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Abstract

Reactive oxygen species (ROS) play a double-edged-sword role on various
physiological functions. The low or normal level of ROS can participate in the
regulation of redox homeostasis, immune function and associated cell signaling.
Nevertheless, the high level of ROS can induce cellular dysfunction and increase risk
of chronic diseases and carcinogenesis. Therefore, excessive generation of ROS in
lesion site has been a new target for treating diseases. Recently, nanomaterials-regulated
in vivo ROS have received increasing attention, which dynamically guide process of
ROS in biological milieu. This a new-generation therapeutic methodology ascribes to
advances of ROS science, including ROS chemistry, ROS biology ROS
nanotechnology. Especially, the advance of ROS nanotechnology promotes to fabricate
various nanomaterials with ROS-regulating properties.

Chapter 1. 1. Introduction

Reactive oxygen species (ROS) are crucial for physiological functions of every aerobic
organism. It not only is deemed as critical second messengers for regulating cell
signaling pathways, but also plays a significant role on cell survival and death.'
Chemically speaking, ROS are also defined as collective term that is comprised of
incomplete reduction of oxygen. It includes hydroxyl radical (*OH), singlet oxygen
(10?), superoxide anion(O¢") and hydrogen peroxide (H,0O2). Importantly, ROS are
double-edged sword. At lower or moderate levels, the intracellular ROS are necessary
for redox homeostasis, immune function and cell signaling.> A wide factors, such as
pathogen invasion, ages, radiation, etc., and imbalance of ROS generation and
scavenging activity from endogenous antioxidant, cause excessive ROS generation.
The high level of ROS leads to severe damage to cell structure, normal function, cellular
components (such as lipids, DNA and proteins), elevation of cytosolic Ca*" and other
impairment to cells, even resulting in cell death (Figure 1.1a).?

Excessive ROS can lead to the necrosis and/or apoptosis malignant cells, exhibiting a
potential therapeutic strategy for tumor therapy. Therefore, materials that can assist to
produce more ROS, has received increasing attention from scientists. With introduction
of different exogenous stimulus, for example, light, ultrasound and radiation, various
dynamic therapy strategies, such as photodynamic, sonodynamic radiation therapies
have been developed.

Additionally, massive accumulation of ROS can exacerbate oxidative stress, which
affects the transcription and expression of genes towards abnormal level, change crucial
signaling pathways of cell and modulate inflammatory responses. Therefore, the
oxidative stress leads to many serious diseases, for example, inflamed diseases
(inflammatory bowel disease, periodontitis, sepsis), neurodegenerative disease
(Alzheimer’s Disease, Parkinson’s Disease), atherosclerosis, cardiac repair and some
other diseases (Figures 1.1b, c, d). These diseases have a serious impact on human
health and quality of life.* Based on unpredictability of related biological processes
about ROS, it is of great significance in regulating and controlling ROS concentrations
within an expected threshold for initiating optimally therapeutic effects.
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Figure 1.1 (a) The schematic diagram of oxidative stress-induced diseases.® (b) The
mechanism diagram of oxidative stress-induced neurodegenerative diseases. (c) The
pathogenesis diagram of oxidative stress-induced cancers. (d) The pathogenesis
diagram of oxidative stress-induced related diseases of inflammation.

1.2 ROS science

In the past century, the ROS generation processes and physiological roles of ROS in
organisms were gradually unveiled by biologists. The reaction mechanisms involved
ROS, such as pathways and kinetics, were gradually investigated by chemists. On this
basis, nanomaterials for guiding dynamic behaviors of ROS were designed by materials
scientists. Thanks to more and more ROS-related researches, artificially ROS-related
materials and nanotechnology, the concept of “ROS science” is proposed. ROS-based
chemical mechanisms, nanomaterials and biological effects are integrated into one,
which is believed to be an emerging discipline. Attributing to three subdisciplines of
ROS biology, ROS chemistry, and ROS nanotechnology, ROS science provides new
and rational therapeutic strategies for various therapeutic modalities, for example,
tumor therapy, anti-inflammatory therapy, wound disinfection and cellular detection
(Figure 1.2).° According to different biological scenarios, ROS-based nanomedicine are
designed to regulate ROS generation, depletion processes, realizing remarkable ROS-
based therapeutic effect.
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Figure 1.2 ROS-based nanomedicine for various applications.’

Self/co-assembly has drawn huge interesting on change from disorder into order.® The
phenomenon of self/co-assembly can be seen everywhere. From inorganic substance to
organic substance, from lipid, amino acid and nucleic acid molecules to phospholipid
bilayer, protein structure and double helix structure of genetic material, and from
individual cells to tissues, even living organisms. Therefore, self/co-assembly plays a
crucial role in the structure, functions, and properties of natural substance.” Inspired by
nature, the development of multifunctional and advanced nanomaterials has exhibited
huge potential through self-assembling strategy. From the molecular building blocks to
complex nanomaterials are bridged by self-assembly method via complicated
intermolecular interactions. The self/co-assembling method possesses a few advantages,
including high encapsulation efficiency, reduced system toxicity and easy
maneuverability. With the development of self-assembly technology and regulation of
self-assembling process, multifunctional and different-structured nanomaterials have
exhibited huge potential to fabricate for various applications.

1.2.1 Physiological roles of ROS

ROS generation is involved in UV light exposure, environmental stress and byproduct
from many physiological processes. As canonical ROS sources, mitochondria easily
generate ROS for ATP synthesis due to the imperfect electron transport chain.®
Moreover, the process of disulfide bond formation from oxidative protein in the
endoplasmic reticulum lumen, is primary source of ROS.” NADPH oxidases are
another source of ROS production in cell membranes.!? Additionally, pathogens-killed
phagosomes and peroxisomes are as classic examples of organelles for locally
generating ROS. 12

ROS can serve as intracellular signaling molecules, play a vital role in multiple layers
of control to mediate physiological functions.!®> For example, ROS can regulate cell
migration, promote stem cell proliferation and influence subsequent neurogenesis.'*!
All coins have two sides, thence ROS is no exception. In normal cells, ROS at the redox



homeostasis can carry out physiological regulation as messengers, which can not only
sustain the normal physiological functions and reduce the risk of diseases. However,
excessive ROS can cause damage to tissues and cells, including DNA, proteins, and
lipid. It was first demonstrated that ROS could induce carcinogenesis in 1981 due to
characteristic of increased aerobic glycolysis existing at different forms of cancer cells.
Therefore, excessive ROS can induce cellular dysfunction and increase risk of several
chronic diseases and carcinogenesis. Ulteriorly, excessive ROS are produced in cancer
cells, which further induce upregulation of endogenous cellular antioxidants for self-
survival through shift of redox dynamics.!® This process maintains new redox
homeostasis and low toxic threshold ROS level, leading to cancer cells metastasis. In
summary, ROS associated redox homeostasis play a significant role in normal tissue
and cancer cells.

1.2.2 Chemistry exploration of ROS

ROS chemistry has made great progress and gradually uncovered intercorrelations
between ROS and materials, biological milieu since reported Fenton reaction in 1894.
ROS generation is ubiquitous in chemistry. Materials can assist exogenous energy to
converse to ROS through different catalytic reactions. For example, H>O: is capable of
generating explosive ROS in the presence of transition metal ions such as Cu*" and Fe**;
TiO> was used as photocatalysis to catalyze H>O for -OH generation.!” With the in-
depth study of ROS-generating catalysts, increasing materials provided ROS generation
are developed for applications of disease treatment. It has emerged enormous potential
for application of ROS biology.

Another source of ROS generation is biological systems. Especially, mitochondria are
as main location. ROS generation derived from O molecules electrons can react with
electrons get off the mitochondrial respiratory. Moreover, isoforms of NADPH oxidase
complexes in cytomembranes, flavoenzyme ERO1 loaded in the endoplasmic reticulum
promote to generate ROS in some cancer cells. In addition, catalytic ROS generation is
developed via lipoxygenases, cyclooxygenases, xanthine oxidase, and metal ions (such
as Fe** and Cu?").

Importantly, the reaction characteristics of ROS is high reactivity, specificity and
diffusibility. High reactivity of ROS exhibits nonequilibrium state and involves
different various ROS reactions. Then specific ROS can further mediate various redox
arrays. The diffusibility of ROS demonstrates that compartmentalization of ROS is
existent. Therefore, it is of great important significance to explore ROS biology with
advances in ROS chemistry.

1.2.3 Nanotechnology innovation of ROS

The development of nanotechnology is an important bridge between physiological
function of ROS and chemical materials with ROS depletion, generation, or transition
functions. Therefore, multifunctional nanomaterials constructed by nanotechnology are
participated in regulating ROS level for maintaining cellular redox status. ROS-based
nanotherapeutic modalities are gradually developed.

Materials are extracted from nature or created to novel materials by synthetic chemists.



Materials are further optimized through decreasing to nanoscale for promoting the
tissue penetration and cellular uptake, providing binding sites for ambient reactive
molecules. Notedly, designed nanomaterials are endowed with ROS-regulating
functionals via the integration of intrinsic characteristics, especially chemical features,
and extrinsic properties, such as particle size. The ROS-based nanomaterials are
employed in therapeutic application, which has obtained fulfilling therapeutic effects
and further promote nanomedicine innovation.

The great progress has been made in ROS-based nanomedicines. Nevertheless, the
thorny issues, such as biocompatibility, bioavailability, biodegradability, loading
efficiency and extra immune response, still exist, which limit bioapplication of
nanomedicine. It needs researchers to explore more efficient technology with fewer side
effects for design nanomedicines. It is of great significance for advances in
nanomedicine applications.

1.3 Assembly nanotechnology

Nanotechnology as an emerging technique, is capable of constructing multitudinous
nanomaterials for diagnosis and therapy. Assembly as one of nanotechnologies has
made great progress for fabricating nanomedicine.

Based on that the phenomenon of assembly can be seen everywhere, from inorganic
substance to organic substance, from lipid, amino acid and nucleic acid molecules to
phospholipid bilayer, protein structure and double helix structure of genetic material,
and from individual cells to tissues, even living organisms. It follows that assembly
plays a crucial role. Inspired by this, self-assembly or co-assembly strategies are
gradually employed for fabricating diverse nanomaterials. The assembly process is
accompanied by noncovalent interactions, including hydrogen bond, hydrophobic
interaction, electrostatic interaction, m—m stacking, Van der Waals interaction,
coordination interaction, and covalent interaction.'®

The hydrogen bond drives from mutual attraction between hydrogen atoms and
electronegative atoms via dipole-dipole interaction. The common electronegative
atoms include nitrogen, oxygen and fluorine atoms. The strength and direction of single
hydrogen bond is not favorable to construct stable supermolecular structure. Therefore,
the development of multiple hydrogen bonds is an important approach for stable
supramolecular structure with ordered structure.!” Moreover, pH value, temperature and
solvent polarity effectively impact the strength and direction of hydrogen bond.?**!
Thence, the polymer materials with unique response property, structure and
morphology are designed according to actual demand. It is benefit for further targeted
application at the disease site for the purpose of personalized medicine.

The hydrophobic interaction is a force caused by the close proximity of hydrophobic
groups to avoid water. It plays an important role in the self-assembly of molecules
containing hydrophobic groups, which is a spontaneous process to fabricate more stable
material structure. For example, hydrophobic ammonia acid side chains, nucleic acid
bases and hydrocarbon chains of fatty acids in biomolecule structures. Yan’s group has
reported that hydrophobic structure in bovine serum albumin is chose as carries to load
photosensitizer pheophorbide a. The constructed nanodrugs are applied for anti-tumor



through photothermal effect.??

The electrostatic interaction is a force formed between ions with charges. It includes
attraction of inversely charged groups and repulsion of same charged groups.
Importantly, electrostatic interaction is closest to covalent interaction in strength
compared with the other noncovalent interactions, which can be employed for
fabricating preliminarily designed nanoparticles. Additionally, electrostatic interaction
also used to adsorb motivated molecules for further researches. For example, Ma’s
group has reported that calcium ions were chelated with acidic residues on the outer
membrane of bacterial outer membrane vesicles to facilitate the CaP nucleation.?®

The n—n stacking interaction is a kind of weak interaction between aromatic rings based
on the special spatial arrangement of aromatic compounds.?* In biological systems, the
n—n stacking interactions play an important role on nuclear bases in DNA and RNA
molecules, protein folding, template-guided synthesis and molecular recognition. The
introduction of m—r stacking interaction into supramolecular polymer materials has also
greatly promoted the development of materials science with the deep understanding of
n—n stacking.

