
compatibility and excellent stability, PCN-224 showed singlet oxygen generation capability
in the NIR window because of the high density of the photosensitizer molecule TCPP in the
framework and the easy diffusion of O, through the porous structure. The results showed
that the photoactivated PCN-224 could effectively inhibit the aggregation of A31_4, into a
high-order 3-sheet-rich structure and rescue the cytotoxicity of A1_4p. According to the
previous report, the nitrogen atoms in porphyrin from porphyrinic MOF possess a high
binding affinity to Cu" ions [161]. Inspired by these findings, Yu et al. utilized porphyrinic
MOF as a Cu?*-chelator and photooxidation agent for inhibiting AR peptide aggregation
(Figure 13B) [162]. To further enhance the selectivity and photooxidation efficiency, MOFs
were modified with the Ap-targeting peptide LPFFD. As one sub-class of the MOF family,
Prussian blue (PB) has numerous applications, including electrocatalysis, bioimaging and
biosensing. According to the previous reports, it can act as a nanozyme to scavenge ROS
and trap metal ions in its lattice cavities. Recently, Kowalczyk et al. studied the dual effects
of PB on inhibiting AB;_4 aggregation and chelating Cu?* [163]. They found that PB-
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Figure 13. (A) Schematic diagram of the photo-inhibition of AP1_4, aggregation using PCN-224 nanoparticles. Reprinted

with permission from reference [160]. Copyright 2018 American Chemical Society. (B) Schematic illustration of the possible

mechanism of inhibition effect of porphyrinic MOFs on the amyloid fibrillation process. Reprinted with permission from
reference [162]. Copyright 2019 Wiley-VCH.

2.6. Semiconductor Quantum Dots

Unlike traditional fluorescent organic dyes, semiconductor quantum dots (QDs) have
shown excellent optical properties, including size-dependent emission wavelengths, high
resistance to photobleaching and multicolor fluorescence emission with a single excitation.
Thus, QDs are widely utilized in various applications, such as drug delivery, fluores-
cent biosensing and tissue imaging. Furthermore, QDs have been utilized as promising
candidates against amyloidosis formonitoring and inhibiting A aggregation [164].

QDs (NAC-QDs) capped with N-acetyl-L-cysteine were reported to quench both
the nucleation and elongation processes resulting from the intermolecular attractive in-
teractions, such as hydrogen bonding between NAC-QDs and amyloid fibrils and the
blockage of the active elongation sites on the A fibrils [165]. Furthermore, NAC-QDs
have a neuro-protective ability against the cytotoxicity induced by A peptides on human
neuroblastoma SH-SY5Y cells [166]. Dihydrolipoic acid(DHLA)-capped CdSe/ZnS QDs
also reduced the fibrillation process [167].

2.7. Self-Assembled Nanomaterials
2.7.1. Liposomes

Liposomes have been used in drug delivery, because of their non-toxic, high drug-
loading capacity and their ease of preparation and modification. In 1999, Maria et al.
studied the structure of Af;5_35 and explored its association with different phospholipid
membrane vesicles [168]. It was found that three kinds of negatively charged vesicles could
accelerate the aggregation of Af375_35 based on the electrostatic interaction, while vesicles
formed by the zwitterionic phospholipid could slow down the aggregation of Af25_35.
Neutral liposomes increase the time of Af3 aggregation in a concentration-dependent
manner [169]. The effect of NLs with different sizes on the Af3 aggregation was also
investigated by Terakawa and co-workers [170]. Liposomes with smaller sizes (<50 nm)
promoted the nucleation and yet those with larger sizes decreased the amount of fibrils
and had no influence on the lag time of fibrillation. Shimanouchi et al. reported that Cu®*
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affected the fibrillar aggregates formed on the surface of oxidized and negatively charged
liposomes, such as the oxidatively damaged neuronal cell membranes [171]. Thus, anionic
liposomes can result in the formation of spherulitic A} aggregates.

Various methods have been proposed by incorporating or modifying the liposomes
with different molecules, peptides or antibodies for targeting the AP aggregates and
plaques [172-174]. Nanoliposomes containing anionic phosphatidic acid (PA) or cardiolipin
(CL) can bind with all formats of AP1_4p aggregates with high affinity and thus reduce
Ap-induced toxicity [175,176]. Mourtas et al. found that the planarity of curcumin on
the liposome has an important influence on the affinity toward A aggregates, which is
dependent upon the conjugation method [177]. Moreover, Taylor et al. demonstrated that
curcumin-modified liposome synthesized using click chemistry was the most effective
in the inhibition of A aggregation [178]. Canovi et al. decorated NLs with an anti-
A monoclonal antibody (AB-MADb) to achieve a high affinity toward A3 monomers
and fibrils [179]. Moreover, the multifunctional conjugation of NLs containing PA, CL,
curcumin with apolipoprotein E or the anti-transferrin receptor antibody can facilitate
the crossing of the BBB and enhance the uptake in the brain capillary cells without the
sacrifice of A targeting [180-182]. For instance, liposomes bi-functionalized with PA and
an ApoE-derived peptide destabilized the preformed Af31_4, aggregates under the synergic
action and could cross the BBB in vitroandin vivo [183,184].

2.7.2. Polymer Nanoparticles

Celia et al. demonstrated that copolymeric NiPAM:BAM nanoparticles increased the
nucleation time of A fibrillation, but the elongation step remained largely unaffected,
which isdependent uponthe concentrationand hydrophobicity [185]. Through studying the
effect of cationic amino-modified PS NPs, they indicated that there is a balance between
two different pathways: fibrillation of the free monomer in solution and the nucleation and
fibrillation accelerated at the particle surface, which can be determined by the ratio between
the peptide and NPs concentration (Figure 14A) [186]. Biopolymeric chitosan-based NPs
were also reported to show the ability to inhibit A3 aggregation and disintegrate the
preformed fibrils [187].

The positively charged fluorescent conjugated polymer NPs (CPNPs) were prepared
to inhibit A31_49 peptide fibrillation (Figure 14B) [188]. Moreover, CPNPs with excellent
photophysical properties provided fluorescence signals for probing the interaction with A3
peptides. They found that CPNPs could not only inhibit the aggregation of A3 but also bind
with the terminal of seed fibrils, preventing further fibrillation. A photosensitive polymer
nanodot was designed by modifying it with a photosensitizer for efficient suppression of
Ap aggregation [189]. Dou et al. produced fluorogenic “nanogrenades” based on super-
molecular assembly between organic dyes and conjugated polymers [190]. The quenched
fluorescence of dyes in the nanogrenades was recovered after binding with hydrophobic
Ap fibril plaques. The conjugated polymers in the nanogrenades could generate ROS to
destruct the A plaques usingwhite light irradiation.

NPs assembled using conjugated polymers can also be applied to construct stimuli-
responsive drug delivery systems. Recently, to ensure targeting and selectivity, Lai et al.
designed versatile NPs with a high Af-binding affinity, stimuli-responsive drug release and
a photothermal degradation ability for the dissolution of A3 [191]. As shown in Figure 14C,
the NPs were composed of an NIR-absorbing conjugated polymer-formed photothermal
core and a thermal-responsive polymer-formed shell as NIR-stimuli gatekeeper. Inhibitor
curcumin was loaded into the NPs andthe peptide LPFFDwas modified on the surface of
NPs for targeting A3. Upon NIR laser irradiation, local heat generated by the core could not
only trigger the release of encapsulated curcumin to inhibit the aggregation of A3 but also
effectively dissociate the A3 deposits. Moreover, the A fibrillation and disassembly could
be real-time monitored due to the intrinsic polarity-dependent fluorescence of curcumin.
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Chemical Society.

Dopamine can self-assemble into melanin-like poly(dopamine) (PDA) NPs under alka-
line conditions with oxygen as the oxidant. PDA NPs with functional groups (i.e., catechol
and amine) on the surface can interact with peptides and proteins. Our group was the first
to find out that PDA NPs could prevent the formation of A fibrils via the hydrogen bond-
ing and aromatic interactions between Af3 and PDA NPs [192]. Moreover, eumelanin-like
particles and pheomelanin-like particles could also perturb the Af3;_4, aggregation and
remodel the matured Af1_y4; fibers [192].

Inspired by the self-assembly of biomolecules into complicated functionalized units in
cells and nature, researchers put efforts into the self-assembly of different molecules from
natural small molecules to peptides, even to proteins. Among those self-assembly blocks,
low-molecular-weight peptides have attracted significantattention due to their flexible
sequences and biodegradability. Recently, Liu et al. proposed a peptide-based porphyrin
supramolecular self-assembly (PKNPs) for target-driving the selective photooxygenation
of A [193]. Porphyrin-peptide conjugate (PP-KLVFF) can be self-assembled into PKNPs
via hydrophobic interactions and 7-7 stacking interactions, resulting in the suppression
of the intrinsic fluorescence emission, the generation of ROS by free porphyrin and the
enhancement of photo-to-thermal conversion ability. The photothermal effect facilitated
the crossingof the BBB and then A} selectively initiated the disassembly of PKNPs into
free porphyrin to produce ROS under light irradiation and thus oxygenated the Af{3.

2.8. Others

In the PDT, visible (or UV) light-activated photosensitizers are always confronted with
the problem that the penetration depth of UV-visible light in biological tissues is limited.
To solve this problem, the upconversion nanoparticles (UCNPs) with the ability to convert
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NIR light into short-wavelength light are attractive for therapeutic applications. As shown
in Figure 15A, Kuk et al. proposed a NIR-light-responsive strategy for the suppression
of AP aggregation [194]. In this work, rattle-structured organosilica-shell-coated, Yb/Er-
co-doped NaYF; NPs were synthesized with an interior cavity to encapsulate numerous
rose bengal (RB) molecules with a high loading efficiency and no self-aggregation. Since
the absorption of RB partially overlapped with the green emission of UCNPs, visible-
light-absorbing RB was activated by UCNPs under 980 nm NIR light, through the highly
efficient energy transfer to generate oxidative 'Oy, oxidize peptides and preclude the Ap
fibrillogenesis. However, in dark conditions, a delayed elongation rate but an unaltered
amount of total AP aggregate was recorded, which wasascribed to the intrinsic inhibition
ability of the positively charged UCNPs. Moreover, the biocompatible UCNPs also showed
effective suppression of the Ap-induced cytotoxicity under NIR light.

Polyphenol compounds can inhibit A aggregation and decrease the generation of
ROS. However, excess metal ions in A3 plaque can bind with them, resulting in a decreasein
efficacy. Ma et al. proposed a NIR-responsive UCNPs-caged system to sequentially release
drugs by regulating them using an NIR laser [195]. As shown in Figure 15B, the metal
chelator CQ and polyphenol curcumin were conjugated on the surface of UCNPs using
two NIR-sensitive linkers. After being irradiated by a low-power laser, CQ was released
to remove free metal ions. Then, curcumin was released to clear superfluous ROS by
increasing the intensity of the laser, leading to enhanced treatment efficacy.

Chiral amino acids or peptides conjugated on the NPs can endow NPs with chiral
properties, which have aroused interest in the applicability of chiral NPs in different
fields. Recently, Zhang et al. found that D-type penicillamine (D-Pen)-modified FexCuySe
nanoparticles (NPs) showed higher efficiency in the inhibition of Af1_4p-monomer aggre-
gation and enhancement of the dissociation of Af31_4; fibrils under NIR light irradiation in
10 min (Figure 15C) [196].

Sulfur nanomaterials have the excellent ability to remove Cu®* ions and radicals.
Sun et al. synthesized three RVG-peptide-modified sulfur NPs (SNPs) with different
morphologies and study their influence on the aggregation of AB-Cu?* complexes and
corresponding neurotoxicity [197]. They found that the sphere-like SNPs exhibited the most
effective inhibition activity owing to the small size, thus reducing the AB-Cu?*-induced
ROS and increasingthe cell viability (Figure 15D).
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in an AD mice model. Reprinted with permission from reference [196]. Copyright 2018 Wiley-VCH. (D) Schematic of
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Chemical Society.

3. Conclusions

In this review, we give a brief overview of recent achievements of nanomaterial-based
modulation of A aggregation. Nanomaterials for the treatment of AD play multiple
roles. First, most nanomaterials can directly interact with A peptidesto accelerate or slow
the aggregation. Second, nanomaterials can act as nano-carriers for loading of various
drugs to allow themto cross the BBB and improve the local concentration of drugs. Third,
nanomaterials with photosensitive properties can influence the format of Apthrough PTT
or PDT. Although the development of nanomaterials opens a brandnew chapter in the
treatment of AD, more efforts are still urgently needed and more novel nanomaterials
should be explored and investigated. For example, MXene, which is a novel type of
2Dnanosheet that is mainly composed of early transition metal carbides, has attracted a
great deal of attention in energy evolution and nanomedicine [198]. Moreover, metal ions
on the MXene surface may interact with A peptides or aggregates. Although there are
increasing studies focusing on the interactions between nanomaterials and A(3, a deep and
comprehensive understanding of its nature and application is still necessary.
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Abstract: In this study, we report pH-responsive metal-based biopolymer nanoparticles (NPs) for
tumor-specific chemotherapy. Here, aminated hyaluronic acid (aHA) coupled with 2,3-dimethylmaleic
anhydride (DMA, as a pH-responsive moiety) (aHHA-DMA) was electrostatically complexed with
ferrous chloride tetrahydrate (FeCl, /4H,0O, as a chelating metal) and doxorubicin (DOX, as an
antitumor drug model), producing DOX-loaded Fe-based hyaluronate nanoparticles (DOX@aHA-
DMA /Fe NPs). Importantly, the DOX@aHA-DMA /Fe NPs improved tumor cellular uptake due to
HA-mediated endocytosis for tumor cells overexpressing CD44 receptors. As a result, the average
fluorescent DOX intensity observed in MDA-MB-231 cells (with CD44 receptors) was ~7.9 x 10?
(DOX@HA /Fe NPs, without DMA), ~8.1 x 102 (DOX@aHA-DMA 35/Fe NPs), and ~9.3 x 102
(DOX@aHA-DMA 69 /Fe NPs). Furthermore, the DOX@aHA-DMA /Fe NPs were destabilized due
to ionic repulsion between Fe?* and DMA-detached aHA (i.e., positively charged free aHA) in the
acidic environment of tumor cells. This event accelerated the release of DOX from the destabilized
NPs. Our results suggest that these NPs can be promising tumor-targeting drug carriers responding
to acidic endosomal pH.

Keywords: Fe-based nanoparticles; endosomal pH-responsive hyaluronate; CD44 receptor-mediated
endocytosis; tumor therapy

1. Introduction

Recently, the biological or physical properties of metal molecules have inspired the
development of various bioactive nanoparticles (e.g., bacteria-killing nanoparticles and
tumor-targeting nanoparticles) [1,2] and the development of simple biomimetic particles.
In particular, metal-containing biopolymer nanocomposites have been actively designed
for engineering multifunctional drug carriers with specific biological functions and tunable
hyperstructures [1-3]. For example, the complexation of Fe and biopolymers is an effective
and simple approach to fabricate biocompatible nanosized drug carriers in that Fe is an
element present in living organisms and can be used as a chelating agent for negatively
charged biopolymers [4-7]. Moreover, Fe-based nanocomposites are easy to control in terms
of their composition, shape, size, and surface characteristics as a result of different mixing
ratios and biopolymer types [4-7]. It is also interesting to note that the combination of
biopolymers reactive to specific stimuli (light, temperature, pH, etc.) and Fe can contribute
to the development of stimuli-responsive drug delivery systems [4-9].

In this study, we synthesized the aminated hyaluronic acid (aHA) coupled with 2,3-
dimethylmaleic anhydride (aHA-DMA), which can target tumor cells with CD44 receptors
and is responsive to acidic endosomal pH [10-13]. Furthermore, we could prepare acidic
pH-responsive Fe-based hyaluronate nanoparticles using aHA-DMA, ferrous chloride
tetrahydrate (FeCl, /4H,0) [5,9,12], and doxorubicin (DOX, as an antitumor drug model).

191



Molecules 2021, 26, 3547

It is important that the DMA moiety present in aHA-DMA can be detached from aHA
resulting from hydrolysis of DMA at a weakly acidic pH [10,12,14], resulting in the produc-
tion of positively charged aHA. We expect that our NPs have low cytotoxicity because of
the use of biodegradable /biocompatible components (HA and Fe) [12,13,15,16] and exhibit
fascinating biological /physicochemical functionality in tumor environments as a result of
HA-mediated specific binding to the CD44 receptors of tumor cells and DMA-mediated
reactivity to acidic endosomal pH [11,14,15,17-21], resulting in improved antitumor activity
(Figure 1a). In this study, we focused not only on the development of Fe-based NPs that
have a specific binding ability [11,15] to tumor cells and reactivity to acidic endosomal pH
but also on the analysis of the physicochemical properties of NPs.
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Figure 1. (a) Schematic illustration of DOX@aHA-DMA /Fe NPs. (b) FE-SEM images of DOX@HA /Fe
NPs, DOX@aHA-DMA 35 /Fe NPs, and DOX@aHA-DMA ¢y /Fe NPs at pH 7.4 or 6.8. (c) Average
particle size and (d) zeta potential values of DOX@HA /Fe NPs, DOX@aHA-DMA, 34/Fe NPs, and
DOX@aHA-DMA 49/ Fe NPs at pH 7.4 or 6.8 (n = 3, as multiple experiments; ** p < 0.01 compared to
DOX@HA /Fe NPs).
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2. Materials and Methods
2.1. Materials

Hyaluronic acid (HA, M, = 4.8 kDa), adipic acid dihydrazide (ADH), N,N’-dicyclohe
xylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), tri-
ethylamine (TEA), 2,3-dimethylmaleic anhydride (DMA), sodium hydroxide (NaOH), fer-
rous chloride tetrahydrate (FeCly-4H,0), doxorubicin hydrochloride (DOX), formaldehyde,
and triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate
buffered saline (PBS), Roswell Park Memorial Institute-1640 (RPMI-1640), fetal bovine
serum (FBS), penicillin, streptomycin, trypsin, and ethylene diaminetetraacetic acid (EDTA)
were purchased from Welgene Inc. (Seoul, Korea). Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo Molecular Technologies Inc. (Rockville, MD, USA).

2.2. Synthesis of DOX-Loaded Fe-Based HA NPs

HA (300 mg) was preactivated (i.e., aminated) with ADH (644 mg), DCC (770 mg),
and NHS (434 mg) in DMSO (15 mL) containing TEA (1 mL) at 25 °C for 4 days. The
resulting solution was dialyzed (Spectra/Por® MWCO 3.5 kDa) against fresh DMSO at
25 °C for 3 days and deionized water for 3 days to remove the unreacted chemicals [22].
The aminated HA powder (aHA, 100 mg) obtained through freeze-drying for 2 days was
reacted with DMA (174 mg or 87 mg) in 0.1 M NaOH aqueous solution (10 mL, adjusted to
pH 9.0 using 0.1 M HCI) for 3 days [10]. This solution was dialyzed using a preswollen
dialysis membrane (Spectra/ Por® MWCO 3.5 kDa; Spectrum Lab., Rancho Dominguez, CA,
USA) against PBS (150 mM, pH 7.4) at 25 °C for 3 days and then lyophilized, producing
aHA-DMA.¢0 or aHA-DMA 3¢; the numerals indicate the number of moles of DMA
conjugated to 1 repeating unit of aHA (Figure S1).

Next, aHA-DMA 40 (200 mg) or aHA-DMA 34 (200 mg) was mixed with FeCl,-4H,O
(47 mg) and DOX (40 mg) in 0.1 M NaOH aqueous solution (10 mL). The resulting solution
was dialyzed using a preswollen dialysis membrane (Spectra/Por® MWCO 3.5 kDa) against
PBS (150 mM, pH 7.4) for 3 days and then lyophilized [23-25], producing DOX-loaded Fe-
based aHA-DMA NPs (DOX@aHA-DMA,) ¢/ Fe NPs and DOX@aHA-DMA 34/Fe NPs).
In addition, HA (200 mg) was mixed with FeCl,-4H,0 (47 mg) and DOX (40 mg) in 0.1 M
NaOH aqueous solution (10 mL) for 3 days to prepare a pH-nonresponsive control group
(DOX@HA /Fe NPs). The amount of DOX encapsulated in the NPs was calculated after
measuring the fluorescence intensity (A¢x of 470 nm and Ay, of 592 nm) of DOX remaining
in the supernatant (obtained after the centrifugation of solution at 100,000 rpm for 15 min at
4 °C) using a fluorescence spectrophotometer (RF-5301PC, Shimadzu, Kyoto, Japan) [17,18].
The loading efficiency (%) of DOX in the NPs was calculated as the weight percentage of
DOX in the NPs relative to the initial feeding amount of DOX. The loading content (%)
of DOX in the NPs was calculated as the weight percentage of DOX encapsulated in the
NPs [17,18].

2.3. Characterization of Fe-Based HA NPs

The surface morphology and particle size of the NPs were monitored using field
emission scanning electron microscopy (FE-SEM, Hitach S-400, Nagano, Japan) [12,26].
Before testing, the NPs were stabilized in PBS (150 mM, pH 7.4 or 6.8) at 25 °C for 4 h and
then lyophilized. The average particle size and zeta potentials of the NPs (0.1 mg/mL) in
PBS (150 mM, pH 7.4 or 6.8) were measured using a Zetasizer 3000 instrument (Malvern
Instruments, Malvern, UK) [27,28]. Prior to the experiments, the NPs were stabilized in
PBS (150 mM, pH 7.4 or 6.8) at 25 °C for 24 h. In addition, the concentration of Fe in the NPs
was measured using an inductively coupled plasma mass spectrometer (ICP-MS, Thermo
Scientific Inc., Waltham, MA, USA) [29].

2.4. In Vitro DOX Release Behavior

To confirm the pH-dependent DOX release profiles of the NPs at pH 7.4 (i.e., normal
body pH) or 6.8 (i.e., acidic endosomal pH), each NP (equivalent to DOX 10 pg/mL) in
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1 mL of PBS (150 mM, pH 7.4 or 6.8) was added to a dialysis membrane tube (Spectra/Por®
MWCO 50 kDa) and immersed in 15 mL of fresh PBS (150 mM, pH 7.4 or 6.8) [17,18,20,30].
The preswollen membrane tubes were placed in a water bath shaking incubator (100 rpm)
at 37 °C. The aqueous solution outside of the dialysis tubes was extracted and changed to a
fresh PBS at each time point [17,18,20,30]. The amount of DOX present in the extracted so-
lution was determined by measuring the DOX fluorescence intensity (Aex of 470 nm, A,y of
592 nm) using a fluorescence spectrophotometer (RF-5301, Shimadzu, Kyoto, Japan) [17,18].

2.5. Cell Culture

Human breast carcinoma MDA-MB-231 cells and human liver carcinoma Huh?7 cells
were purchased from the Korea Cell Line Bank (Seoul, Korea) and cultured in RPMI-
1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin. The cells
were maintained in a humidified incubator with a 5% CO, atmosphere at 37 °C and
then harvested via trypsinization using a trypsin/EDTA solution (0.25% (wt./vol.)/0.03%
(wt./vol.)). The collected cells (1 x 10° cells/mL) were seeded into a 96-well culture plate
and cultured in RPMI-1640 medium for 24 h [11,18-20,31,32].

2.6. In Vitro Cellular Uptake Experiments

The NPs (equivalent to DOX 10 ug/mL) or free DOX (10 png/mL) suspended in an
RPMI-1640 medium (pH 7.4 or 6.8) were incubated with MDA-MB-231 cells (CD44 receptor-
positive cells) and Huh? cells (CD44 receptor-negative cells) at 37 °C for 4 h. The treated
cells were washed three times with fresh PBS (pH 7.4). The DOX fluorescence intensity
(Aex of 470 nm and Ay, of 592 nm) of the treated cells was analyzed using a flow cytometer
(FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA) [11,17,31].

To visualize the cellular uptake of DOX, MDA-MB-231 cells and Huh? cells treated
with NPs (equivalent to DOX 10 pg/mL) at pH 7.4 or 6.8 for 4 h were fixed using a 3.7%
(wt./vol.) formaldehyde solution and monitored using a visible and near-infrared (VNIR)
hyperspectral camera (CytoViva, Auburn, AL, USA). The scanned area of the treated cells
was merged with the collected spectral data to visualize the cellular uptake of fluorescent
DOX in the cells [11,17].

2.7. In Vitro Cytotoxicity

The cells were incubated with NPs (equivalent to DOX 10 pg/mL) or free DOX
(10 pg/mL) suspended in an RPMI-1640 medium (pH 7.4 or 6.8) at 37 °C for 4 h and then
washed three times with fresh PBS (pH 7.4). The CCK-8 assay was used to evaluate the
cell viability of cells treated with the NPs. In addition, the cells were incubated at 37 °C for
24 h with the NPs (1-200 pg/mL, without DOX) at pH 7.4 to evaluate the original toxicity
of NPs [11,17].

2.8. Hemolysis Test

A hemolysis test was conducted using red blood cells (RBCs) collected from BALB/c
mice (7-week-old female) to determine the endosomolytic activity of the NPs. The RBC
solution (10° cells/mL, pH 7.4-6.0) was incubated with the NPs (30 pg/mL, without DOX)
at 37 °C for 1 h. The solutions were centrifuged at 1500 rpm for 10 min at 4 °C, and
the supernatant was collected. The light absorbance (LA) value of the supernatant was
measured using a spectrophotometer at a wavelength of 541 nm. The 0% LA value (as a
negative control) was acquired from a PBS-treated intact RBC solution and the 100% LA
value (as a positive control) was obtained from a completely-lysed RBC solution using
2 wt.% Triton X-100. The hemolysis (%) of NPs was determined as the LA of the RBC
solution treated with NPs against the control LA value [11,12,17,18].

2.9. Local Healing Assay

The culture dish containing MDA-MB-231 cells treated with NPs (equivalent to DOX
10 pg/mL) or free DOX (10 nug/mL) suspended in RPMI-1640 medium at 37 °C for 4 h
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was scraped with a 200 pL pipette tip and observed with a light microscope after 24 h to
evaluate the cell migration (proliferation) activity of tumor cells [33].

2.10. Statistical Evaluation

All data were evaluated using Student’s f-test or analysis of variance (ANOVA) at a
significance level of p < 0.01 (**) [18-22,27-32].

3. Results and Discussion
3.1. Synthesis of DOX-Loaded Fe-Based HA NPs

To fabricate biofunctional DOX@aHA-DMA /Fe NPs, we first synthesized aHA-DMA
using a biocompatible HA and a pH-responsive DMA. Briefly, aHA-DMA was synthesized
by coupling DMA to aHA (obtained after the amination process of HA using ADH, DCC,
NHS, and TEA) [10,22], as shown in Figure S1. As a result, we prepared two types of aHA-
DMA with different DMA conjugation ratios (aHA-DMA 34 and aHA-DMA ¢). Here, the
molar conjugation ratio of DMA to aHA was defined as the number of conjugated DMA
molecules per repeating unit of aHA and calculated after analyzing the 'H-NMR peaks at
5 2.4 ppm (-CHj3, HA part) and 6 1.9 ppm (-CHj3, DMA part) (Figures S2 and S3) [10,14,22].
Additionally, to determine the acidic pH-induced degradation of DMA moieties, we
incubated aHA-DMA in an acidic PBS (150 mM, pH 6.8) environment for 24 h at 37 °C.
We observed the disappearance of the 'H-NMR peaks at § 1.9 ppm (-CH;, DMA part)
(Figure 54) as a result of DMA degradation at pH 6.8 [14].

Next, we prepared three types of DOX-loaded Fe-based HA NPs (DOX@HA /Fe NPs,
DOX@aHA-DMA 3¢/ Fe NPs, and DOX@aHA-DMA, ¢/ Fe NPs) after electrostatic interac-
tions [4,5,12] between polymers (HA, aHA-DMA 35, and aHA-DMA ¢9), Fe?*, and DOX.
The weight percentages (wt.%) of Fe?* in DOX@HA /Fe NPs, DOX@aHA-DMA 34/ Fe
NPs, and DOX@aHA-DMA ¢)/Fe NPs were 0.63 & 0.02 wt.%, 0.84 £ 0.03 wt.%, and
0.93 £ 0.02 wt.%, respectively. The loading efficiencies of DOX in DOX@HA /Fe NPs,
DOX@aHA-DMA 34/ Fe NPs, and DOX@aHA-DMA,) ¢/ Fe NPs were 65 wt.%, 63 wt.%,
and 63 wt.%, respectively. The loading contents of DOX in DOX@HA /Fe NPs, DOX@aHA-
DMA 36/ Fe NPs, and DOX@aHA-DMA ¢o/Fe NPs were 20 wt.%, 20 wt.%, and 21 wt.%,
respectively (Figure S5).

3.2. Characterization of DOX-Loaded Fe-Based HA NPs

We anticipated that the electrostatically complexed DOX@aHA-DMA /Fe NPs could
have improved tumor uptake through binding CD44 receptors [11,15,17,18] of tumor cells
due to the presence of HA and the accelerated DOX release rate by removal of DMA
(i.e., pH-responsive property) at weakly acidic endosomal pH (i.e., pH 6.8) [11,12,14]
(Figure 1a). First, we analyzed the pH-responsive property of DOX@aHA-DMA /Fe NPs
using an FE-SEM instrument. Figure 1b shows that DOX@aHA-DMA 34 /Fe NPs and
DOX@aHA-DMA( ¢y /Fe NPs became unstable at pH 6.8, and their nanostructures were col-
lapsed probably due to ionic repulsion between Fe?* and DMA-detached aHA (Figure S4).
However, DOX@HA /Fe NPs (used as the control group) maintained no difference in nanos-
tructured morphology regardless of the pH change. Similarly, Figure 1c shows that the
average particle sizes of DOX@HA /Fe NPs, DOX@aHA-DMA) 3¢ /Fe NPs, and DOX@aHA-
DMAy 40/ Fe NPs at pH 7.4 were 128 nm, 140 nm, and 144 nm, respectively. However, the
average particle sizes of DOX@HA /Fe NPs, DOX@aHA-DMA) 3¢ /Fe NPs, and DOX@aHA-
DMA 40/ Fe NPs at pH 6.8 were shifted to 142 nm, 113 nm, and 52 nm, respectively. As
expected, it was apparent that DOX@aHA-DMA 49/ Fe NPs with a high DMA conjugation
ratio appears to have more reactivity to pH 6.8. In addition, the zeta potential values of
DOX@HA /Fe NPs, DOX@aHA-DMA) 35 /Fe NPs, and DOX@aHA-DMA) ¢o/Fe NPs at
pH 7.4 were —8.2mV, —7.6 mV, and —7.0 mV, respectively (Figure 1d). However, the zeta
potential values of DOX@HA /Fe NPs, DOX@aHA-DMA 35 /Fe NPs, and DOX@aHA-
DMA 40/ Fe NPs at pH 6.8 were shifted to —7.2 mV, —4.3 mV, and —0.5 mV, respectively.
These results reveal that the degradation of DMA moieties in DOX@aHA-DMA) 3¢/Fe NPs
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and DOX@aHA-DMA ¢y/Fe NPs at pH 6.8 promoted the electrostatic repulsion between
aHA and Fe?", resulting in mediating the destabilization of NPs.

In addition, all NPs showed no significant particle size change in PBS (150 mM, pH
7.4) containing 10% FBS for 7 days (data not shown).

3.3. In Vitro DOX Release

We also monitored the DOX release behaviors of the DOX-loaded Fe-based HA NPs
at pH 7.4 and 6.8. As shown in Figure 2, DOX-loaded Fe-based HA NPs showed a
maximum 30 wt.% DOX release at pH 7.4, but it was confirmed that the cumulative DOX
release of DOX@aHA-DMAj 3¢5/ Fe NPs and DOX@aHA-DMA ¢4)/Fe NPs increased at
pH 6.8. In particular, DOX@aHA-DMA) 35/ Fe NPs and DOX@aHA-DMA, ¢9/Fe NPs
showed approximately 68 wt.% and 72 wt.% DOX release at pH 6.8, respectively. Here,
the DOX release of DOX@aHA-DMA 34/Fe NPs and DOX@aHA-DMA,) ¢o/Fe NPs was
rapid, reaching a plateau between 4 h and 12 h. These results indicate that DOX@aHA-
DMA 36/ Fe NPs and DOX@aHA-DMA 49/ Fe NPs destabilized at pH 6.8 promote DOX
release.
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Figure 2. Cumulative DOX release profiles of DOX@HA /Fe NPs, DOX@aHA-DMA 34 /Fe NPs, and
DOX@aHA-DMA,) ¢o/Fe NPs at (a) pH 7.4 or (b) 6.8 for 48 h (1 = 3, as multiple experiments).

3.4. In Vitro Cellular Uptake of DOX-Loaded Fe-Based HA NPs

To study the cellular internalization behaviors of the DOX-loaded Fe-based HA NPs,
we performed in vitro cell tests using two types of tumor cells with or without CD44
receptors [11]. The quantitative cellular uptake of the DOX-loaded Fe-based HA NPs was
measured using a flow cytometer. As shown in Figure 3a, the average fluorescent DOX
intensity observed in MDA-MB-231 cells (with CD44 receptors) [11,31] was ~8.3 x 10° (free
DOX), ~7.9 x 10?> (DOX@HA /Fe NPs), ~8.1 x 10> (DOX@aHA-DMA_ 35/Fe NPs), and
~9.3 x 10?2 (DOX@aHA-DMA ¢y /Fe NPs). However, the DOX@HA /Fe NPs, DOX@aHA-
DMA 36/ Fe NPs, and DOX@aHA-DMA ¢9/Fe NPs showed low cellular internalization in
Huh? cells (without CD44 receptors) (Figure 3b) [11]. These results indicate that the DOX-
loaded Fe-based HA NPs with HA moieties (DOX@HA /Fe NPs, DOX@aHA-DMA,) 34/ Fe
NPs, and DOX@aHA-DMA ¢0/Fe NPs) had excellent cellular uptake in MDA-MB-231
tumor cells with CD44 receptors due to HA-mediated binding to CD44 receptors. We
further performed hyperspectral image analysis [11,17] to visualize the tumoral uptake of
DOX-loaded Fe-based HA NPs by mapping the DOX signal spectrum in the cells. Figure 3c
shows that MDA-MB-231 cells treated with DOX-loaded Fe-based HA NPs (DOX@HA /Fe
NPs, DOX@aHA-DMA 35/Fe NPs, and DOX@aHA-DMA,) ¢0o/Fe NPs) exhibited high
cellular localization of DOX, unlike Huh? cells (Figure 3d) treated with DOX-loaded
Fe-based HA NPs. In addition, free DOX treatment showed high cellular localization
regardless of the cell type [11].
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Figure 3. Flow cytometry analysis of (a) MDA-MB-231 cells and (b) Huh? cells treated with free DOX (10 pg/mL) or NPs
(equivalent to DOX 10 pg/mL) for 4 h of incubation at 37 °C. Here, control refers to cells that were not treated with drugs.
Hyperspectral images of (¢c) MDA-MB-231 cells and (d) Huh?7 cells treated with free DOX (10 pg/mL) or NPs (equivalent to
DOX 10 ug/mL) for 4 h incubation at 37 °C.