Fluctuations of electron distribution on the groups cause changes in the dipole moment,
and the interaction between the corresponding dipoles is called the van der Waals
interaction. Van der Waals interaction is a universal weak force between atoms and
molecules, showing much weaker than hydrogen bond. Therefore, Van der Waals
interaction is rarely main driving force in self-assembly systems.

Coordination interaction is a special kind of covalent bond. The coordination bond is
formed through one atom alone supplying a pair of electrons to another atom without
any electrons. There are many inorganic complexes in living organisms, which are
formed by the coordination between biological ligands and metals, such as
metalloenzymes, chlorophyll, vitamin B12. Coordination interaction plays an important
role in mediating assembly.?

Polyvalence and synergy of interactions are beneficial for constructing stable
nanoparticles. Because the single intermolecular interaction is very weak and unstable.
Additionally, organisms formed organizational structures and performed biological
functions adopt "polyvalent" and "synergistic" strategies. Inspired by these, designed
nanomedicines are fabricated by multiple interactions. Yan’s group has reported
assembled peptide—porphyrin photothermal nanodots (PPP-NDs) (Figure 1.3a).%
During assembly process, n-stacking and hydrophilic interaction as main driving forces
promote to self-assemble nanodots (Figure 1.3b). Especially, strong n-stacking plays a
significant role, which both completely quenches fluorescence and inhibits ROS
generation for achieving highly efficient light-to-heat energy conversion. Moreover,
multifunctional photodynamic drugs are fabricated via assembly of amphiphilic
peptides, Mn?" and photosensitizer chlorin e6 (Figure 1.3¢).2” This assembled process
depended on coordination, hydrophobic, and n—= stacking interactions. These examples
mentioned above demonstrate that a stable structure depends on multiple forces.
As-prepared nanoparticles constructed by multiple noncovalent interactions perform
many favorable advantages: Firstly, the preparation approach is simple manufacturing
process. Secondly, nanoparticles possess multiple noncovalent coordination and



noncovalent interactions for fabricating nanomedicines, achieving robust construct for
long blood circulation and susceptible response to environmental variations for targeted
burst release. Thirdly, nanoparticles possess high encapsulation efficiency. These
advantages indicate that the assembly approach has potential to fabricate specialized
nanoparticles for bioapplications.
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Figure 1.3 (a) The schematic illustration of the self-assembled PPP-NDs.?® (b) A
molecular dynamics simulation of self-assembled PPP-NDs. (c) The schematic
illustration of the self-assembled photodynamic drugs through the synergy of
coordination bonds, n—r stacking and hydrophobic interactions.?’

1.4. Bioapplication
1.4.1 Anti-inflammatory therapy

Inflammation is an essential and natural defense response to tissue damage or
pathogenic infection in the body. Uncontrolled inflammation can induce the
development and progression of various diseases associated with inflammation,
seriously affecting human health. ROS as an important signal in inflamed sites, are
overprocessed and perform negative effects on tissues. Therefore, targeted strategy to
ROS is a potential approach.

Aiming at the overproduction of ROS, a large amount of antioxidants are developed for
scavenging excessive ROS. The ROS scavenging mechanisms of various antioxidants
have reported.?® For polyphenol scavengers, including teas, coffee, fruits, fruit juices,
vegetables, etc., the mechanisms of antioxidant activity are ascribed to chelate with
metal ions, activate antioxidant enzymes, inhibit oxidases and transfer electrons of free
radicals (Figure 1.4a). For polysaccharides scavengers, their protective effects attribute
to chelate metal catalysts, promote activation of enzymatic defense system, and act on
oxygen removal, singlet oxygen quenching and free radical breaking (Figure 1.4b). For
poly(amino) and peptides scavengers, the mechanisms are ascribed to chelate metal and
inactivate free radicals (Figure 1.4c). For mimetic enzyme-based scavengers, mimetic
enzymes can be complete to scavenge excessive ROS. Additionally, other synthetic
polymeric ROS scavengers are developed for achieving ROS clearance, but are few
employed for clinical appliacation.?*** Many antioxidant enzymes, such as glutathione



peroxidase (GPx) and superoxide dismutase (SOD), and naturally antioxidant small
molecules, such as vitamin C and vitamin E, can prevent cells and tissues from
oxidative damage, even associated inflammatory diseases. Nevertheless, these
antioxidant enzymes and antioxidant small molecules are restricted in their low
bioavailability owing to instability in hostile conditions. In addition, chemically
synthesized antioxidants are very common in life, for example, butylated
hydroxyanisole, butylated hydroxytoluene, ethoxyquin and propyl gallate. They play
multiple roles on radioprotection, anti-tumor activity, antimutagenic activity, and acute
toxicity of chemicals prevention. But the synthesized antioxidants can cause adverse
effects, such as increased toxicity of other chemicals, increased mutagen activity, even
increased risk of other cancers. Recently, naturally occurring, small-molecule bioactive
compounds, such as curcumin, resveratrol, bilirubin, rosmarinic acid and
epigallocatechin gallate, have drawn increasing attention for their anti-inflammatory,
antimicrobial, and anticancer activities. However, the poor water solubility and further
induced low bioavailability severely hinder bioapplication and further translation to
clinical development.°

To overcome these disadvantages, carry strategies are developed, including liposome,
polymer, biomimetic bacteria and inorganic nanomaterials. Nevertheless, low loading
efficiency, systemic toxicity, easy leak, tedious manufacture, extra inflammatory and
immune response derived from the synthetic components, still need to be addressed,
which seriously hinder bioapplication and clinical application. Therefore, it is of great
importance to develop creative, valuable and ideal drugs for disease treatment. Notedly,
fabricated multifunctional nanodrugs by the assembly strategy perform favorable
advantages, such as high loaded-drug rate and reduced system toxicity. Some
researchers have made great progress for various diseases treatment.
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polysaccharides scavengers. (¢) The mechanisms of poly(amino) and peptides
scavengers.

1.4.1.1 Anti-inflammatory bowel disease therapy

Inflammatory bowel disease (IBD) as one of main threats to public health, significantly
decreases life quality of patients and increases risk of colon cancer.’! Current
therapeutic drugs include antibodies, antibiotics and small molecular drugs, which lead
to antibiotic resistance, multiple complications and immunological response.*? In recent
years, enzyme proteins have received increasing attention due to high specificity
compared with other therapeutic drugs. Nevertheless, enzyme proteins easily suffer
from hydrolysis and enzymatic degradation in hostile conditions, such as stomach acid,
proteases. To overcome these problems, encapsulation strategies of various
nanocarriers and chemical modification from hydrophilic and neutral polymers have
been developed. Chen’s group propose targeted nanoparticle for the local IBD
treatment.*® Firstly, SOD is selected as desirable antioxidant that could alleviate
mucosal injury. Secondly SOD-containing lipid—polymer hybrid nanoparticles are
prepared by self-assembly approach and modified with folate ligands to obtain SNP-
FA (Figure 1.5a). As-made SNP-FA exhibit many advantages, including good stability,
long residence time and high permeability at mucosa, and targeted ability in the
inflamed colon (Figure 1.5b). In vivo results demonstrate that SNP-FA nanoparticles
can effectively mitigate inflammation in colitis mice.

Moreover, the mechanism of delivered drugs need to be further clarified. The
therapeutic drugs are generally loaded by covalent conjugation or physical loading
methods. Because the non-covalent conjugation way via non-covalent forces greatly
affects loaded-drug capacity and efficiency, drug stability and drug release kinetics. It
is more potential to explore non-covalent interactions between drug molecules and
carrier material in drug delivery systems. Jianxiang Zhang and his colleagues
investigate the self-assembly of cyclodextrins (CDs) with hydrophilic copolymers
could be mediated by guest molecule.** In this work, CD-containing polymers are used
to fabricate nanosystems, then are interacted with Tempol (Tpl) that acts as superoxide
dismutase mimetic for antioxidant and anti-inflammatory through host—guest
interaction as (Figure 1.5¢). In comparison with free Tpl at the same dose, the inhibited
expression levels of pro-inflammatory cytokines by the assembled Tpl/PEG-P(bCD)
nanoparticles are not altered, indicating that assembled nanoparticles still release Tpl.
It demonstrates that CDs with block copolymers are expected to be developed drug
delivery systems for various disease treatment by non-covalent interactions.

With the in-depth study of IBD, the gut microbial ecosystem is closely related to IBD,
exhibiting reduced diversity of gut microbiota due to the unbalance between pathogenic
and commensal microorganisms.*® Tea polyphenols have performed preventive
antioxidant effects on anti-inflammatory, antimicrobial. However, their water-insoluble
characteristic and low bioavailability limit their bioapplication and clinical
development. In addition, the interrelations with the gut microbiota in IBD have been
unclear. Inspired by the above, Raffacle Mezzenga uses amyloid fibrils as templates to
combine with polyphenol compound epigallocatechin-3-gallate (EGCG) for IBD



therapy (Figure 1.5d). Due to highly self-associate tendency in water, EGCG molecules
accumulatively self-assembled on structural support amyloid fibrils. As-obtained
hybrids perform high loading efficiency, good chemical stability, utilization of high
concentration compared with single polyphenols. During treating IBD, EGCG can
inhibit the enrichment of gut microbiotas associated with inflammation, such as
Aestuariispira (OTU17), Escherichia (OTU3) and Bacteroides thetaiotaomicron
(OTUS). Formed hybrid nanofilament based on EGCG deposited on the surface of the
amyloid fibrils perform both prolonged retention time and regulation of gut microbial,
achieving remarkable anti-inflammatory effect.

In summary, assembled nanomedicines effectively overcome disadvantages of
instability of antioxidant enzymes in hostile conditions, release drugs, and improve
bioavailability of hydrophobic drugs for IBD treatment.
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Figure 1.5 (a) The preparation process of SOD-containing lipid—polymer hybrid
nanoparticles.> (b) As-prepared SNP and SNP-FA nanoparticles for IBD therapy
through oral administration. (¢) Schematic of affinity nanoparticles by self-assembling
CD-containing host copolymers and guest polymer and drug by host—guest
interactions.>* (d) The schematic diagram of as-obtained hybrid nanofilament by
combining amyloid fibrils with polyphenol for treating IBD through anti-inflammatory
and the regulation of gut microbial dysbiosis.*

1.4.1.2 Periodontal disease (PD) therapy

PD is chronic inflammatory disease induced by oral polymicrobial pathogens and
microbiological plaque, and companied with lots of ROS generation for aggravating
inflammation.?® If PD is not treated in time, it will be caused tooth loss and destruction
of adjacent connective tissue. The current strategy for PD is antimicrobial agents, such
as antibiotics that inhibit recolonization of pathogenic bacteria.’” However, long-term
use of antimicrobial agents easily induces many side effects, including drug resistance,
gastrointestinal intolerance, hypersensitivity.® In addition, antimicrobial agents are
difficult to reach enough antibacterial concentrations at the disease site. Therefore, local



drug application can effectively bypass these disadvantages. Bernd Kreikemeyer and
his team design self-assembling peptides (SAP) hydrogel.*® Hydrogel agents
intrinsically possess favorable properties, such as adhesion benefit for retention in
periodontal pocket, controlled and prolonged drug release, syringability. Moreover, as-
obtained two SAP hydrogels (P11-4 and P11-28/29) exhibit many advantages of
intrinsic antimicrobial characteristic, drug delivery capacity and regenerative potential.
This P11-SAP hydrogel provides new thought for PD therapy.

To meet the severe change of antimicrobial resistance, many researchers have made a
lot of efforts. Polypeptide-based nanostructures are developed to effectively destroy
bacteria due to membrane disruption mechanisms of antimicrobial peptides. If bacterial
protein or cytoplasm cannot be completely attacked, antimicrobial resistance is difficult
to overcome. To address this issue, Jianzhong Du and his group fabricate dual corona
vesicles with intrinsic antibacterial activity for biofilm-caused periodontitis.*’ In this
work, two block copolymers of PCL-b-P(Lys-stat-Phe) and PEO-b-PCL are co-
assembled into a dual corona vesicle. PEO has capability of penetrating polymeric
substances on the cell surface, and P(Lys-stat-Phe) has intrinsic antibacterial activity
ascribed to positive charges. Obtained result demonstrates that the antibiofilm activity
is remarkably improved through the combination of PEO and P(Lys-stat-Phe). In this
work, ciprofloxacin hydrochloride as broad-spectrum antibiotic is loaded into the dual
corona vesicle, effectively eradicating biofilm and mitigating periodontal symptoms.
In a word, antibacterial peptides and copolymers with intrinsically broad-spectrum
antibacterial activity are selected to self-assembled unique dosage form for loading
antibiotic drugs. As-obtained antibiotic-loaded dual corona vesicles achieve desirable
treatment effect with reduced dosage of 50%, benefiting for reducing side effects of
antibiotic resistance.