3.5. In Vitro Tumor Inhibition of DOX-Loaded Fe-Based HA NPs

To evaluate the in vitro tumor cytotoxicity of the DOX-loaded Fe-based HA NPs, we
measured the cell viability of tumor cells treated with each sample [11,17,31]. Figure 4a
shows that the DOX@aHA-DMA ¢o/Fe NPs exhibited an excellent tumor cell death
rate for MDA-MB-231 tumor cells compared with Huh? cells. Interestingly, DOX@aHA-
DMA o/ Fe NPs resulted in an ~70% cell death rate for MDA-MB-231 tumor cells, unlike
other HA-based NPs (DOX@HA /Fe NPs and DOX@aHA-DMA 34/Fe NPs). This is
thought to be due to the other properties (probably due to pH-dependent changes in NPs,
Figure 2) in addition to the ability to bind CD44 receptors expressed in MDA-MB-231 tumor
cells [11,17,31]. In addition, free DOX treatment resulted in high cytotoxicity to both cell
lines. However, the NPs without DOX showed negligible cell cytotoxicity, indicating the
non-toxic properties of NPs [11,17,31] (Figure 4b).
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Figure 4. (a) Cell viability was determined by CCK-8 assay of MDA-MB-231 cells and Huh?7 cells
treated with free DOX (10 pg/mL) or NPs (equivalent to DOX of 10 pg/mL) for 24 h of incubation
at 37 °C (n = 7, as multiple experiments, ** p < 0.01 compared to free DOX). (b) Cell viability was
determined by CCK-8 assay of MDA-MB-231 cells treated with NPs (1-200 pg/mL, without DOX)
for 24 h (n =7, as multiple experiments).

Figure 5 shows the pH-dependent functionality of DOX@aHA-DMA 49 /Fe NPs in
the cells. Here, we performed a hemolysis test [11,12,17,18] at pH 7.4, 6.8, or 6.0 using
RBCs (as a model substance similar to the endosomal membrane) [11,12,17,18] to estimate
the pH-dependent endosomolytic activity of NPs. First, negligible hemolytic activity of all
NP samples at pH 7.4 was observed. However, the DOX@aHA-DMA 4o /Fe NPs resulted
in remarkable hemolysis activity at pH 6.8 and 6.0, probably due to the proton sponge
effect by the hydrolysis of DMA in aHA-DMA and the protonation of aHA at pH 6.8
and 6.0. In particular, the DOX@aHA-DMA 49/ Fe NPs with more DMA showed slightly
better hemolysis activity than the DOX@aHA-DMA 34/Fe NPs. This hemolysis activity of
DOX@aHA-DMA) g0/ Fe NPs is thought to mediate the endosomal escape of DOX released
from NPs, resulting in improved cell cytotoxicity.
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Figure 5. Hemolysis activity of the NPs (100 pg/mL, without DOX) at pH 7.4, 6.8, or 6.0 (n = 3, as
multiple experiments, ** p < 0.01 compared to HA /Fe NPs).

We also investigated the therapeutic efficacy of DOX-loaded Fe-based HA NPs using
a local healing test in MDA-MB-231 cells. As shown in Figure 6, MDA-MB-231 cells treated
with DOX@aHA-DMA ¢/ Fe NPs exhibited reduced tumor cell migration events [33] after
24 h of incubation, which is similar to the results of cells treated with free DOX. However,
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MDA-MB-231 cells treated with DOX@HA /Fe NPs presented some cell migration events,
revealing their poor therapeutic efficacy [11,17,31,33].
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Figure 6. Local healing assays of MDA-MB-231 cells treated with free DOX (10 ug/mL) or NPs
(equivalent to DOX 10 pug/mL) for 24 h of incubation at 37 °C.

Overall, our results suggest that the DOX released from DOX@aHA-DMA) 4,/ Fe
NPs in an acidic endosomal environment (pH 6.0) is effective in inhibiting tumor cell
proliferation and increasing tumor cell death.

4. Conclusions

In this study, we successfully engineered a metal-based multifunctional DOX@aHA-
DMA40/Fe NPs to inhibit tumor cell proliferation. The electrostatically complexed
DOX@aHA-DMA) 40/ Fe NPs were selectively internalized to MDA-MB-231 tumor cells
via CD44-mediated endocytosis. Importantly, DMA-detached aHA at acidic pH mediated
ionic repulsion against Fe?* ions in NPs and accelerated DOX release. The comprehensive
results from in vitro studies indicate that DOX@aHA-DMA 49/ Fe NPs were effective in
enhancing tumor cell suppression. Of course, further investigation is needed to confirm
the antitumor activity of this formulation in vivo.

Supplementary Materials: The following are available online, Figure S1: Synthesis procedure of
aHA-DMA; Figure S2: 'H-NMR peaks of aHA; Figure S3: 'H-NMR peaks of aHA-DMA ¢o; Figure S4:
'H-NMR peaks of DMA-detached aHA; Figure S5: DOX loading efficiency and loading content
of DOX@HA /Fe NPs, DOX@aHA-DMA) 34/ Fe NPs, and DOX@aHA-DMA 9 /Fe NPs (1 = 3, as
multiple experiments).

Author Contributions: Y.B. and Y.K. contributed equally to this work as first authors. Conceptual-
ization, E.S.L.; methodology, Y.B.; investigation, Y.B.; data curation, Y.B., YK, and E.S.L.; writing—

199



Molecules 2021, 26, 3547

original draft preparation, E.S.L., Y.B., and Y.K.; writing—review and editing, E.S.L.; supervision,
E.S.L.; project administration, E.S.L.; funding acquisition, E.S.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was financially supported by the 2021 Research Fund of the Catholic Univer-
sity of Korea, by the National Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (grant number: NRF-2021R1A2B5B01001932).

Informed Consent Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of aHA-DMA and NPs are available from the authors.

References

1.  Akhtar, M.],; Alhadlaq, H.A.; Kumar, S.; Alrokayan, S.A.; Ahamed, M. Selective cancer-killing ability of metal-based nanoparticles:
Implications for cancer therapy. Arch. Toxicol. 2015, 89, 1895-1907. [CrossRef] [PubMed]

2. Dzhardimalieva, G.I; Uflyand, LE. Preparation of metal-polymer nanocomposites by chemical reduction of metal ions: Functions
of polymer matrices. J. Polym. Res. 2018, 25, 255. [CrossRef]

3. Malola, S.; Nieminen, P.; Pihlajamaki, A.; Hamalainen, ]J.; Karkkainen, T.; Hakkinen, H. A method for structure prediction of
metal-ligand interfaces of hybrid nanoparticles. Nat. Commun. 2019, 10, 3973. [CrossRef]

4. Kang, S,;He, Y,; Yu, D.G,; Li, W.; Wang, K. Drug-zein@lipid hybrid nanoparticles: Electrospraying preparation and drug extended
release application. Colloids Surf. B 2021, 201, 111629. [CrossRef] [PubMed]

5. Wang, M,; Hou, J.; Yu, D.; Li, S.; Zhu, ].; Chen, Z. Electrospun tri-layer nanodepots for sustained release of acyclovir. J. Alloys
Compd. 2020, 846, 156471. [CrossRef]

6. Herrera, S.E.; Agazzi, M.L.; Cortez, M.L.; Marmisolle, W.A.; Tagliazucchi, M.; Azzaroni, O. Multitasking polyamine/ferrioxalate
nano-sized assemblies: Thermo-, photo-, and redox-responsive soft materials made easy. Chem. Commun. 2019, 55, 14653-14656.
[CrossRef]

7. Neumann, L.N.; Urban, D.A.; Lemal, P.; Ramani, S.; Petri-Fink, A.; Balog, S.; Weder, C.; Schrettl, S. Preparation of metallo-
supramolecular single-chain polymeric nanoparticles and their characterization by Taylor dispersion. Polym. Chem. 2020, 11,
586-592. [CrossRef]

8.  Gao, W,; Chan, ].M,; Farokhzad, O.C. pH-responsive nanoparticles for drug delivery. Mol. Pharm. 2010, 7, 1913-1920. [CrossRef]

9. Kanamala, M.; Wilson, WR,; Yang, M.; Palmer, B.D.; Wu, Z. Mechanisms and biomaterials in pH-responsive tumour targeted
drug delivery: A review. Biomaterials 2016, 85, 152-167. [CrossRef]

10. Huo, Q.; Zhu, J.; Niu, Y,; Shi, H.; Gong, Y.; Li, Y.; Song, H.; Liu, Y. pH-triggered surface charge-switchable polymer micelles for
the co-delivery of paclitaxel /disulfiram and overcoming multidrug resistance in cancer. Int. J. Nanomed. 2017, 12, 8631-8647.
[CrossRef]

11. Noh, GJ.; Oh, K.T; Youn, Y.S.; Lee, E.S. Cyclic RGD-conjugated hyaluronate dot bearing cleavable doxorubicin for multivalent
tumor targeting. Biomacromolecules 2020, 21, 2525-2535. [CrossRef] [PubMed]

12. Yoon, S.; Kim, Y.; Youn, Y.S.; Oh, K.T; Kim, D.; Lee, E.S. Transferrin-conjugated pH-responsive gamma-cyclodextrin nanoparticles
for antitumoral topotecan delivery. Pharmaceutics 2020, 12, 1109. [CrossRef] [PubMed]

13.  Kim, K,; Choi, H.; Choi, E.S.; Park, M.H.; Ryu, ].H. Hyaluronic acid-coated nanomedicine for targeted cancer therapy. Pharmaceutics
2019, 11, 301. [CrossRef] [PubMed]

14. Oh, N.M.; Kwag, D.S.; Oh, K.T,; Youn, Y.S; Lee, E.S. Electrostatic charge conversion processes in engineered tumor-identifying
polypeptides for targeted chemotherapy. Biomaterials 2012, 33, 1884-1893. [CrossRef] [PubMed]

15. Yang, Y,; Zhao, Y.; Lan, J.; Kang, Y.; Zhang, T.; Ding, Y.; Zhang, X; Lu, L. Reduction-sensitive CD44 receptor-targeted hyaluronic
acid derivative micelles for doxorubicin delivery. Int. . Nanomed. 2018, 13, 4361-4378. [CrossRef]

16. Sarkar, S.; Ponce, N.T.; Banerjee, A.; Bandopadhyay, R.; Rajendran, S.; Lichtfouse, E. Green polymeric nanomaterials for the
photocatalytic degradation of dyes: A review. Environ. Chem. Lett. 2020, 18, 1569-1580. [CrossRef]

17. Park,].; Lee, H,; Youn, Y.S.; Oh, K.T.; Lee, E.S. Tumor-homing pH-sensitive extracellular vesicles for targeting heterogeneous
tumors. Pharmaceutic 2020, 12, 372. [CrossRef]

18. Lee, H.; Park, H.; Noh, G.J.; Lee, E.S. pH-responsive hyaluronate-anchored extracellular vesicles to promote tumor-targeted drug
delivery. Carbohydr. Polym. 2018, 202, 323-333. [CrossRef]

19. Kim, Y, Youn, Y.S,; Oh, K.T,; Kim, D.; Lee, E.S. Tumor-targeting liposomes with transient holes allowing intact rituximab internally.
Biomacromolecules 2021, 22, 723-731. [CrossRef]

20. Lee, J.M,; Park, H.; Oh, K.T.; Lee, E.S. pH-responsive hyaluronated liposomes for docetaxel delivery. Int. J. Pharm. 2018, 547,
377-384. [CrossRef]

21. Choi, EJ.; Lee, ].M.; Youn, Y.S.; Na, K.; Lee, E.S. Hyaluronate dots for highly efficient photodynamic therapy. Carbohydr. Polym.
2018, 181, 10-18. [CrossRef] [PubMed]

22. Luo, Y,; Kirker, K.R.; Prestwich, G.D. Cross-linked hyaluronic acid hydrogel films: New biomaterials for drug delivery. J. Control.

Release 2000, 69, 169-184. [CrossRef]

200



Molecules 2021, 26, 3547

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Koo, M.; Oh, K.T.; Noh, G.; Lee, E.S. Gold nanoparticles bearing a tumor pH-sensitive cyclodextrin cap. ACS Appl. Mater. Interfaces
2018, 10, 24450-24458. [CrossRef] [PubMed]

Yu, HS,; Lee, ].M.; Youn, Y.S.; Oh, K.T.; Na, K.; Lee, E.S. Gamma-cyclodextrin-phenylacetic acid mesh as a drug trap. Carbohydr.
Polym. 2018, 184, 390-400. [CrossRef]

Lee, U.Y,; Oh, Y.T.; Kim, D.; Lee, E.S. Multimeric grain-marked micelles for highly efficient photodynamic therapy and magnetic
resonance imaging of tumors. Int. J. Pharm. 2014, 471, 166-172. [CrossRef] [PubMed]

Lee, U.Y,; Oh, N.M,; Kwag, D.S.; Oh, K.T,; Oh, Y.T.; Youn, Y.S; Lee, E.S. Facile synthesis of multimeric micelles. Angew. Chem. Int.
Ed. Engl. 2012, 51, 7287-7291. [CrossRef] [PubMed]

Kwag, D.S.; Oh, K.T.; Lee, E.S. Facile synthesis of multilayered polysaccharidic vesicles. J. Control Release 2014, 187, 83-90.
[CrossRef] [PubMed]

Yu, H.S,; Park, H,; Tran, TH.; Hwang, S.Y.; Na, K,; Lee, E.S.; Oh, K.T,; Oh, D.X,; Park, A.]. Poisonous caterpillar-inspired chitosan
nanofiber enabling dual photothermal and photodynamic tumor ablation. Pharmaceutics 2019, 11, 258. [CrossRef]

Lee, U.Y,; Youn, Y.S,; Park, J.; Lee, E.S. Y-shaped ligand-driven gold nanoparticles for highly efficient tumoral uptake and
photothermal ablation. ACS Nano 2014, 8, 12858-12865. [CrossRef]

Noh, G.; Youn, Y.S.; Lee, E.S. Preparation of iron oxide nanoparticles functionalized with Y-shaped ligands for brain tumor
targeting. J. Mater. Chem. B 2016, 4, 6074—6080. [CrossRef]

Lee, E.; Park, J.; Youn, Y.S.; Oh, K.T.; Kim, D.; Lee, E.S. Alendronate/cRGD-decorated ultrafine hyaluronate dot targeting bone
metastasis. Biomedicines 2020, 8, 492. [CrossRef] [PubMed]

Yu, HS,; Lee, E.S. Honeycomb-like pH-responsive gamma-cyclodextrin electrospun particles for highly efficient tumor therapy.
Carbohydr. Polym. 2020, 230, 115563. [CrossRef] [PubMed]

Wang, X.; Decker, C.C.; Zechner, L.; Krstin, S.; Wink, M. In vitro wound healing of tumor cells: Inhibition of cell migration by
selected cytotoxic alkaloids. BMC Pharmacol. Toxicol. 2019, 20, 4. [CrossRef] [PubMed]

201






molecules

Review

Recent Advances of Cell Membrane Coated Nanoparticles in
Treating Cardiovascular Disorders

Chaojie Zhu 12310, Junkai Ma 23*, Zhiheng Ji %3, Jie Shen ** and Qiwen Wang 1-*

Citation: Zhu, C.; Ma, J.; Ji, Z.; Shen,
J.; Wang, Q. Recent Advances of Cell
Membrane Coated Nanoparticles in
Treating Cardiovascular Disorders.
Molecules 2021, 26, 3428. https://
doi.org/10.3390/ molecules26113428

Academic Editors: Wansong Chen,

Jianhua Zhang and Iwona Cicha

Received: 4 May 2021
Accepted: 3 June 2021
Published: 5 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Cardiology, The First Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou 310003, China; 3180101530@zju.edu.cn

2 Chu Kochen Honors College, Zhejiang University, Hangzhou 310058, China; 3180101531@zju.edu.cn (J.M.);
3180103158@zju.edu.cn (Z.].)

Institute of Pharmaceutics, College of Pharmaceutical Sciences, Zhejiang University, Hangzhou 310058, China
Department of Pharmacy, School of Medicine, Zhejiang University City College, Hangzhou 310015, China

*  Correspondence: shenj@zucc.edu.cn (J.S.); wanggiwen@zju.edu.cn (Q.W.)

1t These authors contribute equally.

Abstract: Cardiovascular diseases (CVDs) are the leading cause of death worldwide, causing approxi-
mately 17.9 million deaths annually, an estimated 31% of all deaths, according to the WHO. CVDs are
essentially rooted in atherosclerosis and are clinically classified into coronary heart disease, stroke and
peripheral vascular disorders. Current clinical interventions include early diagnosis, the insertion
of stents, and long-term preventive therapy. However, clinical diagnostic and therapeutic tools are
subject to a number of limitations including, but not limited to, potential toxicity induced by contrast
agents and unexpected bleeding caused by anti-platelet drugs. Nanomedicine has achieved great
advancements in biomedical area. Among them, cell membrane coated nanoparticles, denoted as
CMCNPs, have acquired enormous expectations due to their biomimetic properties. Such membrane
coating technology not only helps avoid immune clearance, but also endows nanoparticles with
diverse cellular and functional mimicry. In this review, we will describe the superiorities of CMCNPs
in treating cardiovascular diseases and their potentials in optimizing current clinical managements.

Keywords: cell membrane coated nanoparticle; atherosclerosis; thrombosis; diagnosis and therapy;
cardiovascular disease

1. Introduction

Cardiovascular disease (CVD) surpasses cancer as the most common cause of mor-
tality [1], contributing to almost 40% total deaths in China [2]. Conventional therapeutic
options include medications embodying anticoagulants [3], antiplatelet [4], thrombolytic [5]
and antilipemic agents [6], and surgery including vessel bypass grafting [7] and stent in-
sertion [8,9]. Nonetheless, disease reoccurrences, which have been reported to be 50%
for any CVD event or subsequent revascularization in the year after myocardial infarc-
tion [10], side effects, for example bleeding events (occurring in around 1-8%) induced
by dual antiplatelet therapy in treating acute coronary heart syndrome [11], and a high
frequency of adverse drug reactions (~20%) [12], remain challenging. This is especially
true for small-molecule based agents, which are organic compounds influencing molecule
pathways by targeting vital functional proteins displayed on blood vessels and the heart;
off-target toxicities, systemic degradation, short half-life and low bioavailability hinder
clinical treatment [13-15].

Nanotechnology has achieved great advancements in the biomedical field. Nanoma-
terials facilitate targeted small-molecule drug delivery to the specific lesion site, or they
may sometimes perform as a pharmacological active compound per se due to their unique
physical and chemical properties [16]. Nevertheless, without any surface modifications,
these nanoplatforms are rapidly removed from circulation into the liver and spleen by
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the body’s reticuloendothelial system (RES), which severely hampers their therapeutic
efficacy [17]. Nanomaterials surface PEGylation is the most extensive measurement taken
to improve their biocompatibility and prolong the circulation time [18]. However, such a
method has been associated with the potential toxicity effect of inducing hypersensitivity
reactions which can provoke an anaphylactic shock [19]. Alternatively, cell membrane
coating technology has been reported to elicit immune evasion and prolong nanocarriers’
circulation time. Furthermore, the functional proteins on the cloaked cell membranes
render additional biological properties for nanoparticles, such as selective adherence, in-
flammatory site targeting and endothelium penetration [20]. In this review, we briefly
introduce the pathogenesis, therapeutic targets and current clinical medications of sev-
eral main cardiovascular diseases. Then, we will explain fundamental information about
cell membrane coated nanoparticles, including their history, characteristics and synthetic
routes. To elucidate the significance of CMCNPs, we describe the evolution of CVD treat-
ments. Through highlighting the bottlenecks of clinical medications and conventional
nanomedicine in chronological sequence, we demonstrate the superiority of CMCNPs in
treating CVDs. In particular, we show that CMCNPs boast a number of unique therapeutic
characteristics, such as their intrinsic capacity to target lesions. As far as we know;, it is the
first work that describes the evolution of CVDs treatments—from clinical medications, to
conventional nanomedicine, and finally to CMCNPs, with a special focus on CMCNPs.

2. Cardiovascular Diseases

The cardiovascular system, or circulatory system, consisting of the heart and numer-
ous vessels, is responsible for blood circulation in the body and crucial for oxygen, nutrition
and cellular traffic. Behavioral risk factors such as smoking [21], hypertension [22], and
diabetes [23] and biological risk factors such as age, gender [24], and family history [25],
increase the prevalence of cardiovascular disease worldwide [26]. The main categories
of CVDs include coronary heart disease, stroke and peripheral vascular disorders. These
aforementioned CVDs are triggered by abnormal blood flow, either due to blood blockage
or bleeding, the occurrence of which is essentially on account of atherosclerosis or throm-
bosis (Figure 1) [27]. Clinical measurements include early diagnosis, preventive care or
surgical intervention. Despite these efforts to prevent and treat CVDs, progress has been
moderate, and the annual total of CVD cases has seen a continuous increase in the last
30 years [28].
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Figure 1. Schematic diagram showing the process of atherosclerosis. Under pathologic conditions, atherosclerosis develops

with plaque formation. Atherosclerotic plaque will rupture with thrombus formation. Both thrombosis and atherosclerosis

will cause local ischemia, resulting in coronary disease or peripheral arterial disease. In addition, thrombus may travel to

the brain arteries, which induces ischemic stroke.

2.1. Mechanisms of Atherosclerosis and Thrombosis
2.1.1. Atherosclerosis

Atherosclerosis (AS) is the most common cause of myocardial infarction and ischemia,
which is featured by chronic inflammation. An intimate correlation has been reported
between low-density lipoprotein (LDL), one of the five major groups of lipoprotein re-
sponsible for fat molecules transporting throughout the body in the extracellular water,
and atherosclerosis [29]. Elevated levels of LDL upregulate the expression of endothelial
cell adhesion molecules which can drive the infiltration of leukocytes into vessels through
classical recruitment cascades [30]. Furthermore, the chemokines released from endothelial
cells and activated macrophages recruit peripheral neutrophils and monocytes. In the late
stage of the disease, monocytes recruited to the lesion continuously digest modified lipopro-
tein, differentiating into foam cells [31]. Proteases released by the apoptotic foam cells
further destroy the thin endothelial cell layer which covers and protects the atherosclerotic
plaque, eventually leading to plaque rupture and thrombus formation [32].

2.1.2. Thrombosis

Thrombosis is defined as the formation of a blood clot within the vascular system,
which severely obstructs normal blood circulation and may eventually lead to myocardial
infarction and ischemic stroke. Under normal conditions, endothelial cells will actively
prevent the formation of thrombus through various factors which block platelet adhesion
and aggregation, inhibit coagulation and lyse the clots. Three main abnormalities of
circulation facilitate thrombus formation; endothelial injury, alterations in blood flow and
hypercoagulation, collectively named “Virchow’s Triad” [33]. The clot formed during this
process promotes hypoxia and inflammation at the lesion site, subsequently promoting
the infiltration of activated immune cells. Lesional monocytes and macrophages express
metalloproteinase (MMP), which can facilitate thrombus resolution. When unresolved,
clots will induce ischemia-related cardiovascular diseases, such as lower limb ischemia
and ischemic stroke [34].
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2.2. Classifications of CVDs

Cardiovascular diseases can be mainly classified into three categories—including coronary
heart disease, stroke and peripheral vascular disorders—based on the location of the injury. In
the next section, the main risks, manifestations, and disease mechanisms will be discussed.

2.2.1. Coronary Heart Disease

Coronary heart disease, otherwise called ischemic heart disease, occurs due to insuffi-
cient blood flow to the heart and the necrosis of myocardial tissues induced by a lack of
oxygen. In the early stages of the disease, a shortage of blood flow is mainly caused by
atherosclerotic plaque obstruction. When the atherosclerotic plaque suddenly breaks off, it
exposes its highly thrombotic components, consequently leading to thrombus formation.
Thrombus formed during this process may completely obstruct the blood vessel through
thrombo-embolism, which potentiates myocardial infarction [35,36].

2.2.2. Stroke

Stroke will occur when the supply of blood to the brain tissue is impacted. Strokes can
be divided into two subtypes—ischemic stroke and hemorrhagic stroke—based on their
mechanism of formation. Hemorrhagic stroke, which makes up almost 13% of total clinical
cases, is usually caused by hypertension, which results in intracranial hypertension and
oxygen and nutrition depletion in the downstream tissues, rapidly inducing damage to
the brain tissues [37]. On the other hand, atherosclerosis is the major cause of ischemic
stroke. As a result, thrombus forms due to the local inflammation and ulceration of the
fibrous plaques. The clot occludes the atherosclerotic vessel or travels further to block the
brain’s arteries, causing ischemic stroke [38]. The resulting oxygen- and glucose-depleted
environment downregulates junctional protein expression, which in turn facilitates the
extravasation of proteins and leukocytes infiltration. Leukocytes, e.g., neutrophils, recruited
to the brain lesion site during the acute inflammatory phase exacerbate inflammation
through the generation of reactive oxygen species, worsening the disease condition [39,40].

2.2.3. Peripheral Vascular Disorders

Peripheral vascular disorder, or peripheral arterial disease, occurs in parts of the body
other than the brain and heart, such as legs and arms, the major causes of which include
atherosclerosis and thrombo-embolism. Narrowing lumens induce insufficient blood flow
into the lesion site, leading to local ischemia, and eventually developing into intermittent
claudication. Aggravating intermittent claudication may cause critical limb ischemia,
and ultimately progress into acute limb ischemia when the blood flow is completely
obstructed [41].

2.3. Clinical Management and Its Bottleneck

Before therapeutic intervention, appropriate diagnosis should be implemented. Cur-
rent clinic diagnostic tools mainly include X-ray, doppler ultrasound, CT angiography and
magnetic resonance imaging angiography. However, early stage diagnosis of atheroscle-
rosis remains a major issue due to inadequate diagnostic clarity and clinical acumen. To
facilitate early diagnosis of atherosclerosis, iodinated compounds and gadolinium are two
representative contrast dyes applied for CT angiography and magnetic resonance imaging
angiograph, respectively. Although these measurements have achieved success to a certain
degree, the biosafety of contrast agents has aroused concerns. For example, iodinated
compounds are limiting in those with hypersensitivity or significant renal dysfunction.
Gadolinium can also be limiting due to its potential toxicity in inducing nephrogenic
systemic fibrosis, which is a rare but unmanageable scleroderma like disease [42].

Apart from diagnosis, there are also hurdles for the management and prevention
of cardiovascular diseases. For high-risk patients who have not yet experienced CVDs,
long-term preventive medications, such as statins, are recommended. However, a lack
of patient compliance hinders our fight against CVDs [43]. In addition, anticoagulant,
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thrombolysis and antiplatelet agents are clinically used to treat thrombo-embolism-related
CVDs. Despite the efficacy of these drugs at impeding the process of plaque development
and thrombus formation, they come with a significant risk of unexpected bleeding, for
example coumarin, a vitamin K antagonist, is related to a risk of major bleeding that
ranges from 2% to 13% during the mean duration of follow-up of 6 to 30 months [44].
Furthermore, the therapeutic dosage varies between patients and with disease stage. Last
but not least, clinical strategies against acute ischemic stroke are mainly divided into
intravenous thrombolysis and endovascular thrombectomy, both of which are time-critical
and have extremely limited therapeutic time windows [45]. The performance of stents
also encounters bottlenecks. Bare metal stents (BMS) and drug-eluting stents (DES) are
two conventional classes applied in clinical settings. DES are platforms for delivering
therapeutic molecules locally, which were developed to overcome several side effects
associated with BMS, such as thrombosis and neointimal hyperplasia. Although DES
exhibit efficacies in preventing restenosis and scar tissue formation to some extent, in-stent
thrombosis due to inflammation or certain gradient on stents, for example polymers, is the
main challenge [46]. Therefore, there remains an urgent need for better alternatives with
improved diagnostic and therapeutic efficacy.

3. Nanomedicine against CVDs

Recent advancements achieved in nanomedicine exhibit great potential to improve off-
target side effects, long-term toxicity and limited diagnostic or therapeutic efficacy [47]. For
example, conventional use of stents are accompanied with risks of thrombosis and resteno-
sis. Especially for DES, late stent thrombosis (>30 days) is a main challenge. Nanoparticles
have been incorporated into stents’ formulations to modulate their drug releasing prop-
erties and achieve robust endothelial healing. Liu et al. developed advanced DES, which
were composed of collagen and nitric oxide (NO) donor-loaded PLGA nanoparticles [48].
As a result, such platform alleviated intima formation and exhibited a sustained release
capability of NO, which significantly reduced platelet aggregation in rabbit blood, thus
mitigating thrombosis.

Conventional diagnostic contrast agents, such as gadopentetic, take effect through
revealing the narrowing of the vessels, termed stenosis. In contrast, nano-based molecular
contrast agent could directly disclose the location of atherosclerotic plaques through active
targeting [49]. For example, Qiao et al. developed an osteopontin antibody conjugated
upconversion nanoplatform to achieve noninvasive targeting and imaging of vulnerable
plaques [50]. Morishige et al. reported dextran coated superparamagnetic nanoparticles,
which exhibited affinity towards macrophages and could be utilized to assess macrophage
burden in atherosclerosis, providing a useful tool for identifying inflamed plaques and
monitoring disease conditions [51].

Nanoparticles have also achieved breathtaking therapeutic improvements. The cur-
rent clinical prevention of atherosclerosis mainly relies on the long term oral administration
of statins, with insignificant effects unless taking an extremely high dosage [52]. However,
such high dosage will inevitably induce hepatoxicity and myopathy [53]. To address this
predicament, Kim et al. reported a cargo-switching nanoparticles composed of a cyclodex-
trin shell component and simvastatin as a loaded drug to achieve higher affinity towards
atherosclerotic lesion and plaque regression [54]. In another way, Flores et al. developed
single walled carbon nanotubes loaded with a chemical inhibitor of the antiphagocytic
CD47-SIRPx signaling axis. Such nanoplatforms exhibited macrophage-specific targeting
ability and could reactivate lesional phagocytosis to effectively reduce plaque burden [55].
Reperfusion is vital for better prognosis in acute stroke. Marsh et al. reported fibrin-
targeted perfluorocarbon nanoparticles, the surface of which is modified to deliver the
plasminogen activator streptokinase, a thrombolytic agent. Such a nanoplatform exhibited
an improved clot-targeting ability with a lower risk of adverse hemorrhagic events [56].

However, these strategies still face the problem of fast clearance by RES. Better ther-
apeutic or diagnostic capabilities can be obtained via prolonging their circulation. In
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addition, the targeting abilities of these platforms usually rely on peptide or protein (an-
tibody) conjugation. Many factors limit their biofunctions and targeting abilities, for
example, proteases in circulation in the body may interact with them, thus depriving them
of their functions [57]. Alternative solutions are needed to address these drawbacks.

4. Cell Membrane Coated Nanoparticle and Its Applications in CVDs

Cell membrane coating technology, an alternative surface passivation method substi-
tuting for PEGylation, generally exploits innate cell membranes to coat synthetic nanopar-
ticles. Such a coating measurement helps to disguise nanoparticles as some of the body’s
intrinsic cells, which not only assists them in avoiding the body’s immune clearance, thus
prolonging their circulation (higher biocompatibility), but also endows them with various
cell-like biofunctions via the diverse functional membrane proteins on CMCNPs’ surface
(cell-mimicking properties).

4.1. Cell Membrane Coated Nanoparticles

Cell membrane cloaking technology was first achieved by Hu et al. who applied red
blood cells” membranes to coat poly-(D,L-lactic-co-glycolic) acid (PLGA) nanoparticles,
successfully prolonging their circulation by up to 72 h [58]. Considerable research has been
conducted to expand cell membranes sources, inner nanoparticles and synthetic routes.
Generally, this technique is divided into three procedures to synthesize cell membrane
coated nanoparticles: cell membrane extraction, inner core nanoparticle preparation and
the fusion process (Figure 2) [59].
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Figure 2. Schematic diagram showing the synthetic process of cell membrane coated nanoparticles.
Basically, interested membranes are first extracted from the cell sources, e.g., macrophages, neu-
trophils, erythrocytes, platelets, cancer cells and stem cells. The membranes are further coated on
selected nanoparticles, e.g., black phosphorous, liposome, iron oxide nanoparticle, upconversion
nanoparticle, gold nanorod and mesoporous silica nanoparticle. The membrane—core hybrid system
can be applied to treat cardiovascular diseases. Abbreviations: BP: black phosphorous; LP: liposome;
IONP: iron oxide nanoparticle; UCNP: upconversion nanoparticle; Au NR: gold nanorod; MSN:
mesoporous silica nanoparticle.
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4.1.1. Cell Membrane Extraction

Cell membranes are mainly composed of phospholipids and diverse functional pro-
teins [60]. The membrane plays a vital role in dividing cell types, cells” intercommuni-
cations, signal transduction and cargo selective permeability. Current procedures of cell
membrane extraction include membrane lysis and purification [61]. Generally, interested
cells are first isolated from whole blood. Following hypotonic treatment for cell lysis,
discontinuous sucrose gradient centrifugations are implemented to remove the nucleic and
cytoplasmic contents. Further purifications are carried out through washing with specific
buffers and extrusion through porous polycarbonate membrane to obtain the purified
extracted cell membranes [62].

4.1.2. Core Preparation

A number of novel nanocarriers have emerged (Table 1), e.g., liposomes [62,63], gold
nanoparticles [64], mesoporous silica nanoparticles [65,66], iron oxide nanoparticles[67,68],
black phosphorous [69-71], PLGA nanoparticles [58,72], and layered double hydroxide [73].
These nanocarriers can either act as drug delivery platforms or as active components in
themselves due to their intrinsic physical and chemical properties. For example, black
phosphorous 2D nanosheets can be used in photothermal therapy due to its efficient
photothermal conversion property [71]. Layered double hydroxide can not only perform
as lipid regulator to treat CVDs [74], but can also serve as an immune adjuvant and
antigen carrier bi-functional nanoplatform in cancer immunotherapy [75]. To achieve
various biological functions, e.g., magnetic resonance imaging, drug carrying or reactive
oxygen species scavenging, appropriate inner nanoparticle selection is essential to fulfill
the therapeutic potential of cell membrane coated nanoparticles.

Table 1. Common inner particles applied in core-membrane strategy.

Core Particle Properties Application Ref.

Biocompatibility and biodegradability

PLGA Easy manipulation

Drug carrier [58]

Hydrophobic and hydrophilic drug
Liposome delivery Drug carrier [62,63]
Sustained drug release

Tunable pore size

MSN High pore volume Drug carrier [65,66]
UCNP Convert NIR into visible light Deep tissue imaging [76]
Gold NPs Photothermal effect Photothermal therapy [64]
. MRI
IONP Magnetic property Magnetic targeting [67,68]
BP Nanosheet Photothermal conversion Photothermal therapy  [69-71]

4.1.3. Fusion Process

The fusion process covers the inner core nanoparticles with the extracted and purified
cell membranes. Generally, this process is divided into two main approaches: membrane
extrusion or sonication bath. The membrane extrusion process is achieved through mixing
the cell membrane vesicles and inner nanoparticles and extruding them through porous
polycarbonate membranes for several repeated cycles. This method is mainly applied for
small-scale production, which is suitable for laboratory use [77]. A sonication bath is a
route providing higher yields but requires strictly controlled sonication power. Excessively
high temperatures will denature the functional proteins on the obtained cell membrane
vesicles, which severely impacts their biological performance. In addition, core-membrane
nanoparticles produced through sonication methods exhibit poor size uniformity [78].
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Therefore, new strategies are urgently needed with higher production efficiency, improved
particle uniformity and valid membrane protein functions.