1.4.1.3 Sepsis therapy

Sepsis is a disease derived from dysregulation of the host immune response to infection,
threatening people's health seriously due to high morbidity and mortality.*! Except for
bacteria, ROS generation can also trigger multi-organ failure during sepsis, scavenging
ROS as a significant target is able to prevent sepsis.*” Many antibiotics and anti-
inflammatory agents are employed to attenuate inflammation response. However, the
concern problems, including rapid metabolism, high toxicity and poor bioavailability,
still exist. In addition, poor targeting to infectious tissues severely handers therapeutic
effect. It has been reported that microenvironments (IMEs) exhibit activated blood
vessels, more bacterial enzymes, low pH. Enlightened by the features of IMEs, Wang's
team designed bioresponsive nanoparticles to target IMEs for sepsis treatment.* Firstly,
amphiphilic block copolymer (Biotin-PEG-b-PAE(-g-PEG-b-DSPE)-b-PEG-Biotin)
with pH/enzyme responses was synthesized and self-assembled into nanoparticles.
Secondly, the anti-inflammatory agent (2-[(amino-carbonyl) amino]-5-(4-
fluorophenyl)-3-thiophenecarboxamide, TPCA-1) and antibiotic (ciprofloxacin, CIP)
were encapsulated with aforementioned nanoparticles. Finally, intercellular adhesion
molecule-1 (ICAM-1) antibody was used to coat on the surface of as-prepared
nanoparticles for targeting infectious tissues. As-prepared multifunctional nanodrugs



can effectively treat the mouse sepsis.

Furthermore, Zhou’s group designed antioxidant melatonin (Mel)-deliveried ROS-
responsive nanoparticles for attenuating sepsis-caused liver injury.* Due to that Mel is
well known as promising broad-spectrum antioxidant and free radical scavenger.
Nevertheless, its narrow therapeutic window and low bioavailability severely restrict
therapeutic effect. Therefore, diblock copolymers of poly (-propylene sulfide) (PPS)
and poly (ethylene glycol) (PEG) were self-assembled delivery system (mPEG-b-PPS-
NPs) to encapsulate Mel, which overcame poor pharmacokinetic properties.
Importantly, the platform performed sustained and on-demand release merits. /n vivo
results demonstrated that Mel-loaded mPEG-b-PPS-NPs showed high efficiency in
alleviating oxidative stress, and subsequent liver injury.

In summary, self-assembled nanoparticles not only perform biological responsiveness,
but also are expected as cargoes to deliver antioxidants, antibiotics and anti-
inflammatory agents, achieving targeted function and overcoming poor
pharmacokinetic properties. Major mechanism of targeting property ascribes to the
imbalance of assembly-disassembly between noncovalent interactions.

1.4.2 Atherosclerosis therapy

Atherosclerosis is regarded as a chronic inflammatory disease, threatening human's
health, even causing death worldwide.* Oxidative stress induced by the elevated level
of ROS is directly related to atherosclerosis pathogenesis. Because low density
lipoproteins are oxidized, further trigger development of atherosclerotic lesions. Thence,
an increasing number of antioxidants have been developed for reducing ROS generation,
alleviating oxidative stress, further achieving the treatment of atherosclerosis. However,
so many problems, including no targeting property, distribution, rapid metabolism,
short retention time of antioxidants still exert, leading to afford unsatisfactory effects.
Therefore, Hu’s group has designed a broad-spectrum ROS-scavenging nanoparticles
for atherosclerosis therapy. In this work, superoxide dismutase mimetic agent Tempol
is covalently conjugated with a hydrogen-peroxide-eliminating compound of TPCD
(phenylboronic acid pinacol ester onto a cyclic polysaccharide B-cyclodextrin). As-
prepared TPCD is self-assembled to TPCD nanoparticles.*® As-obtained nanoparticles
are capable of scavenging multiple species of ROS, of effectively alleviating oxidative
stress-induced relevant product, and of further preventing the atherosclerosis
progression. Importantly, TPCD nanoparticles have the targeted characteristics of
atherosclerotic plaque through i.v. administration, effectively improving efficiency of
atherosclerosis therapy.

The activated platelets and water-fast fibrins as two blood factors can trigger thrombus,
further atherosclerosis. Tirofiban as antiplatelet agents can effectively attenuate arterial
thrombosis. Tissue plasminogen activators are famous for lysing thrombus and
degrading fibrin. Nevertheless, their side effects and narrow therapeutic window of
antiplatelet agents restrict clinical applications. With in-depth learning about ROS
biology, ROS chemistry, and ROS nanotechnology, creative nanodrugs are developed.
Dongwon Lee and colleagues design fibrin-targeted and H>O»-responsive FTIAN
nanoparticles for atherosclerosis therapy.*’ Due to a burst of H,O, generation during



activating platelet, boronate antioxidant polymer (BAP) with H>O»-responsive is used
to scavenge H>O» and convert HBA. Next, obtained HBA is used for antiplatelet and
anti-inflammatory owing to Gastrodia elata. The fluorescent dye IR820 is conjugated
with BAP to obtain fBAP. achieving noninvasive photoacoustic imaging about
atherosclerotic plaque structure and composition. Then fBAP is assembled to FTIAN
nanoparticles. This work provides a promising nanotheranostic agent with integration
of diagnosis and treatment for the atherosclerosis therapy.

In summary, based on the knowledge of ROS biology, and chemistry, self-assembled
nanoparticles possess H>O»-responsive property for targeting atherosclerosis therapy.

1.4.3 Neuroprotective disease therapy

Neurodegenerative diseases with increased morbidity and mortality, for example,
Parkinson’s disease (PD) and Alzheimer’s disease (AD), have always been a medical
challenge. Lots of researches have substantiated that excessive generation of ROS can
exacerbate neurodegeneration. For example, higher than normal levels of ROS can
cause dysregulation of intracellular Ca®* signaling, leading to more production of ROS
for inducing an apoptotic cascade.*® The pathogenesis is diversified that ROS are
involved with neurodegenerative disorders. In AD, amyloid-f peptide (Ap) acts as an
important key to induce intracephalic oxidative stress. To address this difficulty, an
increasing number of nanomedicines have been developed to inhibit AP aggregation.
Qu’s group select AB15-20 (Ac-QKLVFF-NH>) as targeted amyloid specific sequence
and poly oxometalatess (POMs)  Wells-Dawson-type = phosphotungstate
(Ks[P2CoW17061]) as AP aggregation inhibitors to prepare POM/peptide composites
(POM@P) by straightforward self-assembly method.*” As-made POM@P
nanoparticles exhibit favorable advantages, including specific targeted-Ap ability,
enhanced inhibition efficiency and increased side effects of POM. This work has been
spotlighted as a potential targeting agent for treating AD.

Moreover, it has been reported that a zinc-finger-like supramolecular complex is
capable of targeting and binding 16-23 region of the A peptide with a-helix form for
preventing AP from aggregating. Therefore, Qu’s group fabricate nanoparticles through
self-assembling bioactive hexapeptide (Ac-QKLVFF-NH ») extracted from AP and M-
enantiomer (NiM) to prepare NiM@P nanoparticles. As-prepared NiM@P
nanoparticles with well-defined spherical structures not only enhance the local density
of peptide mass, but also improve targeting efficiency for inhibiting AB aggregation.>
In conclusion, the integration of ROS biology, ROS chemistry and ROS
nanotechnology promote development of multifunctional nanomedicines for treating
various diseases Especially, lots of biomolecules, such as peptide and DNA, are
introduced to prepare well-defined supramolecular architectures  with
multifunctionality for treating different diseases under clear disease mechanism.

1.4.4 Cardiac repair

Myocardial infarction (MI) as one of cardiac diseases has high morbidity. Retained stem
cells are threatened by oxidative stress damage induced by ROS, and are restricted to
adhere to extracellular matrices of the heart tissue because of disrupted focal contacts,



causing low survival rate of implanted stem cells.’'Moreover, implanted stem cells are
unevenly distributed in MI area, resulting that the disrupted cell—cell communication is
deteriorated. To solve this shortcoming, injectable hydrogel has been developed to
deliver stem cells into MI area, and effectively enhance the retention time of stem
cells.>? To further overcome the triggered oxidant stress damage from ROS in MI area,
an injectable hydrogel with favorable antioxidant activity has been reported by Yang
team. The injectable hydrogel is employed as cargoes of stem cells for cardiac repair.>
In this work, fullerenol/alginate hydrogel are prepared by ionic cross-linking method
and can remove excessive ROS to fullerenol cage through transferring electrons.
Importantly, it further mitigates JNK phosphorylation induced by H>O» and activates
the p38 MAPK signaling for achieve a protection mechanism. The experimental results
substantiate that as-prepared fullerenol/alginate hydrogel not only prevents cell damage
from ROS, but also enhance the survival and proliferative capacity of brown adipose
derived stem cells, exhibiting potential therapeutic value for MI.

Owing to that peptides possess many favorable advantages of easy preparation and
functionalization, clear metabolic pathway, low immunogenicity and excellent
biocompatibility, self-assembled peptide hydrogels have drawn wide attention for huge
potential.>* Self-assembled peptide hydrogels exhibit many advantages, including shear
thinning and recovery characteristics, stable B-sheet form, targeted modification.>
Inspired by the above, A. Saiani and colleagues prepare FEFEFKFK hydrogels by
assembly method (F: phenylalanine; E: glutamic acid; K: lysine). The FEFEFKFK
peptides possess pH response, which benefits for forming mechanical properties of
hydrogel similar to a range of human tissues. Additionally, cell-adhesion motif RGD
(R: arginine; G: glycine; D: aspartic acid) is employed to functionalize the hydrogel for
enhancing cell adhesion to the hydrogel scaffold. As-obtained RGDSP-functionalized
FEFEFKFK hydrogel achieves retention and delivery of cardiac progenitor cells into
the injured heart tissue.>

In short, in consideration of oxidative stress damage to stem cells and low retention of
stem cells in the MI area, various self-assembled hydrogel agents that are similar to a
range of human tissues and possess antioxidant activity, are gradually developed. Based
on the needs of the cardiac repair, hydrogel agents achieve special treatment.

1.4.5 Contrast-induced nephropathy (CIN) therapy

The high dosage of iodinated contrast agents required in computed tomography (CT)
angiography can induce excessive generation of ROS in kidneys, and further lead to
iatrogenic renal failure. Therefore, it is of great significance to design novel CT contrast
agents for avoiding iodine-induced nephrotoxicity. Du’s team design renoprotective
angiographic polymersomes (RAPs).”” In present work, PEO45-b-P[(Lys-IBC)4s-stat-
(Lys-PAPE);s] are utilized to self-assemble polymersomes RAPs. Lys-PAPE segments
play a major role in scavenging ROS, Lys-BIC repeat units are utilized for CT imaging.
As-prepared RAPs not only increase renoprotection but also prolong angiographic live
time, which provided a new strategy for overcoming the risk of CIN.

In a word, Excessive ROS can lead to different diseases, thence redox regulation by
ROS-based nanomedicine has become a promising therapeutic strategy. More and more



researches have opened a new pathway for optimized therapeutic efficacies based on
scavenging ROS-related nanotherapies.

1.4.6 Dynamic therapy

High ROS generation in cancer cells promotes cells to upregulate antioxidant for new
redox homeostasis, which maintains cancer cells alive under the hypotoxicity ROS
level. Thus, the destruction of the adaptively endogenous redox homeostasis can be as
an attractive strategy to destroy cancer cells. ROS-mediated therapeutic methods, such
as exogenous interventions of ROS-generating nanomaterials and antioxidant inhibitors,
have made great progress in favorably therapeutic effect for treating cancer. In this
section, ROS-generating nanomaterials are described, such as photosensitizers (PS),
sonosensitizers, microwave sensitizers and nanozyme, which are employed for
therapeutic intervention.