4.2. Cell Membrane Coated Nanoparticles in Treating Cardiovascular Disease

Cell membrane coated nanoparticles are expected to exhibit some intrinsic cell prop-
erties, e.g., specific targeting to inflammatory site, immune evasion, binding affinity to
targeted receptors or cells (Table 2). In dealing with cardiovascular diseases, CMCNPs are
exploited to mimic peripheral cells, such as erythrocytes [79], platelets [80], or immune
cells [81], which have been reported to exhibit a crucial role in disease progression. In
the following section, cell membrane coated nanoparticles will be discussed based on the

context of their sources and their potential for treating CVDs.

Table 2. Main usage of several common cell membranes.

Membrane . e
Source Properties Application Ref.
Red blood cell Immune evasion Prolong circulation [82]
Selective targeting to injured
tissue Targeting cancer metastasis
Platelet Adherence to inflammatory Targeting vascular injury [83]
neutrophil
Immune evasion Inflammatory site targeting
Macrophage Cytokine sequestration Anti-inflammation [84,85]
Neutrophil Selectlve targetl.ng to Inflammatory site targeting [86]
inflammatory tissue
Cancer cell Tun}or targétmg Homotypic targetmg 87]
Antigen delivery Cancer vaccine
Penetration across the Tumor targeting
Stem cell endothelium Inflammatory migratory [88]
Bacterium Elicit immune response Cancer immune therapy [89,90]

Anti-adhesion

Bacterial infection

4.2.1. Erythrocytes Cell Membranes

Erythrocytes (or red-blood cells, RBC) are the most abundant cells in the human
body, taking the responsibility of oxygen and carbon dioxide transport. Mechanistically,
healthy erythrocytes can evade the mononuclear phagocyte system (MPS) through surface
membrane protein CD47, which act as “do not eat me” signals to immune cells [91].
Therefore, erythrocytes membranes are intrinsically biocompatible and nonimmunogenic,
so they can be utilized to prolong the circulation time of nanoparticles. Apart from this, RBC
membrane coated nanoparticles are also explored to act as biomimetic nanosponges for
detoxification [92], or serve as nanotoxoids for safe and effective toxin nanovaccination [93].

As mentioned above, Zhang et al. were the first to apply erythrocyte membrane coat-
ing on PLGA nanoparticles [58]. In their study, the RBC membrane was extracted through
hypotonic medium hemolysis and fused with PLGA nanoparticles to obtain RBC mem-
brane camouflaged NPs (RBC-NPs), with an 80 nm average diameter (Figure 3A). They
further proved that the RBC membrane proteins were successfully transferred onto PLGA
nanoparticles (Figure 3B). Additionally, RBC membrane coated nanoparticles exhibited out-
standing stability in vitro, maintaining its core-shell structure even after 6 h co-incubation
with HeLa (Figure 3C). As a result, such a nanoplatform exhibits an outstanding ability to
avoid immune clearance, greatly prolonging its circulation time (Figure 3D). Due to its long
circulation time, this nanostructure could serve as a universally effective drug delivery
platform against CVDs when suitable small-molecule agents are loaded in the inner PLGA
core. For example, Wang et al. reported rapamycin-loaded PLGA nanoparticles, which
were cloaked with RBC membranes (RBC/RAP@PLGA). As a result, this nanoplatform
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effectively attenuated the progression of atherosclerosis, in which the average area ration
of plaque to vascular lumen decreased from 47.95% to 31.34% after treatment, superior to
the free drug group (from 47.95% to 42.42%) [94].
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Figure 3. (A) Synthetic route of RBC-NPs; (B) SDS-PAGE result of emptied RBCs, RBC membrane-derived vesicles and RBC
membrane camouflaged NPs; (C) Scanning fluorescence microscopy images of colocalization of RBC membranes (marked
with green rhodamine-DMPE dyes) and polymeric cores (marked with red DiD dyes) after being internalized by HeLa cells;
(D) Comparison of systemic circulation time between RBC-NPs, PEGylated NPs and PLGA nanoparticles. Reproduced with

permission [41]. Copyright 2011, National Academy of Sciences.

Alternatively, Shao et al. prepared a Janus-type polymeric micromotors (JPMs), com-
posed of heparin (Hep) and chitosan (CHI), coated with RBC membrane [95]. This func-
tional nanoparticle achieved efficient motion toward the thrombus in response to near-
infrared (NIR) irradiation via thermal effects and could synergize with photothermal
therapy for thrombus alleviation.

The nanoplatforms discussed above mainly utilize the biggest advantage of red blood
cell membrane: biocompatibility and immune evasion. Commonly, RBC membranes
are coated on drug-loaded PLGA nanoparticles to achieve better drug on-target delivery
against cardiovascular diseases.

4.2.2. Platelet Membrane

Platelets are small anucleated blood cells engaged in the blood clotting process. Upon
hemorrhage, platelets rapidly migrate to the damaged lesion to form a clot and prevent
excessive bleeding. Platelets are the connectors between thrombosis, inflammation and
atherosclerosis. When atherosclerotic plaque rupture, vascular injury and decelerated blood
flow facilitate platelet activation and binding to the injured vascular wall, eventually leading
to thrombus formation [96]. Nanoparticles coated with platelet membrane can exhibit many
similar characteristics to platelets, for example, adherence to injured vasculature.

Inspired by this, Zhang et al. firstly developed platelet membrane coated PLGA
nanoparticles, which exhibited selective adhesion to damaged human and rodent vascu-
lature and MRSA252 [78]. These platelet membrane coated nanoformulations could be
utilized to treat thrombus, arterial injuries and sepsis with appropriate loading agents in
the inner PLGA core. For example, when dealing with thrombus, Wang et al. synthesized
platelet membrane coated PLGA nanoparticles, loaded with lumbrokinase, a conventional
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anticoagulant agent (PNPs/LBK) [97]. As a result, PNP/LBK exhibits better thrombus
targeting ability with lower hemorrhagic risks.

When thrombus occurs, insufficient blood flow lead to a hypoxic environment that
promotes reactive oxygen species (ROS) generation and tissue damage in the lesion site. In-
spired by this, Zhao et al. recently developed H,O;-responsive platelet membrane cloaked
argatroban-loaded polymeric nanoparticles (PNPArg) to treat thrombus [98]. In their strat-
egy, the inner core, Poly(vanillyl alcohol-co-oxalate) (PVAX), is a HyO, degradable polymer
that can scavenge excessive ROS and could synergize with argatroban, an anticoagulant
agent, showing great therapeutic effects toward various thrombotic diseases.

CMCNPs can also serve as novel diagnostic tools. Ma et al. prepared a platelet
membrane coated nanoconstruct (PM-PAAO-UCNPs), which consists of upconversion
nanoparticles and Ce6 photosensitizer for accurate localization and non-invasive photo-
dynamic therapy of atherosclerosis [99]. In their study, the platelet membrane coating
strategy effectively increased the binding affinity of nanoparticles to foam cells, the features
of which include unregulated lipid metabolism, and play a central role throughout the
disease stages. Near-infrared light was then applied to induce ROS-mediated apoptosis
and regulated metabolism of foam cells to treat atherosclerosis.

Apart from targeting vascular endothelial cells and foam cells, platelets also ex-
hibit binding affinity towards activated neutrophils. During acute ischemic stroke (AIS),
neutrophils migrate into cerebral ischemic regions with the aid of platelets. Recruited
neutrophils release reactive oxygen species, which are the prime cause of reperfusion injury
following AIS [100,101]. Studies have shown potential curative benefits through alleviating
the infiltration of neutrophils [102]. Inspired by these findings, Tang et al. innovatively
constructed a platelet membrane coated PLGA nanoplatform with superparamagnetic
iron oxide nanoparticles and piceatannol loaded (PTNPs) (Figure 4A) [103]. In their study,
the coated platelet membranes facilitated binding between nanoparticles and neutrophils
through the recognition of P-selectin (platelet) and PSGL-1 (neutrophil). The internalized
nanoconstructs then released piceatannol, which alleviated neutrophils’ infiltrations in
the cerebral ischemic regions (Figure 4B). As a result, PTNPs significantly decreased the
infarct volume of mice by approximately 26.2% compared with the group treated with
PLGA nanoparticles containing piceatannol and superparamagnetic iron oxide.

Platelet membrane
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Figure 4. (A) Structure of platelet membrane coated PLGA nanoparticle; (B) Schematic diagram of therapeutic mechanism.

Platelet membrane coated nanoparticles can straightly target the inflammatory neutrophils and take effect through releasing

piceatannol to block neutrophils’ infiltration. Reproduced with permission [85]. Copyright 2019, American Chemical Society.
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Overall, platelet membrane coated nanoparticles have been extensively researched for
thrombus, injured vessels and immune cell targeting to achieve higher on-target payload
delivery and lower off-target side effects.

4.2.3. Macrophage Membrane

Macrophages are specialized cells responsible for the detection, phagocytosis and
destruction of “invaders”. Recent reviews have discovered the central role of macrophages
in various cardiovascular-related processes including atherosclerotic coronary artery, post
myocardial infarction remodeling and cardiac regeneration [104,105]. The macrophage
membrane coating strategy is extensively applied to elevate tumor targeting ability through
the driving force of CCR2-CCL2 axis, which could also be used to target inflammatory
lesion sites [106,107].

Inspired by this, Gao et al. successfully utilized macrophage-derived membranes
to coat nanoparticles and achieved enhanced therapeutic efficacy in atherosclerosis treat-
ment [108]. In their study, they produced a ROS-responsive inner core to achieve burst re-
lease of the drug. The macrophage membrane coating strategy not only facilitates nanopar-
ticles” evasion of the monocyte phagocyte system (MPS) but also helps targeted delivery
to the lesion, where the inner drug is rapidly released due to the oxidative environment
of atherosclerosis. In addition, macrophage membranes can sequester proinflammatory
cytokines, which could restrict local inflammation. A combination of pharmacotherapy and
inflammatory cytokine clearance can significantly improve the therapeutic efficacy against
atherosclerosis. Utilizing macrophage membranes’ intrinsic tendency toward atheroscle-
rotic plaque, Wang et al. similarly constructed a macrophage membrane coated PLGA
nanoplatform with anti-inflammation agent Rapamycin (RAP) loaded [109]. As a result,
such nanoplatform exhibited outstanding therapeutic efficacy, in which lipid deposition in
plaques were reduced from 36.45% to 17.41%, which was superior to free RAP group (from
36.45% to 31.54%).

Additionally, applying cytokine neutralization strategy, Xue et al. innovatively con-
structed a macrophage membrane enveloped NPs encapsulating anti-myocardial infarction
(MI) agent miR-199a-3 (MMNPir199a-3p) to manage MI [110]. In the study, they bioengi-
neered macrophages to achieve enhanced expression of IL-13R, IL-6R and TNF-aR. As a
result, MMNP,ir1994-3p exhibits efficient uptake by myocardial cells and effective inhibition
of inflammatory response through inflammatory cytokines neutralization.

Conclusively, inflammatory lesion site targeting ability and cytokine neutralization
capacity are the most common usage of macrophage membrane in treating CVDs.

4.2.4. Neutrophil Membrane

As mentioned above, neutrophils can sense and move to the inflammatory body site.
Such inflammatory chemotaxis capability has been exploited to enhance drug on-target de-
livery. For example, Xue et al. achieved effective delivery of paclitaxel (PTX)-contained
liposomes to the inflamed post-resection lesion sites mediated by neutrophils, resulting in sup-
pressed glioma reoccurrence [111]. In addition, the feasibility of utilizing neutrophil-derived
membranes to target the inflamed lesion has also been proven in rheumatoid arthritis [112].

At the inflamed lesion site, neutrophils are activated and subsequently release reactive
oxygen species, bioactive lipid mediators and neutrophils extracellular traps (NETs), which
induce inflammatory damage. Many cardiovascular therapies are based on targeting
neutrophils, either through blocking neutrophils’ infiltration or preventing NET-driven
inflammation [39].

Inspired by this, Dong et al. developed neutrophil membrane-derived nanovesicles
containing Resolvin D2 (RvD2), an anti-inflammation agent, to treat postischemic stroke
brain injury through inhibiting endothelial activation, cytokine release and the infiltration
of neutrophils into the cerebral ischemic lesion [113].

In addition, Feng et al. also successfully constructed a neutrophil-mimic membrane
coated mesoporous Prussian blue nanozyme (MPBzyme@NCM) (Figure 5A) [114]. In their
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study, MPBzyme@NCM exhibits active targeting ability to the inflamed brain microvascular
endothelial cells, where nanoparticles are then phagocytosed by microglia and subsequently
scavenge ROS through MPBzyme. As a result, this nanoplatform can promote microglia
polarizing to M2 and reduce the neutrophils recruitment (Figure 5B), exhibiting prospective
therapeutic efficacy against ischemic stroke.
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Figure 5. (A) Schematic structure of neutrophil-mimic membrane coated mesoporous Prussian blue
nanozyme (MPBzyme@NCM); (B) Schematic diagram of the therapeutic mechanism. Combination
of reduction of neutrophils’ recruitment, microglia polarization from M1 to M2, decreased apoptosis
of neurons and proliferation of neural stem cells, neuronal precursors and neurons explain the thera-
peutic efficacy of MPBzyme@NCM. Reproduced with permission [114]. Copyright 2021, American
Chemical Society.

In conclusion, the mainstream usage of neutrophil membrane against CVDs still focused
on its inflammatory-lesion targeting ability. Further research is needed to explore other
biomedical applications of neutrophil-derived membranes, such as cytokine neutralization.

4.2.5. Stem Cell Membrane

The ischemic tissue-directed homing ability of mesenchymal stem cells has been
reported. This process is mediated by the interaction of chemokine receptors on the surface
of neural stem cells (NSCs) and their ligands enriched in the ischemic microenvironment
such as SDF-1/CXCR4 axis [115,116]. Bose et al. first bioengineered human adipose-
derived stem cells (hASCs) through mRNA vector transduction to overexpress CXCR4 [117].
This engineered stem cell membranes were then coated on the PLGA nanoparticles with
vascular endothelial growth factor (VEGF) loaded to achieve better endothelial cell barrier
penetration and increase retention time in ischemic tissues. As a result, this nanoplatform
significantly improved therapeutic outcomes, achieving a lower risk of limb loss (17%)
compared with the untreated group (83%).
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To further improve the targeting ability, Kim et al. recently developed mesenchymal
stem cell (MSC)-derived magnetic extracellular nanovesicles to treat ischemic stroke [118].
In their study, iron oxide nanoparticles were first co-incubated with MSC to elevate its
expression of therapeutic growth factor. The whole MSCs were then extruded through
serial membrane filters and purified to obtain magnetic nanovesicles (MNV). Overall, MNV
enhanced lesion targeting ability through magnetic attraction and improved therapeutic
efficacy against ischemic stroke.

5. Conclusions and Prospects

Ever since RBC membrane coating technology was first reported, countless investi-
gations have been implemented to explore its therapeutic and diagnostic potential, for
example in cancer therapy [119,120]. As mentioned in this review, various cell membranes
are applied to prolong circulation time and endow nanoparticles with active targeting
properties and inflammatory cytokines neutralization activity to treat CVDs (related studies
have been integrated in Table 3).

However, we still lack a basic understanding of complex cell membrane properties. An
inappropriate selection of blood type induces hemolysis during blood transfusion, which
is attributed to the activation of the host immune system [121]. Therefore, autologous
cells should be taken into prior consideration. Current studies on CMCNPs’ biomedical
applications remain at the laboratory research stage, as most studies have been carried out
in mice. With no current clinical usage of CMCNPs, investigations on their biosafety need
to be implemented to accelerate their clinical translation.

Apart from biosafety issues, comprehensive studies on pharmacokinetics and cellular
uptake of small molecule loaded CMCNPs need to be implemented. As various cell
membranes and inner nanoparticles are involved in the synthetic procedure of CMCNPs,
the impacts of membrane types and inner nanoparticles’ physical and chemical properties
on the drug release ability of small molecules and cellular uptake of CMCNPs should be
investigated extensively to facilitate their clinical translation.

The feasibility of large-scale production of CMCNPs is another barrier hindering their
clinical translation. As aforementioned, membrane extrusion and sonication baths are two
major routes to synthesize CMCNPs. However, these two approaches have distinctive
strengths and weakness. For example, membrane extrusion is characterized with high
uniformity but low-production efficiency, while the sonication method has contrary results.
A better synthetic route is needed to overcome this obstacle.

Table 3. Cell membrane coated nanomedicine applied in treating cardiovascular diseases.

Structure
Target Disease (Membrane/Inner Membrane Source Efficacy Ref.
Core)
(1) Enhanced accumulation in atherosclerotic
RBC/PLGA C57BL/6 Mice plaques [94]
(2) Higher drug on-target release
_/. (1) Specific targeting to foam cells
Platelet/ UCNP Healthy A poE (2) Photodynamic therapy induced apoptosis and [99]
Mice .. -
regulated lipid metabolism
) _ (1) Avoid severe systematic toxicity of rapamycin
Atherosclerosis Platelet/PLGA Humfg Tyé)e o (2) Enhanced 4.98-fold greater radiant efficiency [122]
00 than control nanoparticle group
Macrophage /ROS- (1) Avoid immune clearance
responsive RAW?264.7 Cells (2) ROS-responsive drug release [108]
core (3) Inflammatory cytokine sequestration
(1) Effectively inhibit phagocytosis by
Macrophage/PLGA RAW?264.7 Cells macrophages [109]

(2) Target and accumulate in atherosclerotic lesion
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Table 3. Cont.