1.4.6.1 Photodynamic therapy (PDT)

PDT as a noninvasive and lower side effect manner, has exhibited satisfactory
therapeutic efficacy toward neoplastic diseases, such as skin, lung cancer, etc.’® PDT
efficiency is involved with the three necessary components, including light, PS and
tissue oxygen. PS can absorb photon during light irradiation and convert into its excited
singlet state (S1). Then the PS need to return to its ground state (So) by transferring its
energy into fluorescence or heat due to unstable and short-lived state. In addition,
intersystem crossing can induce excited triplet state Ti, in which PS are capable of
converting its energy into chemically reactive species and phosphorescence through
two types of reactions. In a type I reaction, superoxide anion radicals are generated via
oxygen reacts with reformed PS by reacting with an electron donating substrate. In a
type II reaction, singlet oxygen ('O2) as highly ROS are processed by directly reacting
with ground state oxygen 0> (Figure 1.6). *° The superoxide anion radicals and 'O, can
lead to cytotoxicity for damaging cells by reacting directly with lipid, protein, nucleic
acid and other biomolecules. 'O, reacts with cell membrane lipids, causing lipid
peroxidation and further the destruction of cell membrane. Moreover, it can also react
with amino acids to mediate apoptosis by impairing the function of important proteins.
In contrast to surgery, chemotherapy and radiotherapy, PDT has several major
advantages: firstly, PDT as a noninvasive treatment strategy can collectively exert
targeted cytotoxicity toward nonmalignant and neoplastic diseases; secondly, Due to
ROS damage to cells, PDT has a wide application prospect; thirdly, PDT has almost no
resistance. Finally, PDT can be used alone or in combination with other treatments,
including surgery, chemotherapy, radiotherapy, photothermal therapy and
immunotherapy, achieving a highly efficient treatment effect.
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Figure 1.6 Schematic representation of photosensitizer activation under laser

irradiation.>’

PS play a significant role in therapeutic effect. PS have been optimized for three
generations. From poor tissue selectivity and low light absorption of first generation PS
to third generation PS modified with biologic conjugates, enhances their physical,
chemical and therapeutic properties. However, frequently-used PS have many
disadvantages, such as poor water solubility and low bioavailability, which severely
limit bioappliction and clinical research. Especially, aggregation derived from poor
water solubility, seriously inhibits ROS generation and further reduces PDT
efficiency.®’ To address these problems, many materials are employed as carries to
encapsulate PS, including inorganic nanomaterials, polymer, liposome, hydrogel and
etc.5"% Nevertheless, the new problems will also arise, for example, low loading
efficiency, easy leak, systemic toxicity, extra inflammatory and immune response
derived from the synthetic components. These problems seriously hinder clinical
benefits of PDT. The development of self/co-assembled nanotechnology effectively
improves loading rate of PS and therapeutic effect. Yan’ group design a simple peptide-
tuned nanodrugs via self-assembly for PDT against cancer.?! In this work, Chlorin e6
(Ce6) as hydrophobic PS, Cationic diphenylalanine (CDP) and 9-
Fluorenylmethoxycarbonyl-1-lysine (Fmoc-I-Lys) as amphiphilic peptides are co-
assembled via hydrophobic and n—m interactions, due to that pyrrole groups of Ce6
interacted with the aromatic residues derived from CDP and Fmoc groups derived from
Fmoc-1-Lys (Figure 1.7a). As-prepared FCNPs and CCNPs possess high drug-loading
efficiency and low cytotoxicity that ascribes to PS and peptides as direct building blocks.
In vivo results demonstrate that fabricated nanoparticles are easily swallowed by tumor
cells, and further inhibit tumor cells (Figure 1.7b). This study provides a potential
strategy that peptide-regulated nanodrugs through self-assembly method.

Next, Yan’s group designs spherical metallo-nano-drugs for PDT. In this work,
fluorenylmethoxycarbonyl-L-histidine (Fmoc-H) and N-benzyloxycarbonyl-L-
histidine-L-phenylalanine (Z-HF) as metal-binding building blocks are selected to
assemble with PS and metal ions via strong coordination interactions. As-obtained
nanoparticles are employed for PDT, achieving high efficiency against tumor cells.
These assembled nanodrugs exhibit many advantages, such as robust integration for



long blood circulation, targeted burst release, simple and readily manufacturing process,
increased encapsulation efficiencies. Especially, the assembly approaches are
susceptible to environmental variations because of the dynamic flexibility, such as pH,
resulting in targeted release in tumor site. It provides a new strategy to fabricate smart
nanomedicines for effectively improve therapeutic effects (Figure 1.7¢).
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Figure 1.7 (a) Preparation process of photosensitizer drugs.?! (b) Fluorescent images
of cell internalization in vitro and tumor-bearing nude mice in vivo treated by the
assembled NPs. The evaluation of FCNPs cytotoxicity compared with free Ce6 with or
without irradiation. The survival curve of animal experiment. (c) Schematic illustration
that from preparation process of supramolecular metallo-nanodrugs to antitumor PDT
in vivo.%°

It is well known that immunotherapy as one of the anti-tumor methods is capable of
detecting and eliminating tumor cells through autogenic immune system. However,
primary tumors are hard to eradicate by the immune system. PDT can supply a robust
ROS generation for remarkably enhancing therapeutic efficacy. Therefore, the
integration of immunotherapy and PDT as a synergistic therapy method is possible for
against malignant cancers. It has been reported that antigen proteins Ovalbumin (OVA)
and indocyanine green (ICG) as PS are assembled to OVA-ICG nanovaccines.
Assembled OVA-ICG nanovaccines with high biocompatibility and loading efficiency
were able to generate robust ROS and track dendritic cells for synergistic therapy of
PDT and immunotherapy.®® The directedly synthesis strategy for more multifunctional
nanovaccines or nanomedicine creates possibilities in various therapeutic method.

1.4.6.2 Sonodynamic therapy (SDT)

SDT efficacy depends on ultrasound, sonosensitizers and tissue oxygen, and has the
same mechanism with PDT.** Importantly, SDT overcomes the limitation of
penetration depth.®> Therefore, SDT is worthy of regarding as a promising treatment



for tumor therapy. The targeted-nuclear sonosensitizer is designed by Zhang’s group. A
model cell-penetrating peptide TAT is coupled with fluorescence dyes IR780 (TAT-
IR780), and Nrf2-siRNA is encapsulated for fabricating TIR@siRNA, exhibiting
augmented-gene targeted-nuclear SDT for treating colorectal cancer.® The results
demonstrate that TIR@siRNA as SDT agent can effectively treat colorectal cancer.
Moreover, boosted DPPA-1 peptide is brought for anti-PD-L1 therapy, and combined
with SDT to achieve a synergistic therapy of immunotherapy and SDT. /n vivo results
exhibit that the strategy effectively eradicates the primary CT26 tumor and suppresses
the tumor metastases.

In addition, to improve therapeutic effect, chemotherapy is combined with SDT for
tumor therapy. Hydrophobic organic dye Ce6, hydrophilic organic dye IR783 and broad
spectral chemical drug Paclitaxel are used to fabricate nanoscale sonosensitizers (Ce6-
PTX@IR783), which is reported by Chen’s team.®” Ce6 exerted a sonodynamic effect,
PTX performed a chemotherapeutic effect and IR783 as cancer diagnosis are
constructed nanoparticles by the hydrophilic-hydrophobic self-assembly strategy,
avoiding introduced system toxicity of extra nanomaterials and improving therapeutic
biosafety. This designed all-in-one nanosystem improve utilization efficacy of
hydrophobic drugs, simplified preparation process. Importantly, results demonstrate
tumor diagnosis and synergistic therapy of SDT and chemotherapy, even further exhibit
potential clinical translation.

1.4.6.3 Microwave dynamic therapy (MDT)

As an electromagnetic spectrum, microwave (MW) performs many fulfilling
advantages, including deep penetration depth, negligible side effects, highly efficient
MW-to-heat energy conversion.%® It has received increasing attention for effectively
ablating tumors. The generation mechanism ROS in MDT is similar to PDT and SDT,
which depends on MW, microwave sensitizers and tissue oxygen. Meng’s group has
reported that supernanoparticles as microwave sensitizers can generate ROS under MW
irradiation, further applicate for tumor therapy.® In this work, the supernanoparticles
containing liquid metal with eutectic gallium—indium alloy are prepared as microwave
sensitizers. During MDT, the generation of OH and-O; derived from the electron
transfer from Ga to oxygen and water under MW irradiation. It is first reported that the
microwave dynamic effect is applied for tumor therapy.

1.4.6.4 Radiation therapy (RT)

RT as one of therapeutic modalities against tumor in the clinic, has advantages of high-
intensity ionizing radiation and no penetration depth obstruction.”” RT can
tremendously suppress tumor proliferation through cell apoptosis induced by
considerable ROS generation after the ionizing surrounding water.”! X-ray with high
energy is the most commonly used in clinical RT. However, therapeutic effect of X-ray
is restricted owing to low energy absorption coefficient at tumor tissue. Moreover, the
high-energy X-ray radiation also induces serious damage for normal tissue. To address
these shortcomings, RT-based nanomedicines are reported for improved therapeutic
efficacy. Reported CuS and Bi2S; nanorods, Au nanoparticles, nanomaterials based on



carbon are used as radiosensitizers to enhance ionizing radiation energy for inhibiting
tumors with lower RT dose. Zhao’s group reports WO2.9-WSe>-PEG NPs (WSP NPs)
to effectively suppress local and metastatic tumors.”> WSP NPs as radiosensitizers have
X-ray irradiation response because of high Z element. Additionally, WSP NPs can
strongly absorbing the near-infrared spectrum for high photothermal conversion
efficacy, which is used for photothermal therapy (PTT). In addition to this, based on
tumor cells sensitized by PTT and RT, checkpoint blockade immunotherapy (CBT) is
further employed. As a result, WSP NPs have performed huge potential of
multifunctional nanosystem for eliminating primary and distance tumors via triple-
synergistic therapy of RT/PTT/CBT.

Additionally, Kai Yang and his colleagues design polyoxomolybdate nanoclusters
(POMo NCs) as remarkable radiosensitizers, resulting augmented X-ray for RT.”* Next,
POMo@CS—RB are prepared by chitosan (CS) loading POMo NCs and rose Bengal
(RB). The scintillating properties from POMo NCs under X-ray irradiation facilitate
transduced energy to stimulate RB to generate cytotoxic 10?, causing the damage of
DNA and further cell apoptosis. Finally, to improve biocompatible, polyethylene glycol
(PEG) was used to modify POMo@CS-RB to obtain PEGylated POM@CS—RB.
Importantly, this study provides a favorable method to eliminate tumor cells with low
dose X-ray, deserves further consideration for clinical cancer treatment.

1.4.6.5 Chemodynamic therapy (CDT)

CDT was termed as Fenton reaction from locally activated tumor microenvironment
(TME) for cancer therapy in 2016. In contrast to PDT, SDT, RT under exogenous
physical irradiations for treating cancer, CDT just takes advantage of endogenously
elevated H,O; to convert ROS generation in TME.”* CDT displays many advantages,
such as no damage to normal tissues and no limit of penetration depth compared with
PDT, SDT, RT.” Thus, CDT is regarded as an ideal therapeutic method due to its high
therapeutic efficiency and tumor selectivity. There have been reported that designed
CDT-based nanoparticles were applied for cancer treatment, such as FePS3, Fe;O4, FeS,.
Nevertheless, Fe'' is unstable and easily converts into Fe'!, hindering the therapeutic
effect of the CDT during the Fenton reaction. To address this shortcoming, Fe'' and
natural epigallocatechin gallate (EGCG) are co-assembled to metal-polyphenolic
nanoparticles (FeEP-NPs) in precentce of poly(vinylpyrrolidone) (PVP).”® Notably, Fe'!
can coordinate with EGCG, resulting stronger light absorption to photothermal therapy
(PTT) with high photothermal conversion. It facilitates therapeutic efficiency of CDT
due to positively correlating with temperature of the tumor area. The introduced EGCG
further inhibits heat shock proteins during PTT. FeEP-NPs employ an all-in-one
strategy for treating tumor through photoacoustic imaging-guided mild PTT-augmented
CDT.

Moreover, elevated H202 in TME compared with normal tissues is still insufficient for
burst generation of ROS, and is impossible to effectively eradicate tumor cells via
CDT.” To solve this problem, it has been reported that p-lapachone (B-Lap) is further
used to generate extra H>O> by B-Lap cyclic reaction. It was reported that Banoxantrone
dihydrochloride (AQ4N) organic ligands and 1,4,5,8-tetrahydroxyanthraquinone (THQ)



were assembled in the presence of Cu®" as nodes to prepare Cu-THQ/AQ4N.”® B-Lap
was loaded into Cu-THQ/AQ4N to fabricate Cu—OCNP/Lap. After uptake of Cu-
THQ/AQA4N by tumor cells, Cu?>" was reduced to Cu” by excessive glutathione in tumor
cells, causing Cu—OCNP/Lap degraded. Released Cu’ and B-Lap further triggered
intracellular cyclic reaction to generate higher levels of H>O», which benefited for
enhancing CDT efficacy. Additionally, Cu—OCNP/Lap had high photothermal
conversion efficiency for increased temperature of tumor location, amplifying CDT
efficacy again. This work supported new insight to optimally amplify CDT efficacy.

In the section, various cancer therapeutic modalities of PDT, SDT, MDT, RT and CDT
were discussed, they have common characteristic of large quantities of ROS generation
for eliminating tumor cells. Virous ROS-upregulating nanomedicines are developed for
antineoplastic therapy based on advanced progress of ROS science.

1.5. Research contents

The physiological actions and features of ROS at the lesion site have been deemed as a
therapeutic target. Increasing number of special nanomaterials as nanomedicines for
dealing with different diseases. Notedly, thanks to all-in-one development of ROS
biology, ROS chemistry and ROS nanotechnology, ROS-regulating nanomaterials have
made greater medical advances. However, many intractable problems need to be
overcame, which are worth to ameliorate for leap-forward development of ROS-related
therapeutics. In this work, the areas we strive to improve are as follows:

(1) Many small-molecule bioactive compounds, such as flavonoid and curcumin, have
drawn wide attention for antioxidant and anti-inflammatory effects for disease
treatment. However, their bioapplication and clinical translation are restricted
owing to low bioavailability and poor water solubility. Additionally, peptides and
proteins derived from biological systems should be strived to develop, such as
antioxidative and immune proteins, peptides and enzymes. Nevertheless, peptides
and proteins easily suffer from enzyme hydrolysis, causing low bioavailability.
Nowadays, to solve these problems, different nanocarriers are developed, including
polymer, liposome and inorganic nanomaterials. But there are still new problems
arising, for example, induced systemic toxicity, low loading efficiency,
immunoreaction and other drawbacks seriously, which limit clinical applications.
Based on this problem, myricetin (Myr) as one of small-molecule bioactive
compounds and glutathione (GSH) as a cellular antioxidant are chose. To overcome
the disadvantages of Myr and GSH, we chose Zn?"to effectively bond Myr and GSH
via coordination interaction to prepare MZG nanoparticles, which are employed for
cellular antioxidant (In chapter 2).

(2) Because of high convenience, low cost, and simple preservation process, oral
delivery is the most preferred strategy compared with other drug administration
Nevertheless, there are harsh pH/enzymatic conditions in the gastrointestinal tract,
leading to rapid enzymatic degradation and lower delivery efficiency of the
bioactive substances. Especially, if peptide antioxidants are taken for oral delivery,
their efficacy has been hampered by the harsh conditions in inflamed colon. To
address this problem, covalent-assembly strategy is employed for preparing



nanodrugs. In chapter3, antioxidative peptide casein phosphopeptide (CPP) and
iridoid Genipin as building blocks are selected to covalently-assemble robust GCPP
nanoparticles via covalent interactions, and further apply for inflammatory bowel
disease (In chapter 3).

(3) PDT as a noninvasive and lower side effect manner, has exhibited satisfactory
therapeutic efficacy toward neoplastic diseases, such as skin, lung cancer.
Importantly, PS play a significant role in therapeutic effect. However, frequently-
used PS have many disadvantages, such as poor water solubility and low
bioavailability, which severely limit therapeutic effect of PDT. To solve this
shortcoming, proteins with muti-functional and structure are applied as
hydrophobic drug delivery. In chapter 4, ovalbumin as a drug carry is chose to
assemble with photosensitive drug pheophorbide a at the presence of Zn?'. As
prepared nanodrugs are further use for PDT in vitro and in vivo, which can
selectively accumulate at tumor site, exhibiting the potential for further diagnosis
and treatment in vivo (In chapter 4).

(4) Due to the fact that the drug carriers still exist many problems, including
manufacturing cost, low loading efficiency and systemic toxicity, thus assembly
nanotechnology has received wide attention because of the self-assembly
phenomenon derived from natural phenomena. Nowadays, assembly
nanotechnology has gradually developed for achieving good therapeutic effect.
Firstly, assembly nanotechnology is simple manufacturing process. Secondly,
assembly nanotechnology possesses multiple noncovalent coordination and
noncovalent interactions for fabricating nanomedicines, achieving robust construct
for long blood circulation and susceptible response to environmental variations for
targeted burst release. Thirdly, assembly nanotechnology possesses high
encapsulation efficiency that is ascribe to directly assemble building blocks. In
chapter 2, 3 and 4, nanodrugs are prepared by assembly nanotechnology. (In chapter
2,3 .,4).

In this work, with the advance of science and technology, we design coordination-

assembled and covalent-assembled peptide and protein nanomedicine for antioxidant,

anti-inflammatory and anti-tumor therapy.
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Chapter 2 Coordination-assembled Myricetin Nanoarchitectonics for Sustainably
Scavenging Free Radicals

Abstract

Oxidative stress can lead to permanent and irreversible damage to cellular components
and even cause cancer and other diseases. Therefore, the development of antioxidative
reagents is an important strategy to alleviate chronic diseases and maintain the redox
balance in cells. Small-molecule bioactive compounds have exhibited huge therapeutic
potential as antioxidants and anti-inflammatory agents. Myricetin (Myr), a well-known
natural flavonoid, has drawn wide attention because of its high antioxidant, anti-
inflammatory, antimicrobial, and anticancer efficacy. Especially regarding
antioxidation, Myr is capable of not only chelating intracellular transition metal ions
for removing reactive oxygen species, but also of activating antioxidant enzymes and
related signal pathways and, thus, of sustainably scavenging radicals. However, Myr is
poorly soluble in water, which limits its bioavailability for biomedical applications, and
even its clinical therapeutic potential. The antioxidant peptide glutathione (GSH) plays
a role as antioxidant in cells and possesses good hydrophilicity and biocompatibility.
However, it is easily metabolized by enzymes. To take advantages of their antioxidation
activity and to overcome the abovementioned limitations, GSH, Zn?*, and Myr were
selected to co-assemble into Myr-Zn**-GSH nanoparticles (NPs) or nanoarchitectonics.
This study offers a new design to harness stable, sustainable antioxidant NPs with high
loading capacity, high bioavailability, and good biocompatibility as antioxidants.

Keywords: antioxidant; co-assembly; glutathione; myricetin; nanoarchitectonics



2.1 Introduction

Oxidative stress, caused by an imbalance between antioxidative and oxidative systems,
leads to permanent and irreversible damage of cellular components, such as proteins,
lipids, and nucleic acids.! Furthermore, oxidative stress leads to diseases including
Alzheimer’s disease,”? cardiac disease,’ atherosclerosis,* kidney disease,® sepsis,®
cancer,’ and inflammatory diseases (e.g., periodontal disease and inflammatory bowel
disease).®’ Therefore, the development of antioxidative reagents is a crucial strategy to
alleviate chronic diseases and maintain the redox balance.

Increasingly efficient antioxidant materials are used for effectively scavenging multiple
ROS. Metal-based nanomaterials, such as CeO> and Fe304, have been widely applied
for antioxidant therapy.'” In addition, bioactive small-molecule compounds, such as
bilirubin and curcumin, and antioxidant peptides such as glutathione (GSH) and casein
phosphopeptides, exhibited huge therapeutic potential in antioxidant treatments.'!-!3
Nevertheless, a plenty of disadvantages restrict biomedical applications, namely low
biocompatibility of the metal-based nanomaterials, low bioavailability of hydrophobic
small-molecule compounds, and easy degradation of antioxidant peptides by proteases.
The combination of liposomes or polymers with different payload materials has been
reported, for example, PEG-modified liposomes loaded with resveratrol, layer-by-
layer-coated gelatin nanoparticles, or Gelucire-based solid lipid and polymeric
micelles.!*!® However, low loading efficiency, systemic toxicity, and tedious
preparation processes hinder biomedical applications.

Mpyricetin (Myr), a well-known natural flavonoid, has drawn wide attention because of
its high antioxidant, anti-inflammatory, antimicrobial, and anticancer efficacy.'® Myr is
capable of not only chelating intracellular transition metal ions for removing reactive
oxygen species (ROS),?° but also of activating antioxidant enzymes and the
AMPK/NRF?2 signal pathway,?! yielding sustainable scavenging of radicals. Myr can
inherently increase body resistance to carcinogens, viruses, and allergens.!” In spite of
the tremendous potential, Myr possesses the same shortcomings as many hydrophobic
small molecules, namely low bioavailability, poor water solubility and rapid
degradation at pH > 6.8, which limits its clinical therapeutic potential.>> GSH consists
of glycine, cysteine, and glutamic acid. The cysteine residue plays a pivotal role in
protecting the body from oxidation damage; however, GSH is easily metabolized by
enzymes.? In this work, we employed a facile co-assembly strategy to design hybrid
nanoparticles as antioxidants.>*>! Myr, Zn?*, and GSH were co-assembled to Myr-Zn?*-
GSH (MZG) nanoparticles (NPs). The obtained MZG NPs exhibit high loading
capacity as well as good bioavailability and biocompatibility, leading to stable
antioxidant effects.

2.2 Experimental section
2.2.1 Materials and Instruments

Materials: Myricetin (95%) was bought from Thermo Fisher Scientific. L-Glutathione
(reduced) was obtained from Solarbio. Zinc (II) chloride (ZnCl;) (98%) was purchased
from Beijing Chemical Works. 2,2'-Azinobis-(3-ethylbenzthiazoline-6-sulfonate) was



bought from Innochem (Beijing). 2’,7'-Dichlorodihydrofluorescein diacetate (DCFH-
DA) was got from MedChemexpress. Dulbecco's Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), penicillin/streptomycin, and trypsin-EDTA were bought from
BioLegend.

Instruments: TEM images of NPs were exhibited by a model JEM-1011 transmission
scanning electron microscope (JEM-1011, JEOL, Japan). The size distribution and zeta
potential of NPs were measured by a Malvern DLS instrument (Zetasizer Nano ZS
ZEN3600). UV/vis absorption spectra were tested by a Shimadzu UV-2600
spectrophotometer. Fourier transform infrared (FTIR) spectra were obtained by a
TENSOR 27 FTIR spectrometer (BRUKER). The cell viability was evaluated using
methyl thiazolyl tetrazolium (MTT) assay, in which the absorbance was measured by a
microplate reader (Multiskan FC, Thermo Fisher Scientific). Confocal laser scanning
microscopy (CLSM) images of cells were captured by CLSM (Olympus FV1000).
Inductively coupled plasma-optical emission spectroscopy (ICP-OES, Prodigy,
Leeman, USA) was used for evaluating concentration of Zn?" in quantitative
component analysis of MZG.

2.2.2 Synthesis of MZG

10 mg-mL ™! of Myr was dispersed in 0.1 M NaOH, 10 mg-mL"! of GSH was dispersed
in deionized water, and 100 mM solution of Zn?* was prepared. MZG NPs were
produced by adding 100 pL of Myr into a mixed solution of 200 uL of GSH solution,
15.7 uL of Zn?" solution and 684 uL of water. The Myr solution should be freshly
prepared for use due to precipitation. The freshly prepared MZG NPs were aged for 24
h at room temperature and placed in the dark. As-prepared NPs were concentrated,
purified by centrifugation, and used for further experiments.

2.2.3 Quantitative analysis of MZG

The precipitates of MZG were collected after centrifuging and washing with water and,
subsequently, dissolved in 0.1 M NaOH solution. The concentrations of Myr and GSH
were determined by UV/vis spectroscopy. The concentration of Zn?"was measured by
ICP-OES.