Structure
(Membrane/Inner
Core)

Target Disease

Membrane Source

Efficacy

Ref.

RBC/Janus-type NPs

Balb/c, Male

(1) Achieve movement through
self-thermophoresis effect

(2) RBC Membrane facilitate efficient movement
in relevant biological environment

[95]

Thrombus Platelet/PLGA

ICR Mice

(1) Affinity between platelet membrane and
thrombus

(2) Lower the risks of adverse effect on the
function of coagulation system

[97]

Platelet/H,O,-
degradable
NPs

Human Type O~
Blood

(1) Thrombus homing ability of platelet
membrane

(2) HyO, scavenging ability of inner polymer core
(8) HyO,, responsive drug release ability

[98]

RBC/Mesoporous iron
NPs

Male Sprague
Dawley Rats

(1) Excellent biocompatibility
(2) Extended circulatory time
(3) Controlled-release of H,S

[123]

Ischemic
myocardium

Macrophage/miR1994-3p

RAW264.7 Cells

(1) Inflammatory cytokine sequestration
(2) Gene delivery

[110]

Platelet/IONP

C57BL/6 Mice

(1) Specific targeting to inflammatory neutrophils
(2) Alleviate infiltrations of neutrophils into
hypoxic lesion

(3) Disease stage monitoring and nanoparticles
localization through MRI

[103]

Platelet/y-Fe, O3
magnetic NPs

Blood Center

(1) Combination targeting ability of platelet
membrane and magnetic forces

(2) Disease stage monitoring and nanoparticles
localization through MRI

[124]

. Neutrophil/MPBzyme
Ischemic stroke

HL-60 Cells

(1) Reduction of neutrophils’ recruitment
(2) Microglia polarization from M1 to M2
(3) Decreased apoptosis of neurons

(4) Facilitate neuronal cells proliferation

[114]

Stem cell/PLGA

C57BL/6 Mice

(1) Specific targeting ability toward ischemic
microenvironment via stem cell membrane
coating

(2) Significantly augmented the efficacy of
glyburide, an antiedema agent, for stroke
treatment

[125]

Stem cell/PLGA
Hindlimb

Patients

(1) Bioengineered stem cell membrane coating for
improved ischemic lesion targeting ability
(2) Avoid macrophages phagocytosis

[117]

ischemia

Stem cell /IONP

Human Bone
Marrow

(1) Stem cell preincubated with IONPs to elevate
expression of therapeutic factors

(2) Magnetic navigation improved the
ischemic-lesion targeting

[118]

On the other hand, challenges and opportunities coexist in this field. Many alternative

membrane options are under investigation, such as cancer cells [66,87], bacteria [89,90]

and even hybrid cell membrane vesicles [89,126]. For example, Gu et al. successfully
fabricated “Nano-Ag@erythrosome” nanocomplexs by fusing red blood cell membranes
and cancer cell membranes [127]. Such nanocomplexes can effectively target the spleen
due to the property of senescent red blood cell membrane, and induce antigen presentation
on antigen presenting cells (APCs) to activate an antitumor immune response. Further
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research may well grasp this strategy and further modify this method by adjusting the
adding ratio of different membrane sources to achieve elevated targeting efficiency and
improved therapeutic efficacy against cardiovascular diseases [128].

Furthermore, recent research has reported a selective organ targeting (SORT) sys-
tem for specific tissue mRNA delivery by introducing different SORT lipid into lipid
nanoparticles through a bottom-up chemical synthesis method [129]. A combination of
bottom-up and top-down CMCNPs synthesizing strategies exhibits great promise in ex-
tending their biofunctions and broadening their biomedical applications. Apart from
this, lipid insertion, metabolic substrates engineering and genetic modification are other
conventional membrane engineering methods, which also exhibit promise to extend the
biofunctions of the derived cell membranes and have already been summarized exten-
sively elsewhere [130-133]. In general, these abovementioned measurements, which aim
to expand the biomedical application of CMCNDPs, are all based on membrane engineering.
The appropriate combination of inner functional nanoparticles with selected and modified
outer-membranes will significantly enhance the therapeutic efficacies of CMCNPs. Overall,
more innovative strategies will be explored in the future to unlock a new stage for cell
membrane coated nanoparticles to treat cardiovascular diseases.
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Abstract: Recent findings suggest that tumor microenvironment (TME) plays an important regulatory
role in the occurrence, proliferation, and metastasis of tumors. Different from normal tissue, the
condition around tumor significantly altered, including immune infiltration, compact extracellular
matrix, new vasculatures, abundant enzyme, acidic pH value, and hypoxia. Increasingly, researchers
focused on targeting TME to prevent tumor development and metastasis. With the development of
nanotechnology and the deep research on the tumor environment, stimulation-responsive intelligent
nanostructures designed based on TME have attracted much attention in the anti-tumor drug delivery
system. TME-targeted nano therapeutics can regulate the distribution of drugs in the body, specifically
increase the concentration of drugs in the tumor site, so as to enhance the efficacy and reduce adverse
reactions, can utilize particular conditions of TME to improve the effect of tumor therapy. This paper
summarizes the major components and characteristics of TME, discusses the principles and strategies
of relevant nano-architectures targeting TME for the treatment and diagnosis systematically.

Keywords: tumor microenvironment; targeted therapy; nanoparticles; nano therapeutics;

tumor imaging

1. Introduction

Owing to the complex and continuously evolving tumor microenvironment (TME),
cancer becomes one of the most difficult diseases to cure all over the world. The bidrec-
tional interactions between tumor and the TME bring about the progression, therapeutic
resistance, and metastasis of cancer [1]. TME composes various supporting cells such as
immune cells, fibroblasts, endothelial cells, and extra components like exosomes, cytokines,
enzymes, growth factors, and extracellular matrix (ECM), etc. [2,3]. In addition, the tumor
microenvironment displays unique pH values, hypoxic condition, high ATP concentra-
tion, and abundant tumor microvasculature [4-6]. The communications between tumor
cells and the microenvironment result in drug resistance by changing the phenotypes of
tumor cells as well [7]. Therefore, treatment targeting the microenvironment has attracted
increasing attention.

The rapid development of nanotechnology has provided a good platform for early
diagnosis and more effective therapy of tumors [8]. Nanoparticles (NPs) can effectively
improve the pharmacokinetic and pharmacodynamics properties of drugs and improve
the therapeutic effect due to its special size, shape, and material [9]. Coated with folic acid,
hyaluronic acid, and other molecules, nanoparticles can be used as good carriers concentrat-
ing drugs at the tumor site much better. Due to the high biocompatibility, good targeting
property and low toxicity of organic nanomaterials, related materials have been developed
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in large quantities. Some organic nanomaterials like liposomes (pegylated liposomal dox-
orubicin, paclitaxel liposome, vincristine sulfate liposome, etc.) have been used in clinical
chemotherapy very well [9]. Inorganic materials are also widely used in the preparation
of nanomaterials. Mesoporous silica nanoparticles (MSNs) have great advantages in the
fields of adsorption, separation, catalysis, and drug delivery [10]. Magnetic Nanoparticles
(MNPs), by means of an external magnetic field, can increase the aggregation of MNPs at
the tumor site and reduce the distribution in normal tissues. Furthermore, MNPs have the
functions of hyperthermia and imaging, and its super paramagnetism makes it an obvious
advantage as MRI (magnetic resonance imaging) contrast agent [11]. Other metal nanopar-
ticles, such as gold nanoparticles (GNPs), can inhibit tumor angiogenesis by themselves
and have photothermal effects as well [12]. However, these nanomaterials have shown
great success in treating tumors and reducing adverse reactions. The presence of TME still
bring limitations for nanomedicines to treat tumors. Aiming for the acidic pH, hypoxia
and abundant ATP quantity conditions of TME, NPs response to different stimuli were de-
veloped, which could remove the obstacle of low accumulation with enhanced permeation
and retention (EPR) effect in the tumor [13]. Nano-architectures established by virus-like
particles, polymer, inorganics, micelle, self-assembled proteins, liposomes, polypeptides
with suitable volume ratio, and tunable morphologies can achieve the purpose of broad
spectrum, low toxicity, and low drug resistance. These NPs can not only reach the tumor
site precisely, but also load much more lipophilic drug molecules by its special hollow
structure, cut off the interaction between tumor cells and the microenvironment, and inhibit
the proliferation of tumor cells more efficiently [14-16].

The role of the TME during nano-targeted tumor treatment strategies has been re-
viewed somewhere, however, most research just focused on part of the compositions or
stimuli categories [17-19]. This review aims to elaborate the components and physiological
conditions of TME, summarize the nano-architectures response to physiological barriers or
unique constituents, and discuss the prospect of nano therapeutics in TME (Figure 1).
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Figure 1. Schematic of nano therapeutics target tumor microenvironment.
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2. Special Characteristics of Tumor Microenvironment
2.1. Major Constituents of TME

Immune cells, ECM, cancer associated fibroblasts (CAFs), tumor vessels, exosomes
and chemokines are vital constituents of TME, all of which participate in tumor progression
and invasion particularly (Figure 2). Here, we will concentrate on the principles of their
respective activities.
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Figure 2. The main components of the tumor microenvironment, including tumor cell, immune cells
(such as B cells, T cells, DC cells, NK cells, M1/M2 macrophages), tumor vasculature, ECM, fibroblast,
exosomes and cytokines.

2.1.1. Immune Cells and Chemokines

The functions of immune cells and chemokines are controversial in TME. Current
research showed that there were a variety of immune cells in the inflammatory microenvi-
ronment, including adaptive immune cells as T lymphocytes (T cells) and B lymphocytes
(B cells), innate immune defense cells as macrophages, natural killer (NK) cells, dendritic
cells (DCs), and myeloid-derived suppressor cells (MDSCs) [20-22]. In the inflammatory
microenvironment, the special phenomenon-“immune escape” prevents cancer cells from
being recognized by killer cells such as CD8* T cells and NK cells, making it easier for
cancer cells to survive, infiltrate, and metastasize [5,23,24]. Among them, tumor asso-
ciated macrophages (TAMs), regulatory T cells (Tregs) and MDSCs play vital roles in
the tumor immunosuppression environment. Recruitment and differentiation of these
immunosuppressive cells depend on the presence of numerous cytokines in the microenvi-
ronment [25-27].

Macrophages can be divided into M1 and M2 type according to different phenotypes
and functions. M1 macrophages with tumoricidal effects can inhibit tumor growth and
secrete pro-inflammatory cytokines like tumor necrosis factor-o« (TNF-w), interleukin (IL)-6,
and IL-12 [26,28]. M2 macrophages activated by IL-4, IL-10, and IL-13 hold the function of
secreting cytokines such as vascular endothelial growth factor (VEGF), epidermal growth
factor (EGF), and transforming growth factor-3 (TGF-f3). All of them participate in promot-
ing repair, suppressing immune response, and angiogenesis [29,30]. M2 macrophages in the
tumor microenvironment account for a much higher proportion than M1 macrophages [26].
Programmed cell death 1 (PD-1) expressed on M2 macrophages combining with the pro-
grammed cell death ligand 1 (PD-L1) expressed on tumor cells exerted immunosuppressive
effect [31]. Meanwhile, tumor cells highly express CD47, which is the ligand of signal-
ing regulatory protein « (SIRP«), an immune checkpoint found on macrophages [32,33].
Binding of CD47-SIRP« axis will suppress phagocytosis effectively. Therefore, effectively
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improving phagocytosis of macrophages or transforming M2 macrophages into M1 type is
the main therapeutic direction in current research.

Tregs, which are abundant in the tumor stroma is a specific subgroup of CD4* T cells
expressing the transcription factor Foxp3, CD25 and cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4) [34-36]. The chemokine ligand (CCL) 22 produced by macrophages
and tumor cells can bind to chemokine receptor (CCR) 4 expressed on Tregs, consequently
recruiting Treg into TME and leading to tumor growth and poor patients’ outcomes with
its immunosuppressive function [37]. Tregs create an immunosuppressive environment
through the activities of cell surface molecules (Foxp3, CTLA-4, CD25, CD39, CD73, TIGIT),
secretion of cytokines (IL-2, IL-10, TGF-f3, CCR4) and immune molecules (granzyme,
cyclic AMP, and indole-amine-2,3-dioxygenase (IDO)) [36,38-42]. Therefore, blocking the
functional molecules expressed on Tregs such as CTLA-4, PD-1, CCR4, TGF-f3, Foxp3, or
completely eliminating the presence of Tregs can improve the immune escape effect of
tumor inflammatory microenvironment.

MDSCs are a group of heterogeneous cells that lack lymphoid markers with multi-
directional differentiation potential and immunosuppressive function. This group includes
immature DCs, macrophages, granulocytes, and other myeloid cells in the early stage of
differentiation [43]. Immune suppression by MDSC involves several complex mechanisms.
Due to its suppression of T cells and NK cells in TME, the accumulation of MDSCs is
one of the main reasons for tumor immune unresponsiveness [44]. MDSCs can reduce
local tryptophan levels due to the activity of IDO to reduce the proliferation of T cells [45].
Peroxynitrite (PNT) produced by MDSCs can alter chemokines and block the entrance
of CD8" T cells. MDSC also induce Tregs and affect function of NK cells by producing
immunosuppressive cytokines like IL-10 and TGF-f3 [46]. Besides the influence of differen-
tiation of TAMs, MDSCs also promote angiogenesis by secreting factors compensating for
VEGEF [27,47]. Immunotherapy targeting MDSCs provides a new therapeutic strategy for
anti-tumor therapy.

2.1.2. Extracellular Matrix

ECM contains proteins, glycoproteins, proteoglycans, polysaccharides, and other
components. All of them provide structural support for tissue organization and promote
information transmission between cells [48]. In normal tissues, connective proteins and
adhesive proteins in ECM keep connection between cells and maintain tissue homeosta-
sis [49]. However, in solid tumors, remodeled ECM affects the migration and invasion
of cells, and promotes the occurrence and malignant progression of tumors. Working as
information transmitter between ECM and other cells, integrins are highly expressed on
tumor cells and vascular endothelial cells, and usually affect the function of some immune
cells and fibroblasts. Integrins on the surface of tumor cells regulate cell protrusion and
adhesion in the process of tumor migration. Meanwhile, they mediate the function of
multiple matrix metalloproteinases (MMPs) like MMP2, MMP9, and MMP14 to remodel
ECM [50,51]. ECM remodeling is mainly regulated by MMPs, and proteases such as serine
acid/cysteine [52]. In addition, the remodeled dense ECM slows the penetration and
diffusion of large molecules to create a high-pressure environment, thereby resulting in
therapy limitation [53,54].

2.1.3. Cancer Associated Fibroblasts

CAPFs are one of the main components of TME. Unlike resting fibroblasts, CAFs metab-
olize vigorously and secrete large amounts of proteome, including cytokines, chemokines,
and various protease CAF spindles [55,56]. CAFs also provide structural support for
tissues and act as a transmitter of information between cells [57]. Due to the expression
of serine protease, fibrinogen activator, and MMPs on CAFs, ECM is hydrolyzed and
reconstructed. In addition, CAFs can also express a variety of cytokines and proteases,
such as stromal cell- derived factor 1 (SDF1), VEGF, MMPs, and monocyte chemotactic
protein-1 (MCP-1) to promote tumor growth, metastasis, and angiogenesis [58-60]. In
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addition, CAFs support cancer progression through changes of metabolism. In tumors,
p38 signal of CAFs activates by cancer cells, the fibroblast-derived p38-regulated cytokines
mobilize glycogen in cancer cells, which utilizes by cancer cells for glycolysis, promoting
cancer invasion and metastasis [61]. In breast cancer, glycolytic CAFs provide extra pyru-
vate and lactate for augmentation of mitochondprial activity of tumor cells, which confers
tumor cells with multiple drug resistance [62]. CAFs also regulate cancer cell metabolism
independently of genetic mutations of cancer cell. FAK-depletion in CAFs promoting
chemokin production, enhancing malignant cell glycolysis by activating protein kinase A
via CCR1/CCR?2 axis [63]. Therefore, NPs targeting CAFs can prevent tumor cells growing
in numerous ways.

2.1.4. Exosomes

Exosomes are extracellular vesicles typically ~30 to ~200 nm in diameter and contain-
ing genetic material, proteins, and lipids [64]. They act as powerful signaling molecules
connecting cancer cells and the surrounding components. Exosomes secreted by tumor
cells carry miRNAs to regulate vascular endothelial cells. This phenomenon destroys the
barrier of endothelial cells, and then allows cancer cells to enter the blood vessels, promot-
ing tumor spread and metastasis [65]. Exosomes secreted by leukemia cells can promote
the activation of CAFs. In breast cancer research, exosomes secreted by CAFs promote
the invasion and metastasis of cancer by activating the Wnt-pathway [66]. Astrocytes in
the brain metastatic microenvironment secrete exosomes loading miRNAs, which specifi-
cally downregulate tumor suppressor gene PTEN and lead to metastatic colonization [67].
Cancer exosomes inhibit the cytotoxic of CD4* T cells, CD8" T cells, and NK cells [68].
Exosomes also inhibit the differentiation of DCs and MDSCs [69,70]. Exosomes derived
from cancer cells definitely have short-and long-term effects on cancer progress. Treatments
targeting exosomes might be new directions of tumor therapy.