2.2.4 Evaluation of ROS scavenging activity

First, a solution of 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical
cations (ABTS-") solution was prepared. 7 mM of ABTS solution was mixed with 2.45
mM of potassium persulfate solution and kept for 12 h in the dark. The UV/vis
absorption intensity of a 0.7 mM ABTS solution diluted in phosphate-buffered saline
(PBS) was 0.7 + 0.02. A certain volume of diluted ABTS-" solution was added to
different concentrations of Myr, GSH, and MZG. A UV/vis spectrophotometer was used
to record the absorption intensity of ABTS-" at 734 nm. The radical scavenging rate
was calculated according to the following equation:
scavenging rate — Abs734 nm, control — Abs 734nm, sample 100%
Abs734 nm, control
MZG NPs and Myr/GSH complex were dispersed in H>O for 5 days. Diluted ABTS-"




solution was added with the same concentration of MZG and Myr/GSH complex
(equiva- lent concentration of Myr and GSH: 4 ng-mL™" and 8 pg-mL"!, respectively)
every day. The UV/vis absorption intensity of ABTS-" at 734 nm was measured, and
the radical scavenging rate was calculated.

1 mL of MZG suspension (equivalent concentration of Myr and GSH: 4 pg-mL™! and
8 ng-mL™!, respectively) and 1 mL of water as control were added to the same volume
of ABTS-" solution. UV/vis spectra and the absorption intensity at 734 nm were
recorded. The absorption intensity of ABTS-" at 734 nm was measured again after 24
h. Then, the same volume of ABTS-"solution was added to the abovementioned MZG
suspension and H>O, and UV/vis spectra and the absorption intensity at 734 nm were
recorded. Before adding the same volume of ABTS-" solution, UV/vis spectra and the
absorption intensity at 734 nm were recorded. This was repeated for 5 days.

The as-prepared MZG NPs were acquired by centrifugation. Then MZG NPs were
incubated with different concentrations of H>O» (0.01, 0.1, 1, 10, and 100 mM). UV/vis
spectrophotometry and dynamic light scattering (DLS) were used to record absorption
spectra and size change.

2.2.5 Cytotoxicity experiment in vitro

The cytotoxicity of the as-prepared MZG NPs was assessed against 3T3 cells. 3T3 cells
were cultivated with DMEM containing 10% (v/v) FBS and 1% (v/v)
penicillin/streptomycin. 3T3 cells at a density of 1 x10° cells per well were incubated
with different concentrations of MZG (equivalent concentration of Myr: 0, 10, 20, 40,
80, and 100 uM) for 24 h. The cell viability was tested with MTT assay.

2.2.6 Evaluation of ROS scavenging in cells

First, the median lethal dose (LDso) value of H2O> was evaluated. 3T3 cells at a density
of 2 x 10° cells per well were incubated with H>O at different concentrations (0, 10,
20, 40, 60, 80, 100, 150, and 200 uM). Second, the ROS scavenging activity of MZG
was evaluated. After the treatment of 3T3 cells with different concentrations of MZG
for 24 h, 100 uM of H2O; was used to treat the 3T3 cells. The capability of protecting
cells from damage was accessed by the cell viability assay. After that, DCFH-DA dye
was used to incubate these cells for 5 min and the fluorescence intensity of the cells
was recorded via CLSM.

2.3 Results and Discussion
2.3.1 Synthesis and characterization of MZG

We chose Zn?*, a typical essential metal, to effectively bond Myr and GSH via
coordination interaction (Myr/GSH =1:2).%2-3 The NPs were formed by coordination
self-assembly of Zn**, Myr, and GSH (Figure 2.1a). They were expected to show good
antioxidant activity to protect cells from the ROS-induced damage (Figure 2.1b). The
TEM image in Figure 2a shows spherical MZG NPs. Size and zeta potential value of
the MZG NPs were 44.6 + 26.5 nm and —23.1 + 3.4 mV, respectively, measured by DLS
(Figure 2.2b) and consistent with the TEM results. Importantly, the co-assembly



mechanism was further revealed through quantitative stoichiometry analysis. The
quantitative component analysis by UV/vis and ICP-OES proved that the molar ratio
of Myr/GSH/Zn?*" was close to 1:1:1 (Table S2.1 and Figure S2.1)
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Figure 2.1 Schematic illustration of preparing MZG NPs (a) and (b) antioxidation
mechanism in cells. MZG NPs afford the antioxidant activity for maintaining redox
homeostasis in cells.

The UV/vis absorption spectra of pure Myr dispersed in 0.1 M NaOH (pH 13),
Myr/Zn** complex (pH 5.5), and MZG NPs (pH 5.5) were measured. The UV/vis
absorption spectrum of MZG NPs exhibited a blue shift at 550 nm, compared with
Myr/Zn?**, which was assigned to the charge transfer between GSH and Zn** (Figure
2.2¢). These results demonstrated that Zn?* as the coordination component co-
assembles with Myr and GSH. FTIR spectra were used to further confirm the self-
assembly of the MZG NPs. In Figure 2.2d, the two bands at 2522 ¢cm ™! and 3350 cm™!
were assigned to the mercapto group (—SH) and the stretching vibration of the amino
group (-NH>) of GSH. The band at 1619 cm™! was assigned to the C=C group of Myr.
In addition, the band at 3417 cm™! was assigned to the phenolic hydroxy group. The
two bands of phenolic hydroxy and amino groups shifted to lower wavenumbers,
compared with the corresponding bands of Myr and GSH, suggesting that these groups
coordinated to Zn?".

The co-assembly approach mitigates the poor water solubility of Myr and improves its
bioavailability for further biomedical applications. The stability of the co-assembled
NPs is important for antioxidant application. The DLS profiles were used to evaluate
the stability of the MZG NPs. The MZG NPs (0.5 mg-mL ") were either dispersed in
water or diluted 10-fold (v/v) in DMEM containing 10% (v/v) FBS at 37 °C for 24 h to
investigate the stability. The change of DLS was recorded at different time points (0, 2,
4,8,24,48, and 72 h), showing that the average size and size distribution did not change
over time (Figure 2.2e, ). The results indicated that MZG NPs were stable in water and
culture medium. Although noncovalent interactions are relatively weak compared to
covalent interactions, the metal coordination interaction is the strongest noncovalent
interaction.* Hence, this interaction assured the stability of assembled NPs in



physiological conditions.
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Figure 2.2 Physicochemical characterization of MZG NPs. (a) TEM image. (b) DLS
profile of MZG NPs. (c) UV/vis absorbance spectra of Myr dissolved in (0.1 M NaOH),
Myr/Zn** complex, GSH, and MZG (equivalent concentration of Myr: 20 pg-mL ™). (d)
FTIR spectra of MZG, GSH, and Myr. (e) Stability evaluation of MZG NPs during
incubation in aqueous solution at 37 °C for 24 h. (f) Stability evaluation of MZG NPs
during incubation in the mixture medium of water containing 9% DMEM and 1% FBS
(v/v) at 37 °C for 24 h (equivalent concentration of Myr: 0.5 mg-mL™).

2.3.2 Evaluation of ROS scavenging activity

Myr possesses excellent antioxidant activity to scavenge ROS, which has impact on
chelate metal ions such as Fe*" and Cu**, inhibits glutathione reductase activity, and
regulates PI3K/Akt and MAPK signal pathways to avoid oxidative stress-induced
apoptosis.?®*>37 Also, GSH acts as an important antioxidant in the body owing to the —
SH group, which can be reduced. GSH is a non-enzymatic antioxidant molecule, which
is necessary for cell redox homeostasis and survival.®® In this work, the ABTS assay
was employed to evaluate the radical scavenging activity.>® The UV/vis absorption
intensity of ABTS-" solution (0.7 mM) was 0.7 + 0.02 in phosphate-buffered saline
(PBS). The diluted ABTS-" solution was incubated with GSH, Myr, and MZG for
accessing the radical scavenging activity. The diluted ABTS-" solution was incubated
with different concentrations of Myr (0.5, 1, 2, 3, and 4 pg-mL™") for 5 min. The color
of the diluted ABTS-"solution gradually disappeared with increasing Myr concentration
(Figure S2.2a). The scavenging rate of pure Myr at 4 pg-mL™! was up to 94.0% (Figure
S2b). In the same way, the scavenging rate of GSH was evaluated. The ABTS-"solution
was treated with different concentrations of GSH (1, 2, 4, 6, and 8 pg-mL™"), and the
color gradually disappeared (Figure S2.2c). Figure S2.2d shows that the scavenging
rate of GSH at 8 pg-mL—1 was up to 93.3%. Figure 2.3a showed that the UV/vis
absorbance of diluted ABTS-" solution incubated with different concentrations of MZG
NPs (equivalent concentration of Myr: 0.25, 0.5, 1, 1.5, and 2 pg-mL™!, equivalent



concentration of GSH: 1, 2, 3, and 4 ug-mL™") gradually decreased, suggesting that
MZG NPs scavenged radicals. When the concentration of MZG NPs was equivalent to
2 ug'mL ! of Myr and 4 pg-mL ! of GSH, the scavenging rate of MZG was up to 93.5%
(Figure 2.3b). This demonstrated that the scavenging effect of co-assembled MZG NPs
was identical to that of the Myr/GSH complex, indicating that co-assembly did not
affect the ROS scavenging activity of Myr and GSH. However, as MZG NPs could not
only scavenge ROS, but also overcome the poor water solubility of Myr, the co-
assembly was effective to enhance the bioavailability of both Myr and GSH, especially
regarding a sustainable antioxidant efficacy. The stable radical scavenging activity of
MZG was further assessed. As shown in Figure 2.3c¢, the radical scavenging activity of
the Myr/GSH complex was lower than that of MZG NPs at the same concentration over
5 days, which demonstrated that MZG NPs were more stable to scavenge radicals than
the Myr/GSH complex. Next, we explored whether the as-prepared MZG NPs
possessed the sustainability of radical scavenging activity due to the co-assembly that
might have enhanced the stability of Myr and GSH. As shown in Figure 2.3d, ABTS-"
solution was persistently added to 1 mL of MZG nanoparticle suspension or water for
5 days. The result revealed that MZG NPs exhibited prolonged activity for scavenging
ABTS-"compared with water. It demonstrated that the as-prepared MZG NPs exhibited
stable and sustainable radical scavenging activity. ROS-responsive disruption of MZG
NPs during ROS scavenging was further explored. While MZG NPs were incubated
with different concentrations of H>O, (0.01, 0.1, 1, 10, and 100 mM), UV/vis absorption
spectra and the size of the MZG NPs were measured. The UV—vis absorbance of MZG
NPs from 300 to 400 nm (Figure 2.3e) decreased with the increase of H»O:
concentration. Also, the size of MZG NPs was tested by DLS. The result showed that
the size also decreased dramatically with the increase of H,O» concentration. The
UV/vis absorbance and size of MZG NPs obviously changed at 1 mM of HxO,,
indicating that there was a ROS-responsive disassembly of MZG NPs (Figure 2.3f).
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Figure 2.3 Measurement of ROS scavenging. (a) UV/vis absorption spectra of
ABTS-"solution incubated with different concentrations of MZG NPs for 5 min (a
sample picture is shown in the inset, equivalent concentration of Myr: 0.25, 0.5, 1, and



2 ng-mL™). (b) The scavenging rate of MZG NPs as fitted by the maximum UV/vis
absorption at 734 nm. (c) Stably scavenging radical activity evaluation of MZG NPs
and Myr/GSH complex (equivalent concentration of Myr: 4 pg-mL™!, ** indicates p <
0.01). (d) Evaluation of the sustainable radical scavenging activity of MZG NPs
(equivalent concentration of Myr: 4 ng-mL™"). (e) UV/vis absorption spectra of MZG
NPs treated with different concentrations of H>O» (equivalent concentration of Myr: 20
pug-mL™). (f) Size of MZG NPs treated with different concentrations of H2O:
(equivalent concentration of Myr: 0.5 mg-mL™").

2.3.3 Cell experiments

The cytotoxicity of antioxidants is of importance for biomedical applications. Therefore,
the cytotoxicity of MZG NPs was assessed by incubating 3T3 cells and determining the
cell viability via MTT assay.** 3T3 cells were treated with different concentrations of
MZG NPs (equivalent concentration of Myr: 10, 20, 40, 80, and 100 uM) for 24 h. The
lowest cell viability was approximately 80% at the highest tested concentration of MZG
NPs (Figure 2.4a). The result indicates that MZG NPs did not affect the growth of 3T3
cells.