2.1.5. Tumor Vasculature

The regeneration of vasculatures is a very complicated progress in TME. Vascular en-
dothelial cells regulated by the angiogenic factors can affect the migration and proliferation
of tumor. The new vessels formed by adhesion of loosely endothelial cells provide chances
for tumor growth and distant metastasis [71]. A variety of cells and growth factors are
involved in this process, such as vascular cell adhesion molecule-1 (VCAM-1), «(v)p(3)
integrin, VEGEF, TGF, platelet-derived growth factor (PDGF), and angiogenin. Among
them, VCAM-1 and «(v){3(3) integrin not only promote the proliferation and differentiation
of endothelial cells but also improve vascular permeability [72,73]. PDGF, angiopoietin,
and TGF secreted by tumor cells can also affect the action of peripheral cells, vascular
maturation, and integrity. In addition, the highly abnormal and dysfunctional system of
tumor blood vessels can also lead to impaired ability of immune effector cells to penetrate
solid tumors. Therefore, the normalization of tumor blood vessels can enhance tissue
perfusion and improve the infiltration of immune effector cells, thus enhancing therapy
effects [74,75].

2.2. Physiological Condition of TME for Imaging and Targeting
2.2.1. Hypoxic Condition and Acid Microenvironment

Normal tissue is powered by mitochondrial oxidative decomposition, while cancer
cells are mostly powered by glycolysis, a reprogrammed way known as the “Warburg
effect” [76]. The majority of tumors are lack of adequate blood supply, and then hypoxic
regions appear, where metabolize glucose into lactic acid through anaerobic glycolysis.
When a large amount of lactic acid accumulates in the tumor cell, the proton pump trans-
ports H+ to the extracellular environment, resulting in an acidic extracellular environment
(pH = 5.6-6.8) [77]. During glycolysis, the hypoxia inducible factor (HIF) can regulate gly-
colysis enzymes (HK1, HK3, TGF-2, et al.) to affect the energy metabolism and proliferation
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of tumor cells [78,79]. Therefore, utilizing the acid environment of the TME to design a
platform acting on HIF-1 could be a new treatment strategy for tumors [80].

2.2.2. Extracellular ATP Content

It is an established notion that extracellular adenosine-5’-triphos-phate (ATP) is one
of the major biochemical constituents of TME [81]. Mitochondria are where ATP is pro-
duced. It is different between normal cells and cancer cells with mitochondrial metabolism.
Although there is little oxygen in cancer cells, in mitochondria, glycolysis is preferential
for providing energy, which is called Warburg effect. The reprogramming metabolism
in cancer is regulated by central regulators of glycolysis such as HIF-1, Myc, p53, and
the PI3K/Akt/mTOR pathways [82]. In tumor tissues, these active pathways promote
glycolysis in hypoxia, promoting mitochondria to produce large amounts of ATP. The sharp
different concentration of ATP contrast between extracellular (<0.4 mM) and intracellular
(1-10 mM) is a characteristic of TME, and the use of ATP can be a practical way for reg-
ulating drug release [83,84]. In addition, tumor cells usually metabolize vigorously, and
once there is a lack of energy, cell damage happens. The damage of plasma membrane is
a recognizable origin of ATP upregulating. Besides the cell injury, the hypoxic-induced
stress of TME is also a strong stimulus for ATP release [85]. The ATP concentration in
TME is remarkably more than those in normal tissues (10-100 nM) [84]. Based on such a
concentration difference, the ATP stimulating response system can be designed to ensure
the drugs reach the tumor site more accurately.

2.2.3. Redox Condition

Many organelles, such as cytosol, mitochondrion, and nucleus, contain very high con-
centrations of glutathione (GSH). In cancer cells, the concentration of GSH is 100-1000 folds
of the normal tissue. Due to the existence of thiol groups, GSH can act as electron donors
(reducing agents) for developing smart NPs [86].

3. Microenvironment-Targeted Nano-Delivery System as a Promising Strategy

The drug therapy for cancer has been unable to exert its maximum effect due to
insufficient orientation, pharmacokinetic obstacles. In order to overcome the shortcomings
of traditional drug delivery methods, a new method, a nano-delivery system, is being
researched. It can bring drugs accurately to the tumor site and prolong the half-life of the
drug in vivo. According to different conditions between TME and normal tissue, NPs are
designed to be new solutions for tumor imaging and treatment (Figure 3). All the works
mentioned were summarized in Table 1 to reflect the latest development of nano-target
strategies applied to TME.
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Special ECM and CAF cells contact with vasculature provides a good condition for angiogenesis and tumor progression.

3.1. Major Composition Mediated Nanoparticles in TME
3.1.1. Nanoparticles Targeting Immune Cells

The immunosuppressive microenvironment is one of the main reasons for the poor
antitumor effect in vivo [87]. For M2 macrophages, the most popular methods are reducing
M2 macrophages, blocking the immune suppressive function of M2 by blocking PD-1/PD-
L1 and the CD47-SIRPo axis [88]. Qian and others designed a fibrin gel capsulate calcium
carbonate NPs used in the surgical wound which would polarize M2-like macrophages
to a M1-like phenotype. The pre-loaded anti-CD47 antibody in this vector further block
the “don’t eat me” signal in cancer cells [89]. Shi et al. utilized precision nanopart icle-
based reactive oxygen species photogeneration to reprogram M2 macrophages to M1
macrophages, then recruited cytotoxic lymphocyte (CTL) and direct memory T-cells to
make the tumoricidal response more effective [90]. Both gold nanoparticles (AuNPs) and
silver nanoparticles (AgNPs) can modulate ROS and reactive nitrogen species (RNS) to
activate inflammatory signaling pathways, which can re-polarize macrophages to M1-like
phenotypes [91]. We built a multifunctional nanoplatform (FA-CuS/DTX@PEI-PpIX-CpG
nanocomposites) for synergistic PDT, PTT, loading DTX to enhance immunotherapy of anti-
PD-L1, and polarizing myeloid-derived suppressor cells (MDSCs) toward M1 phenotype
successfully in breast cancer (Figure 4) [92].

Recently, interaction between the tumor metabolism and immunity has been proved
to be a potential therapeutic strategy. A mannosylated lactoferrin nanoparticulate system
(Man-LF NPs) is developed. It facilitated dual-targeting biomimetic codelivery of shikonin
and JQ1 to target the macrophage marker mannose receptor and LRP-1. JQ1 itself is a
PD-L1 checkpoint blockage that can combine with Man-LF NPs and reduce the generation
of immune cells such as Tregs [93]. Macrophages in TME have also contributed to tumor
diagnosis and localization, Kim et al. made imaging macrophages in tumors possible
towards a pharmacokinetically optimized, *Cu-labeled polyglucose nanoparticle (Macrin)
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for quantitative positron emission tomography (PET). This technique not only detected the
number of macrophages, but also contributed to the effective image of tumor location [94].
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Figure 4. (A) Rational design and synthesis, its application in cancer treatment (left), and illustration of FA-CD@PP-
CpG for docetaxel-enhanced immunotherapy (right); (B) intracellular ROS detection in 4T1 cells incubated with various
concentrations of FA-CD@PP-CpG under 650 nm irradiation; (C) corresponding fluorescence images of 4T1 cells constrained
with calcein AM (live cells, green) and propidium iodide (dead cells, red) after being treated with different conditions.
(D) The in vivo thermal images of the mice after intravenous injection of PBS and FA-CD@PP-CpG under 808 nm irradiation;
(E) temperature change curve of tumor sites as a function of irradiation time; (F) the weight of tumor tissue in different
groups obtained on day 14, adapted with permission from [92].

In general, the expression of receptor tyrosine kinases (RTKs) in cancer cells can
activate the STAT3/5 signaling pathway, which promotes the secretion of TH2 cytokines
and then promotes the survival of CD4* Foxp3* Tregs [95,96]. Thus, the sunitinib-targeting
receptor tyrosine kinase drug transferred by nanomaterial has been used to decrease CD4*
Foxp3* Tregs and MDSCs [97]. Tlypl peptide coupled nanoparticles, combined with
anti-CTLA4 immuno-checkpoint inhibitors targeting microenvironments, can also enhance
imatinib’s ability of decrease Tregs by inhibiting the phosphorylation of STAT3 and STAT5
signaling pathways [98]. A CpG self-crosslinked nanoparticles-loaded IR820-conjugated
hydrogel with dual self-fluorescence to exert the combined photothermal-immunotherapy
was designed in a melanoma model. These NPs improve the immune response of adjuvant
through adjusting the quantity of CD8" T cells, DCs, Tregs, and MDSCs in TME [99].

Stimulator of interferon genes (STING) could enhance tumor immunogenicity, and
researchers found, when packing STING into NPs, that its activity to 2’3’ cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) enhanced [100]. IDO,TGF-3, IL-10,
and IL-35 also have the abilities to modulate the immune microenvironment [101]. IDO is
a rate-limiting enzyme of human tryptophan metabolic that can oxidize tryptophan into
canine urine. IDO directly inhibits the function of T cells and enhances the immunosuppres-
sant effect of Tregs, thereby mediating the effect of local immune tolerance and promoting
the immune escape of tumors [102,103]. IDO is increasingly incorporated into the nano ther-
apeutics system to regulate the outcome of immunotherapy interventions. In melanoma,
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Cheng and colleagues built a peptide assembling nanoparticle, which concurrently block-
ade immune checkpoints and tryptophan metabolism towards on-demand release of a
short d-peptide antagonist of programmed cell PD-1 and an inhibitor of IDO [104]. Aimed
at TGF-$3, Xu et al. silenced TGF-f in microenvironments to solve the problem that the
combined vaccine of tumor antigen (Trp 2 peptide) and adjuvant (CpG oligonucleotide)
has a poor effect on melanoma [105]. Our team constructed CpG capsuled CugSs@mSiO,-
PpIX@MnO, NPs to promote infiltration of CTLs in tumor tissue, and further upregulated
interferon gamma (IFN-y) to promote immune response [106].

Suppressing the function of immune-tolerant cells and promoting the anti-tumor
effect of cells have been the key points of tumor immunotherapy. Regulation of immune
tolerance in TME combined with nanomaterials can effectively avoid the obstacles caused
by microenvironments for drug entry. Therefore, regulating the function of immune cells
in microenvironments is one of the key tasks of the nanomaterials system.

3.1.2. Nanoparticles Targeting CAF

CAF is the main source of growth factors, chemokines, ECM proteins, and matrix
degrading enzymes in TME. It can produce a variety of growth factors and cytokines to
promote the survival and invasion of tumor cells [107]. Kovacs and colleagues found
that gold-core silver-shell hybrid nanomaterials could reduce the tumor promotion by
attenuating behavior of CAFs [108].

According to the regulation of CAFs of immune cells, Hou et al. developed a na-
noemulsion (NE) formulation to deliver fraxinellone (Frax). This NP was around 145 nm
length, could be taken by CAFs efficiently, and accumulated in the TME. Combining with a
tumor-specific peptide vaccine will enhance tumor-specific T-cell infiltration and activate
death receptors on the tumor cell surface (Figure 5) [109]. Recently, NPs targeting CAFs for
tumor therapy mainly focused on destroying the tumor tissue to promote drug penetration
and reprogramming immune TME. Since CAFs participate in cancer glucose metabolism
immediately, NPs targeting CAFs about decreasing glycolysis of cancer cells remain to
be developed.
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Figure 5. (A) Scheme depicting the preparation process of Frax NE; (B) Masson’s trichrome stain for collagen; (C) confocal
and flow cytometric analysis of immune cells infiltration in the TME, adapted with permission from [109].

3.1.3. Nanoparticles Targeting ECM

People try to find ways to destruct the structure of ECM. As the most well-known ma-
trix enzyme, MMPs, particularly MMP2 and MMP9, were frequently applied in
NPs [110,111]. Many systems that respond to enzymes such as MMPs are also used
in drug delivery and imaging. Ji et al. utilized pirfenidone (PFD) loaded MRPL (MRPL-
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PFD), a MMP?2 responsive peptide-hybrid liposome, to downregulate the components of
ECM, thus increasing the penetration of drugs in pancreatic cancer tissue (Figure 6) [112].
Other enzymes acting on the microenvironment can also degrade the structure of ECM.
Hyaluronidase (HAase) can break down hyaluronan and then enhance the efficacy of
nanoparticle-based PDT. Utilizing HAase and DOX together will also increase cancer
mortality [113-115]. Blocking collagen and integrin signaling for anti-fibrotic therapeutic
strategy can also be considered in future treatment for ECM to improve drug delivery [116].
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Figure 6. (A) Mechanism of MMP-2 Responsive Peptide Hybrid Liposome (MRPL) for downregulation of ECM in pancreatic

tumors; (B) Rhd penetration and distribution in pancreatic tumor (PSCs/Mia-paca-2 co-implanted) tissues after 2 weeks

’

treatment of the different PFD formulations; (C) quantification of the depth of Rhd penetration in tumors treated by the
PFD formulations; (D) the growth curves of PSCs and Mia-paca-2 co-implanted pancreatic tumors in mice treated by the

different PFD formulations, adapted with permission from [112].

3.1.4. Nanoparticles Targeting Exosomes

As a natural intercellular shuttle of miRNA, exosomes affect a series of physiological
and pathological processes in receptor cells or tissues, and are ideal nano carriers for
nucleic acid targeted delivery in vivo [117]. The antigen presenting function of dendritic
cells was utilized to develop a single membrane vesicle-based vaccine, which would
participate in repressing both melanoma (B16) and Lewis lung carcinoma (LLC) tumor
growth [118]. Utilizing exosomes to load NPs showed perfect biocompatibility. Xiong and
co-workers built NPs together laurate-functionalized Pt (IV) prodrug (Pt(lau)) and human
serum albumin (HSA) with lecithin, capsuled by the exosomes, had a good platinum
chemotherapy efficiency (Figure 7) [119].

Exosomes shed by cancer cells have also been designed on cancer diagnosis. Liu et al.
made exosomes immobilize on magnetic microbeads to produce fluorescent signal. They
qualified the exosomes in plasma samples from breast cancer patients for early diagnosis
of cancer in vitro [120]. Lewis et al. built an in vitro probe screening of bio-membrane
chips, which was composed of the captured exosomes and other extracellular vesicles in
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adenocarcinom in vitro [121].
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Figure 7. (A) Schematic illustration of the Pt(lau)HSA NP-loaded exosome platform (NPs/Rex) for efficient chemotherapy
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(C) the volume of orthotopic tumors; (D) typical lung tissues with visualized metastatic nodules (black arrows) and H&E

for metastatic nodules of lungs in each group, adapted with permission from [119].

3.1.5. Nanoparticles Targeting Tumor Vasculature

Using EPR more effectively and enhancing the permeability of vascular have been
widely studied in the latest nano therapeutics [122,123]. There are some reports that
used NO to improve the EPR effect in pancreatic cancer and other diseases with low
vascular permeability [122,124,125]. Other delivery systems like actively targeting VEGF
and «(v)(3) integrin were also used widely [126]. Integrins play important roles in cell
adhesion and cell signaling, and o(v)((3) integrin is one type of them that can modulate
angiogenic endothelial cells. Graf et al. described a NP using cyclic pentapeptide ¢(RGDfK)
to active target «(v)[3(3) integrin on cancer cells and tumor neovasculature [127].

To improve the diagnosis of tumor, Youbin and co-workers proposed the
poly(acrylicacid) (PAA)-modified NaLnF4:40Gd/20Yb/2Er nanorods ((Ln =Y, Yb, Lu,
PAA-Ln-NRs) to enhance the shifting of NIR-IIb (a general in vivo fluorescence imag-
ing technology), which successfully imaged the vessels of small tumors (about 4 mm),
metastatic tissue (about 3 mm), and even brain vasculatures (Figure 8) [128]. Cecchini et al.
reported a nanoMIPs against VEGF coupled with quantum dots (QDs) for tumor imaging
in melanoma [129]. In cholangiocarcinoma, o(v)(3(3) integrin also combined with aggre-
gation induced emission (AIE) for image-guided PDT, and presented a good antitumor
response [130].
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Figure 8. (A) Schematic illustration of the enhanced NIR-IIb emission of PAA-Ln-NRs via Ce3t doping for non-invasive
tumor metastasis/vascular visualization and brain vessel imaging; (B) schematic illustration of in vivo small tumor diagnosis
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different time periods; (C) schematic illustration of in vivo noninvasive brain vessel imaging by using the in vivo imaging
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3.1.6. Nanoparticles Targeting Multiconstituents

In addition to targeting single constituents, some NPs can regulate multiple barriers
and have also been simultaneously designed for tumor therapies. Targeting tumor cells
and immune cells simultaneously can effectively reduce the immune escape phenomenon
of TME. Shi et al. designed a versatile calcium ion nanogenerator. The degradation
and release of Ca?* by nanoparticles can promote the maturation of DCs by promoting
autophagy of DCs, and it can promote tumor cells to produce damage-associated molecular
patterns (DAMPs), further maturing DCs and the enhanced infiltration of CTLs at the
same time [131]. In addition, researchers have combined exosomes with immunotherapy.
Xie’s team synthesized responsive exosome nano-bioconjugates. They modified exosomes
derived from M1 macrophages with antibodies of CD47 and SIRPa. The broken benzoic-
imine bonds are cleaved to release antibodies of SIRPx and CD47 in the acidic TME
abolished the “don’t eat me” signal between tumor cell and macrophages [132]. The native
M1 exosomes reprogram the M2 macrophages to M1 effectively at the same time [132].