The antioxidant activity of MZG NPs was also examined using 3T3 cells and the MTT
assay. H>Oz can produce ROS, and a high level of ROS can cause damage to cellular
functions and components.*'**> To explore the antioxidative effect of MZG NPs the
LDso value of H2O2 against 3T3 cells was measured by the MTT assay. The cell viability
of 3T3 cells decreased with increasing H202 concentration (Figure 2.4b). The LDso
concentration of H>O»

against 3T3 cells was 100 uM. Next, cell recovery due to the antioxidant activity of
MZG NPs was demonstrated by the MTT assay. After incubating with different
concentrations of MZG NPs (equivalent concentration of Myr: 2.5, 5, 10, 20, 40, and
80 uM) for 24 h, 3T3 cells were further incubated with 100 pM of H2O> for 24 h. The
cell viability gradually increased with increasing MZG concentration (Figure 2.4c¢).
This observation indicated that MZG could scavenge ROS to effectively protect cells
from damage. DCFH-DA was used to probe ROS in cells, which showed no
fluorescence signal without ROS, while it turned to highly fluorescent 2'7'-
dichlorofluorescein after interacting with ROS in cells. As shown in the CLSM images,
the fluorescence intensity of cells treated with H>O, and MZG NPs was weaker than
that of cells only treated with H2O» (Figure 2.4e). The fluorescence intensity of cells
was further measured, indicating that the fluorescence intensity of cells treated with a
combination of MZG NPs and H,O, was lower than that of cells treated with H,O»,
suggesting that MZG NPs were capable of scavenging ROS in cells (Figure 4d).
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Figure 2.4 Antioxidant activity evaluation in cells. (a) Cytotoxicity evaluation of MZG
NPs by incubating 3T3 cells with different concentrations of MZG NPs (equivalent
concentration of Myr: 10, 20, 40, 80, and 100 uM). (b) H2O»-induced oxidative stress
by incubating 3T3 cells with different concentrations of H>O». (c) Antioxidant activity
evaluation of MZG NPs using 3T3 cells under H2Oz.induced oxidative stress (**
indicates p < 0.01, *** indicates p < 0.001). (d) Fluorescence intensity of ROS probed
by DCFH-DA in cells after incubating with H>O; and a combination of MZG NPs and
H>O, (** indicates p <0.01). (e) CLSM images of 3T3 cells probed by DCFH-DA after
incubating with MZG NPs and H>O: (the first row shows fluorescence images, the
second row shows bright-field images, and the third row shows the merged images).



2.4 Conclusions

We have prepared antioxidant MZG NPs by co-assembly of the naturally occurring
flavonoid Myr and GSH in the presence of Zn**. The resulting MZG NPs overcame the
disadvantages of water-insoluble Myr and GSH that is quickly metabolized, improving
their bioavailability. Importantly, the as-prepared MZG NPs exhibited robust stability
and sustainable ROS scavenging activity, protecting cells from ROS damage. The MZG
NPs provide an alternative opportunity for optimizing the antioxidation capability
ofconventional drugs and present great potential for further biomedical applications.
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2.5 Supporting information

Component Myr GSH Zn**

Feeding concentration 3 6 1.57
(mM)

Measured concentration 1.5 1.5 1.3
(mM)

Table 2.1. Component analysis of MZG NPs.
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Figure S2.1 (a) The standard curve of Myr in 0.1 M NaOH. (b) The standard curve of
GSH in 0.1 M NaOH. GSH dissolved in 0.1 M NaOH has an UV/vis absorption peak
at ca. 240 nm. (c) The UV/vis absorption spectrum of diluted MZG NPs (2000-fold) in
0.1 M NaOH.
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Chapter 3 Orally Administered Covalent-assembled Antioxidative Peptide NPs
for Inflammatory Bowel Disease Therapy

Abstract

Inflammatory bowel disease (IBD) as a chronic inflammation disease, still exists many
challenges, such as antibiotic resistance and side effects caused by long-term use of
antibiotics. Therefore, development of highly efficient, biocompatible, conveniently
administered nanomaterials for treating IBD is urgently required. Casein
phosphopeptide (CPP) possesses antioxidative properties due to the existence of
phosphate groups, which is capable of chelating transition metal ions to prevent from
reactive oxygen species (ROS) generation. The CPP has high biocompatibility and
tissue permeability, but it easily suffers from hydrolysis or enzymatic degradation,
which limits further clinical application. Additionally, Genipin, derived from iridoid,
can interact with other compounds to fabricate nanoarchitecture through covalent
interaction. Herein, CPP and Genipin were combined to covalently assemble robust
GCPP NPs (NPs). As-prepared GCPP NPs show antioxidant property for scavenging
ROS. GCPP NPs remain stable enough to overcome easy degradation of CPP in the
molecular form, which are adapted for oral administration. Meanwhile, nanoscale
GCPP NPs can passively accumulate and retain at inflamed sites. In DSS-induced
colitis model, the body weight and colon length of DSS-induced colitis mice treated by
GCPP NPs perform rehabilitation trend. The obtained results demonstrated that GCPP
NPs exhibited potential as therapeutic nanomedicine for anti-inflammatory therapy
including IBD.

Keywords: Inflammatory bowel disease, Antioxidant peptides, Covalent assembly,
Oral administration, Anti-inflammation therapy



3.1 Introduction

Inflammatory bowel disease (IBD) as a chronic inflammation disease, severely
decreases the life quality of IBD patients and increases the risk of developing colon
cancer.! Current anti-inflammatory therapeutics, such as antibiotics, small-molecular
bioactive drugs, anti-TNF agents, corticosteroids and surgery, still exist many
shortcomings and difficult to completely eliminate IBD.>” Long-term application of
these anti-inflammatory treatments will cause many side effects, including dysregulated
gut commensal bacteria, increased risk of intestinal diseases, antibiotic resistance, and
potential systemic toxicity.>’ The additional problem attributes to the lack of specificity
drugs for treating IBD. Because a large amount of immune-related cells, including
dendritic cells and macrophages, and positively charged proteins are enriched at the
inflammatory site, leading to uptake small particles.'®!* Thus, it has been be deemed
be as a target for purpose of substantial and passive accumulation of nanodrugs with
negative charge in inflamed tissue. It is of great significance to design special drugs
with minimizing side effects for effective IBD treatment.

Bioactive peptides can be derived from active parent proteins though enzymatic
hydrolysis.!* These bioactive peptides perform various physiological functions, such as
antioxidative, antimicrobial, immunomodulatory and antihypertensive function.!>!® In
particular, antioxidative bioactive peptides have received increasing attention on
oxidative stress injury. There have been reported that antioxidant properties of bioactive
peptides are hydrolysates that are widely sourced from plants or animals. Therefore,
naturally occurring antioxidant peptides intrinsically perform good superiorities of high
biocompatibility and tissue permeability, especially, relatively low side effects for long-
run administration in comparison with other drugs.!®?° However, bioactive peptides
easily suffer from hydrolysis or enzymatic degradation in hostile environments
containing different kinds of enzymes. To address these limitations, encapsulation
approach has been further adopted and made great advances. Nevertheless, the
encapsulation strategy still causes other problems, e.g. systemic toxicity, low drug
loading efficiency.

Iridoids as a kind of natural compounds, exist in a wide range of plants and animals.?!
It has been reported that as-prepared nanomaterials by peptides and iridoid Genipin
display high biocompatibility, especially, high stability through covalent interaction.?*"
25 This strategy provides a new insight for designing and fabricating new types of
nanomedicine for treatment of many diseases.

Herein, antioxidative peptide casein phosphopeptides (CPP) and iridoid Genipin as
building blocks are selected to covalent-assemble robust GCPP NPs (NPs) via covalent
interactions (Scheme 3.1a). Amino groups of CPP can occur anucleophilic reaction with
the olefinic carbon atom at C-3 of deoxyloganin aglycone of Genipin to form CPP-
Genipin compounds.?* Obtained intermediate compounds can be further assembled to
construct GCPP NPs. As-prepared GCPP NPs retain antioxidative activity from the
CPP component. GCPP NPs possess stable nanostructures, which exhibit structural and
functional resistance in the gastrointestinal tract (e.g. strong acidic and enzymatic
environment) during oral delivery. /n vivo results substantiate that GCPP NPs are
capable of preferentially accumulating at inflamed sites for scavenging ROS,



promoting crypt regeneration, alleviating inflammation, and realizing specific and
effective IBD treatment (Scheme 3.1b). GCPP NPs provide a novel insight of the
covalent-assembly peptide nanomedicine for treating diseases via oral administration.
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Scheme 3.1 Schematic illustration. (a) The preparing process of GCPP NPs through
covalent cross-linking of CPP and Genipin. (b) Covalently assembled GCPP NPs
preferentially accumulated at inflamed site at colon for scavenging ROS, realizing
specific and effective IBD treatment.

3.2. Experimental section
3.2.1 Materials and instruments

Materials: Casein phosphopeptide (99%) was bought from Xi’an Binghe Biological
Technology Co., Ltd.. Genipin (97%) was bought from Tci (Shanghai) Development
Co., Ltd.. 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) (98%) was
purchased from Beijing Innochem Science & Technology Co., Ltd.. 2'.7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was got from MedChemexpress Co.,
Fetal bovine serum (FBS), Penicillin-Streptomycin Solution (100X) and
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) (98%), phosphate-buffered
saline solution (PBS), and Dulbecco's Modified Eagle Medium (DMEM) were brought
from Beijing Solarbio Science &Technology Co.,Ltd.. Dextran sulfate sodium salt
(DSS, MW 40,000) was obtained from Shanghai Macklin Biochemical Co.,Ltd..
Indocyanine green (ICG, 90%) was brought from J&K Scientific Co.,Ltd.. DSPE-
PEG2K-CY5 was brought from Xi’an ruixi Biological Technology Co.,Ltd.. IR806



(90%) was obtained from Sigma-Aldrich Co.,Ltd. All chemicals were used as provided
unless further stated.

Instruments: Transmission scanning electron microscope (TEM) image of GCPP NPs
was captured by a JEOL JEM-1011 and operated at an acceleration voltage of 100 kV
Transmission scanning electron microscope (SEM) image of GCPP NPs was captured
by a JEOL S-4800, and operated at an acceleration voltage of 10 kV. The dynamic light
scattering (DLS) and zeta potential measurements of GCPP NPs were measured by a
Malvern instrument (Zetasizer Nano ZS ZEN3600). The hydrodynamic diameter
(denote as size in the following contexts) of GCPP NPs was obtained by multi-
exponential fitting using a spherical model. Ultraviolet/visible (UV/vis) absorbance
spectra were tested by a Shimadzu UV-2600 spectrophotometer. Fourier transform
infrared spectroscopy (FTIR) spectra were obtained by a TENSOR 27 FTIR
spectrometer (BRUKER) with the spectral resolution of 2 cm™'. The cell viability was
evaluated by using the MTT assay, the absorbance at 490 nm of MTT was measured by
a microplate reader (Multiskan FC, Thermo Fisher Scientific). Confocal laser scanning
microscopy (CLSM) images of cells were captured by an Olympus FV1000 instrument.
The fluorescence images were captured by an in vivo imaging system (PerkinElmer,
IVIS Spectrum).

3.2.2 Synthesis of GCPP NPs

50 pL of CPP dissolved in water (10 mg mL™") and 50 pL of Genipin dissolved in water
(5 mg mL) were mixed in 900 uL of water. After sonicate for 1 min, the mixture was
placed in a water bath at a constant temperature of 60 °C for 75 h. During incubation,
the mixture gradually underwent color change from achromatic color to dark blue color,
indicating production of GCPP NPs accompanied by deposition of particles. Before
characterization and other bioapplications, GCPP NPs were purified by
ultracentrifugation for 10 min, followed by redispersion in water and refrigerated at
4 °C.