3.2. Physiological Condition Mediated Nanoparticles in TME
3.2.1. Hypoxic Stimulus

The hypoxic condition in tumor microenvironment is considered to play an important
role in malignancy and progression of cancer. Hypoxic areas of tumors also bring obstacles
to radiation therapy due to the oxygen free radicals [133]. Utilizing this characteristic, the
low oxygen response nano-delivery systems were produced.
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The approaches developed thus far can be classified into three categories: countering
hypoxia, exploiting hypoxia, and disregarding hypoxia [134]. (i) Directly or indirectly
elevating O, concentration to counter hypoxia is a promising way to improve the effi-
ciency of tumor therapy, especially for photodynamic therapy (PDT) and radiation therapy
(RT). PDT generates reactive oxygen species (ROS) by using light-excited photosensitizer
(PS), resulting in cell apoptosis and microvascular damage [125]. Red blood cells (RBCs)
carrying hemoglobin molecules are primary oxygen sources in our body. Because the
efficacy of PDT is deeply oxygen-dependent, a technique named RBC-facilitated PDT was
developed to improve hypoxia conditions in tumors. Wei et al. showed a nanocapsule
that encapsulated photosensitizers and tethered the conjugates onto RBC surface. By using
biotin-neutravidin-mediated coupling, they conjugated ZnF16Pc (photosensitizer)-loaded
ferritins onto each RBC [135]. This new structure, which could overcome low oxygen condi-
tions, showed efficient 'O, production to overcome low oxygen conditions and enhanced
PDT capacity [135]. For RT, an artificial nanoscale RBC will remarkably enhance the treat-
ment efficacy as well. For example, an artificial blood substitute perfluorocarbon (PFC) was
encapsulated with biocompatible poly(d,l-lactide-co-glycolide) (PLGA) and then further
coated with a red-blood-cell membrane (RBCM), showing efficient loading of oxygen and
significantly enhanced treatment efficiency during RT [136]. With increasing production of
H,0O; in cancer cells, NPs converting endogenous H,O, to toxic ROS and decomposing
endogenous HyO, to O, were rapidly developed. Noble metal nanoparticles like Mn, Au,
Pt, and Ir are well known for their catalytic performances in various fields [137]. MnO; is a
common material to enhance PDT treatment and imaging. Mn?* could react with H,O,
in the tumor, then downregulate the expression of HIF-1 to increase oxygen content and
optimize MRI imaging [138,139]. A nanoplatform based on mesoporous polydopamine
(MPDA) modified with Pt also produces O; by decomposing overexpressed HyO; in the
tumor. Meanwhile, the existence of Pt can act as a nano-factory to provide support for
PDT (Figure 9) [140]. (ii) Taking advantage of the deficiency of oxygen molecules is a
new approach for drug release and PDT. Yin et al. developed a novel amphiphilic block
copolymer radiosensitizers. After optimizing the ratios of carboxyl and metronidazole
(MN) groups, PEG-b-P(LG-g-MN) micelles could be used to encapsulate doxorubicin
(DOX@HMs) efficiently [141]. Hypoxia-responsive structural transformation of MN into
hydrophilic aminoimidazole triggers fast DOX release from DOX@HMs, which acted as
high-efficiency radiosensitizers and hypoxia-responsive DOX nanocarriers [141]. Some
drugs that are selectively toxic to hypoxic cells like Tirapazamine (TPZ) were designed to
combine with oxygen-dependent PDT to enhance bioreductive therapy. Shao’s group devel-
oped a core-shell upconversion nanoparticle@porphyrinic MOFs (UCSs) for combinational
therapy against hypoxic tumors [142]. TPZ was encapsulated in nanopores of the MOF
shell of the heterostructures (TPZ/UCSs), which enables the near-infrared light-triggered
production of cytotoxic reactive oxygen species [142]. Furthermore, with the combination
of PD-L1, this nanoplatform recruited specific tumor infiltration of cytotoxic T cells and
inhibited the metastasis of the tumor as well. Other methods like eliminating the oxygen
in the tumor, inhibiting the growth of tumor vessels, and stopping the nutrient delivery
to starve the tumor cells still have many challenges [143,144]. (iii) Using new anticancer
modalities to disregard hypoxia conditions becomes another innovative antitumor strategy.
PDT with diminished O, dependence will effectively overcome its strong oxygen depen-
dence and limitation of treating deep tumors. It has been reported that fractional light
delivery may be a superior way to enhance PDT effects due to the reduction of short-term
oxygen consumption during PDT [145]. Since the generation of oxygen-irrelevant free
radicals is oxygen-independent, and the exploration of UCNP is an inner light source to
activate most organic photosensitizers (PSs) to create cytotoxic 'O,, researchers discovered
that the Ru complex displayed excellent type I PDT activity [142,146]. Due to its special
Fenton reaction, Fe nanoparticles can produce reactive #OH species with endogenous
H,0, (Fe** + H,O, — Fe* + «OH * OH ™) and produce cytotoxic effects without external
energy through chemotherapeutic therapy (CDT). Yu et al. fabricated a core—shell struc-
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tured iron-based NPs (FesC,@Fe3;0y) to release ferrous ions in acidic environments to
disproportionate HyO, into #OH radicals, and its high magnetization is favorable for both
magnetic targeting and T2-weighted MRI [147]. In addition, gold nanospheres, graphene
oxide, polydopamine (PDA), and other materials have been widely used as PTT reagents
and nano carriers to deliver PDT reagents, so as to overcome the therapeutic limitations of
PDT [148-150].
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Figure 9. (A) Schematic illustration of the synthesis of MPDA-Pt-BSA/ Ce6/DOX (M-Pt-BCD); (B) schematic illustration of
the application of M-Pt-BCD for enhanced- PDT and synergistic therapy; (C) O, generation of H,O, blank, M-BCD and
M-Pt-BCD; (D) 10, production efficiency of HyO, H,O,, M-BCD and M-Pt-BCD; (E) confocal microscopic images of cellular
10, levels detected by DCFH-DA staining upon 650 nm irradiation; (F) tumor growth curves, reproduced by permission of
The Royal Society of Chemistry [140].

3.2.2. pH Response

pH responsive nano-vectors are one of the typical carriers for TME. Chemical bond
response to pH is one of the most widely used strategies in pH responsive nano delivery
systems. The most common pH sensitive bonds include hydrazone bond, imine bond,
oxime bond, amide bond, benzoic-imine bond, orthoesters, polyacetals, and ketals [151,152].
These chemical bonds break in acidic environments to degrade the carrier, and then
increase the uptake of tumor cells or accelerate drug release. When it comes to the design
of pH-sensitive materials, besides pH sensitive chemical bonds, other main strategies
are conformational change, protonation, and charge reversal with pH change [151]. For
example, Chen’s team developed a DNA-based stimulus-responsive drug delivery system
precisely responding to pH variations in the range of 5.0-7.0. On the face of the gold
nanoparticles, one DNA strand was an acti-MUC1 aptamer targeting tumor membrane, the
other DNA strand was switchable DNA, which has a linear conformation under neutral or
alkaline conditions and self-folds into a triplex under acidic conditions [153].
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In cells, nano-switches can react with endosomes and lysosomes and switch to triplex
in lysosomes, so as to achieve the goal of accurately drug release (Figure 10) [153]. Nanocar-
riers involved in protonation/deprotonation are mainly nano liposomes, peptides, and
polymers. The phospholipid components in liposomes are usually destabilized under
acidic conditions, so as to deliver the contents of liposomes to cells. In mouse cancer
models, Guangna et al. combined platelet membrane with the functionalized synthetic
liposome; because of its camouflage based on the platelet membrane, this platform en-
hanced tumor affinity and released DOX in acidic microenvironment more selectively and
efficiently [154]. The anionic/cationic polymers with different groups deform various
nanocarriers through the change of their hydrophilicity, which lead to drug release [155].
Inorganic salts such as MnO2, CaP, and CaCOj3 are widely used for pH response NPs
because of their acid solubility [156-158]. Ma et al. designed a pH-sensitive dye linked
peptide substrate of MMP-9 with Fe;04 nanoparticles, establishing a Forster resonance
energy transfer (FRET) system to detect the invasion and metastasis of tumor by detecting
the overexpression of MMP9 [159]. A pH responsive magnetic nanoparticle can combine
magnetic hyperthermia with drug delivery dependent on magnetic stimulation, achieving
the purpose of targeting TME and tumor treatment at the same time [160].
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Figure 10. (A) Schematic illustration of the DNA-based stimulus-responsive drug delivery system; (B) pH-responsive
regulation of the nanoswitch and drug release; (C) schematic illustration of DNA strands and the multidrug loaded on the
surface of AuNPs; (D) intracellular pH-responsive multidrug delivery and release, adapted with permission from [153].

3.2.3. ATP Response

Since the concentration of ATP in tumor cells is much higher than extracellular envi-
ronments and ATP is involved in many biochemical reactions in cells, NPs response to ATP
were widely developed. ATP sensitive NPs can release drugs without the help of external
forces. Zhengqi et al. developed nano ZIF-90 self-assembled from zinc ions and imidazole-2-
carboxaldehyde (2-ICA) to deliver DOX. Because the coordination between ATP and Zn2*
is much stronger than that between imidazole and Zn?*, nano ZIF-90 can be decomposed
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and respond to ATP [161]. Graphene oxide (GO) has been shown to bind single stranded
DNA. When the template DNA contains ATP binding domain and reached ATP specific
recognition, it could be circularized upon proximity ligation after hybridizing to linker
DNA on the surface of GO [162]. Then, rolling circle amplification was initiated from the
3’-end of the template DNA, and the elongated sequence was hybridized with thousands
of signal DNA (conjugated with Cy3), so as to amplify the template DNA, generate fluo-
rescent signals, and achieve the purpose of tumor monitoring [162]. Yuan et al. exploited
a ATP binding natural protein, GroEL (a bacterial chaperonin) loading DOX, once in the
presence of a critical concentration of ATP in tumor site, it releases drugs [163]. In addition
to using ATP as a switch for drug release, another way in which ATP participates is to
regulate its expression in cells with nanosystems. Xiao’s team exploited a multifunctional
theranostic platform combing CDT with limotherapy. While enhancing the CDT effect to
induce apoptosis of cancer cells, nano Se and Mn?* ions inhibited the production of ATP,
which made cancer cells starve and further killed tumor cells, monitoring the treatment of
tumors by MRI simultaneously [164].

3.2.4. Reduction Response

In addition to GSH, tumor cells also contain thioprotein, Fe2+, cysteine, and other
reductive substances, and the difference of GSH concentration between tumor cells and
TME makes a reduction-responsive drug carrier come true [165,166]. GSH/glutathione
disulfide (GSSG) is one of the major redox couples in cells, and adding disulfide bonds
to drug carriers is one of the most commonly used methods to build GSH responsive
drug carriers. There are many forms of GSH-responsive nano-vehicles (like micelles,
nanogels, nanoparticles), so as to improve the drug release successfully. For example,
in order to solve the problems of drug resistance caused by cancer stem cells (CSC),
Rubone (RUB, a miR-34 activator for targeting CSCs) and DTX were utilized to treat taxane
resistant prostate patients. A self-assembled DTX/p-RUB micelles showed good stability
in vitro and could be accurately delivered to tumor cells though the EPR effect. After the
tumor cells endocytosed the micelles, the micelles expanded and disintegrated due to
the protonation of diisopropylaminoethanol (DIPAE) and GSH induced disulfide bond
cleavage of acid endocytosis vesicles, which led to the rapid release of DTX and RUB.
The release of RUB upregulated miR-34a and regulated the expression of chemoresistance
related proteins, thus making tumor cells sensitive to DTX, significantly inhibiting the
progress of drug resistance [167]. Ling and colleagues constructed a self-assembled NP
platform composed of amphiphilic lipid polyethylene glycol (PEG), and it can effectively
deliver Pt (IV) precursor drugs through the elimination of GSH [168].

Some metal oxides like MnO; also have the potential of GSH response. MnO, reacts
with GSH in cells to form glutathione disulfide and Mn 2*, which leads to the consumption
of GSH and enhancement of CDT. In addition to the MRI features of Mn2*, MRI monitored
chemo- chemical combination therapy is realized [167].

3.2.5. Enzyme Response

Many enzymes like MMPs regulate the function of cellular components and take part
in tumor progression. From this prospect, the presence of these abnormal enzymes gives
the chance for researchers to build a sensitive system for drug release. The presence of
NO can activate endogenous MMP1 and MMP2, and researchers have developed an MSN
loaded with a doxorubicin (DOX) and NO donor to enhance the antitumor effect [169]. In
addition, PLGLAG peptide and gelatin are both main target proteins of MMP9 and MMP2,
which can be widely used to MMP responsive NPs [170-172].

According to the Warburg effect, the proliferation of tumor cells mainly depends on
aerobic glycolysis, so tumor cells are more sensitive to the change of glucose concentra-
tion. Glucose oxidase (GOx), an endogenous oxidoreductase, reacts with glucose and
02 in cells then produce gluconic acid and H,O,, which can inhibit the proliferation
of cancer cells through starvation therapy. In addition, HyO; can be transformed into
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oOH free radical to kill cancer cells and enhance the oxidative stress response of can-
cer cells [173]. Through GOX, starvation therapy can together with chemotherapy, CDT,
PDT, or immunotherapy to explore new strategies for cancer treatment. For example,
Mengyu et al. constructed a multifunctional cascade bioreactor based on hollow meso-
porous Cu2MoS4 (CMS) loaded with GOx for synergetic cancer therapy by CDT/starvation
therapy/phototherapy/immunotherapy [174]. First of all, CMS containing multivalent
elements (Cu'* /2*, Mo**/%*) showed Fenton like activity, which could produce - OH and
reduce GSH, thus reducing the antioxidant capacity of tumor. Secondly, in hypoxic TME
conditions, hydrogen peroxide like CMS can react with HyO; to generate O, activate the
effect of GOX, start starvation therapy, and regenerate HyO;. Finally, the regenerated HyO,
can participate in Fenton like reactions to realize GOx-catalysis-enhanced CDT. At the same
time, because of the excellent photothermal conversion efficiency under 1064 nm laser
irradiation, CMS killed tumor cells significantly in PDT. More importantly, the PEGylated
CMS@GOx-based synergistic therapy combined with anti-CTLA4 can stimulate a robust
immune response [174].

3.2.6. Multiply Response

A mesoporous silica-coated gold cube-in-cubes core/shell nanocomposites loading
DOX was combined with ArgGlyAsp (RGD) peptide to achieve a platform that can de-
liver drugs and produce O; in situ. This nano platform simultaneously enhanced pho-
todynamic efficacy, achieving heat- and pH-sensitive drug release and location imaging
(Figure 11) [175]. Lan et al. decorated an emerging class of highly tunable two-dimensional
material: cationic Hf12-Ru nanoscale metal-organic frameworks (Hf12-Ru nMOF), then
functionalized with pH-sensitive fluorescein isothiocyanate and targeting mitochondria,
utilized the pH and quantities of O, in the mitochondria to image living cells [176]. Yi
and colleagues developed a redox/ATP switchable theranostic NPs. They conjugated a
fluorescent probe (FAM) and a quencher (BHQ-1) to ATP, complexed with a GSH-sensitive
cationic polymer. This smart NPs loading fluorescent probes can monitor drug release
in vivo [177].
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Figure 11. (A) Schematic illustration of the synthesis process for the versatile RGD-
CCmMC/DOX nanovehicles; (B) schematic illustration of the therapeutic mechanism of the RGD-
CCmMC/DOX nanoplatforms to enhance the overall anticancer efficiency of triple-combination
photodynamic/photothermal/chemo-therapy in a solid tumor; (C) CLSM images of 4T1 cells treated
with different formulations under laser irradiation. The production of intracellular ROS and O,
generation were measured by the green fluorescence intensity of DCF; (D) fluorescence microscopy
images of 4T1 cells with various treatments using Calcein AM/PI staining, adapted with permission
from [175].
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4. Conclusions and Outlook

Traditional cancer diagnosis, chemotherapy, radiotherapy, surgery, and other treat-
ments have kept the high mortality rate of cancer patients, and this led us to develop
new strategies with more accurate diagnoses and more effective treatments. Using NPs
to treat cancers is an emerging approach. In addition to targeting tumors themselves,
utilizing TME and physicochemical properties to treat and orientate tumors have been a
great inspiration and challenge for the development of nanoparticles. More evidence is
needed for the clinical application of NPs, and here we summarize current results and
several challenges of NPs.

The special conditions of the tumor microenvironment give us superior delivery
conditions. The immunosuppressed environment of tumor causes “immune escape” and
serves as a good direction for the treatment of tumors. The extracellular matrix, enzymes,
and inflammatory factors also provide promising therapeutic targets. The physiological
features such as hypoxia, acidic microenvironment, and abundant angiogenesis also give
NPs good access conditions to reach tumor site and release drugs.

How to use the particular microenvironment of tumor to design delivered nanoparti-
cles is a big hurdle. A question that remains to be solved is how to deliver drugs to tumor
tissues more efficiently and specifically. PEG and zwitterionic materials can effectively
reduce the blood clearance rate. In order to improve the biocompatibility, it is also a
breakthrough for people to use the biological membranes to cover the material. According
to the EPR effect and the abundance of blood vessels in tumors, drugs will be delivered to
tumor tissue precisely, hence improving therapeutic efficiency for tumors. However, there
is a huge difference between the internal environment of human beings and that of animal
models, and how to reduce the side effects of materials and systems is what we need to
work on. Clinical trials on nanoparticles are yet to be developed, and we should make
more efforts to develop safe and efficient therapy strategies.
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Abbreviations

Abbreviation  Full terms

TME Tumor microenvironment

ECM Extracellular matrix

NPs Nanoparticles

EPR Enhanced permeation and retention
MSNs Mesoporous silica nanoparticles
MNPs Magnetic nanoparticles

GNPs Gold nanoparticles

CAFs Cancer associated fibroblasts

T cell T lymphocyte

B cell B lymphocyte

ROS Reactive oxygen species
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