3.2.3 Stability of GCPP NPs

Firstly, the simulated gastric fluid was prepared with 50 mM of NaCl and 3.2 mg mL"!
of pepsin at pH 1.240.3. The simulated intestinal fluid was obtained with 12.5 mg mL"
! of bile salt and 8 mg mL! trypsin from porcine pancreas in phosphate-buffered saline
(10 mM, pH 7.4). Secondly, GCPP NPs were incubated in the simulated gastric fluid
and the simulated intestinal fluid for 4 h and 24 h, respectively.?®?’” Meanwhile, the
UV/vis absorbance intensity of GCPP NPs incubated with the simulated intestinal fluid
and the intestinal fluid at 37 °C for 72 h were recorded by a UV/vis spectrophotometer.
Thirdly, 10-fold (v/v) dilution of GCPP NPs suspension was made with water, PBS (pH
7.4) and DMEM with 10% (v/v) FBS and incubated at 37 °C for 72 h. The DLS profile
was applied to test the change of average size and size distribution.

3.2.4 ROS scavenging activity of GCPP NPs

ABTS dissolved in water (7 mM) and potassium persulfate dissolved in water (2.45
mM) were equivalently mixed and kept for 12 h in the dark to obtain the ABTS radical



cations (ABTS-") stock solution. The ABTS-" stock solution was diluted by PBS for
guaranteeing the absorbance intensity of ABTS-" at 734 nm being 0.7+0.02 by the
UV/vis spectrophotometer. Next, the diluted ABTS-" stock solution was treated with
the different concentrations of GCPP NPs, and the UV/vis spectrophotometer was used
to record the absorbance intensity of ABTS+" at 734 nm after 5 min incubation at the
room temperature. ROS scavenging ratio was calculated according to the following
equation:

Abs@734nm, control — Abs@734nm, sample
Abs@734nm, control

Scavenging ratio (%) = * 100% (1)

3.2.5 Cytotoxicity evaluation in vitro

The mouse embryonic fibroblast (3T3) cell line was chosen to assess the cytotoxicity
of GCPP NPs. 3T3 cells were cultivated with 10 mL of DMEM medium containing 10%
(v/v) of FBS, 1% (v/v) of Penicillin-Streptomycin Solution (100X). 3T3 cells were
subcultured every three days. Cells at a density of 1 x 10° cells well! were seeded in
96-well plates overnight. Then 3T3 cells were treated with different concentrations of
GCPP NPs (10, 20, 40, 60, 80, and 100 ug mL™") for 24 h. Afterwards, cells were
incubated with MTT (5 mg mL!) for 4 h, followed by calculating cell viabilities using
a Microplate Reader under absorbance of 570 nm.

3.2.6 ROS scavenging activity evaluation of GCPP NPs in cells

Firstly, different concentrations of H,O» (0, 10, 20, 40, 60, 80, 100, 150, 200 uM) were
incubated with 3T3 cells at a density of 1 x 10° cells well!. The median lethal dose
(LDso) value of H2O2 was determined to be 100 pM. Secondly, 3T3 cells at a density
of 1 x 10* cells well! were incubated with different concentrations of GCPP NPs (10,
20, 40, 60, 80, and 100 pg mL™') for 24 h, cells continued to be treated with fresh
medium (control) and 100 uM of H>0,. After incubation for another 24 h, the cell
viability was tested by the MTT assay.

3.2.7 Detection of ROS in cells

3T3 cells were equably seeded in petri dishes (2x10° cells) and cultured overnight. After
incubating 3T3 cells with 20 pg mL™! of GCPP NPs for 24 h, 1 mL of H,O> dispersed
cell culture (100 uM) was used to continue incubate cells for 24 h to mimic the
oxidation environment. Then 3T3 cells were co-incubated with 10 uM of DCFH-DA as
the oxidant-sensing probe for 5 min before captured by a CLSM (excitation wavelength
at 488 nm).

3.2.8 Preferential localization of GCPP NPs to the inflamed colon

All animal experiments were approved by the Institution Animal Care and Use
Committee in compliance with Chinese law for experimental animals. Female C57BL/6
mice were brought from Vital Animal Technology Co. Ltd.. Fifteen female C57BL/6
mice were DSS-fed mice with drinking water containing 3% (w/v) DSS for 5 days. 50
uL of indocyanine green (ICG) solution (10 mg mL™') and 1 mL of GCPP NPs (3 mg
mL") were mixed and stirred for 24 h. After washing with deionized water once, ICG-



loaded GCPP NPs were obtained. Firstly, three female C57BL/6 mice were explored
for in vivo fluorescence imaging over time. Before imaging, DSS-induced colitis mice
were fasted overnight. The in vivo fluorescence images of DSS-induced colitis mice fed
by ICG-loaded GCPP NPs, were captured by the imaging system for 5 min, 2 h, 6 h, 10
h, and 24 h, respectively. Then twelve female C57BL/6 mice were randomly divided
into three groups. After oral delivery for 6 h, liver, heart, lung, spleen, kidneys, and
colon were collected and imaged by the imaging system, then corresponding
fluorescence intensity was measured.® Similar procedures have been employed using
the DSPE-PEG2K-CY5 (50 uL of 20 mg mL™') and the IR806 (100 pL of 5 mg mL™)
fluorescence dyes to label 1 mL of 3 mg mL"! GCPP NPs. After labeling for 24 h,
fluorescence labeling GCPP NPs were washed by deionized water. DSPE-PEG2K-CY5
modified GCPP NPs and IR806-loaded GCPP NPs were orally delivered to DSS-
induced colitis mice. After 6 h, liver, heart, lung, spleen, kidneys, and colon were
collected. The fluorescence images were captured by an in vivo imaging system.

3.2.9 Anti-inflammatory effect of GCPP NPs in vivo

Twenty-four female C57BL/6 mice with average weight of 16-20 g were acclimatized
for one week. Except for the six mice were fed with pure water in the control group,
the other mice were DSS-fed mice with drinking water containing 3% (w/v) DSS for 5
days. After drinking DSS for 5 days, their drinking water was replaced by pure water.
Either CPP or GCPP NPs (30 mg kg™!) were orally administrated every other day until
the 14" day. After 14 days, colon length was measured. Major organs (liver, heart, lung,
spleen, kidneys, and colon) were collected from all mice, and histological assessed via
a hematoxylin and eosin (H&E) staining method.

3.3. Results and discussion
3.3.1 Synthesis and characterization of GCPP NPs

It has been reported that CPP contains multiple components and the critical sequence
of -Ser(P)-Ser(P)-Ser(P)-Glu-Glu- (P denotes phosphate groups), which has antioxidant
activity to scavenge ROS via chelating multivalent cations.?®*?° To overcome these
drawbacks of rapid hydrolysis or enzymatic degradation and rapid metabolism during
therapy, CPP were covalent-assembled with Genipin to fabricate GCPP NPs by
covalent interaction.”? According to reported covalent interaction associated with
Genipin, amide groups could occur nucleophilic reaction with olefinic carbon atom at
C-3 during attacking on deoxyloganin aglycone of Genipin. Accompanied by opening
the dihydropyran ring, N-heterocyclic intermediates were produced, and were
dimerized to from m-conjugated compounds under oxygen radicals (Figure S3.1).3°
GCPP NPs were obtained by mixing CPP with Genipin at 60 °C for 75 h. The solution
color of the CPP and Genipin mixture gradually transformed from transparent to blue.
During this process, the molar ratio of CPP/Genipin was close to 1:5. In addition, the
reaction ratio of Genipin was up to 98% by the standard curve of Genipin and UV/vis
absorption at 241 nm of Genipin dispersed in transparent supernatant solution after
ultrahigh centrifugation (Figure S3.2a, b). Based on excess Genipin, CPP could be
completely covalent cross-linked to form blue compounds. As Figure 3.1a, b showed



that as-obtained GCPP NPs exhibited spherical particles by TEM and SEM images. As
illustrated by Figure S3.3a and b, the size distribution of GCPP NPs was 95420 nm by
particle-size statistic from TEM and SEM images. The particle size (hydrodynamic
diameter) and the surface charge of GCPP NPs were 116420 nm and -22.3 mV
determined by DLS profile (Figure 3.1c) and Zeta potential measurements. In
comparison with particle-size statistics from TEM and SEM images, the size
distributions of GCPP NPs from DLS profile were close to 120 nm due to surface
hydration of the amphiphilic nanoparticles dispersed in water. As UV/vis spectra shown,
as-obtained GCPP had a UV/vis absorbance at 600 nm compared with either CPP or
Genipin, suggesting that GCPP NPs were synthesized through generation of new
covalent bond (Figure 3.1d). FTIR spectra was further employed to confirm the
covalent reaction of GCPP. Figure 1e exhibited the disappearance of C—O—C stretching
signal at 1100 cm™! and hydroxyl group at 3248 cm ™! and appearance of C=C stretching
of cycloolefin at 1623 cm™!, indicating that dihydropyran ring of Genipin was opened
and cycloolefin was formed.*! The disappearance of amide I signal at 1650 cm ™! from
CPP and the appearance of pyridine signal at 1608 cm™' appeared suggested that the
amino groups was reacted.’>* In addition, the signal at 1630 cm™! represented the
conjugated alkenes signal from GCPP NPs.?? These results indicated that CPP and
Genipin can undergo a covalently-triggered assembly way to form well-defined GCPP
NPs.
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Figure 3.1 Structural and spectral characterizations of GCPP NPs. (a) TEM and (b)
SEM images of GCPP NPs. (c) DLS size profile of GCPP NPs. (d) UV/vis absorbance
spectra of CPP, Genipin and GCPP NPs. (e) FTIR spectra of CPP, Genipin and GCPP
NPs.

3.3.2 The stability evaluation of GCPP NPs

Oral delivery is the most preferred strategy compared with other drug administration
owing to high convenience, low cost, and simple preservation process.>*>° Nevertheless,



there are harsh pH/enzymatic conditions in the gastrointestinal tract, leading to rapid
enzymatic degradation and lower delivery efficiency of the bioactive substances.?”-*
Therefore, the stability evaluation of GCPP NPs was necessary to get through the oral
delivery route. First, we tested the zeta potential of GCPP NPs in simulated
gastrointestinal fluid with different pH conditions. the average zeta potentials of GCPP
NPs in the simulated gastric fluid (pH 1.2), neutral physiological solution (pH 7.4) (pH
7.4) and the simulated intestinal fluid (pH 8.1) were -7.61, -24.4 and -26.3, respectively
(Fig.S3.4). Based on retaining negatively charged property, it indicated that GCPP NPs
possessed good stability under various pH conditions. Next, the stability of GCPP NPs
further was accessed by TEM. GCPP NPs were incubated with simulated gastric fluid
(pH 1.2+0.3) at 37 °C for 72 h. As shown in Figure 3.2a, the morphology of GCPP was
not obviously altered at different time points (0, 4, 8, 24, 48, 72 h), which demonstrated
that the nanostructure of GCPP NPs were stable in the acidic gastric fluid with the
existence of pepsin at low pH. Additionally, UV/vis UV-2600 spectrophotometer was
used to test the change of absorption peak of covalent bond at 600 nm. The UV/vis
absorbance intensity (at 600 nm) of GCPP NPs dispersed in the simulated gastric fluid
did not remarkably reduce for 72 h (Figure 3.2b). These results implied that GCPP had
minimized enzymatic degradation upon passing through the stomach. Simultaneously,
GCPP NPs were treated with the simulated intestinal fluid (pH 7.4) at 37 °C for 72 h.
The nanostructure of GCPP maintained integrity (Figure 3.2c). After incubating with
the simulated intestinal fluid for 72 h, the UV/vis absorbance intensity at 600 nm of
GCPP exhibited slightly increased due to their further aggregation during long-term
incubation (Figure 3.2d). This result was consistent with the TEM image at 72 h, in
which the size of GCPP NPs slightly increased. The results revealed that GCPP NPs
were favorable for oral administration based on their good stability in simulated
gastrointestinal fluid. After passing through the epithelial barrier, GCPP NPs might
perform intravasation. Therefore, the stability of GCPP NPs need to be further
investigated under other physiological conditions. 10-fold (v/v) dilutions of GCPP NPs
were created with water at 37 °C for 72 h, the unaltered average sizes and size
distributions of GCPP NPs indicated that GCPP NPs possessed good stability (Figure
3.2e). Then 10-fold (v/v) dilutions of GCPP NPs were created with PBS (pH 7.4) and
DMEM medium supplemented with 10% (v/v) FBS and incubated at 37 °C for 72 h.
As shown in Figure 3.2f, g, the average sizes and size distributions of GCPP NPs
remained unchanged, suggesting GCPP NPs were stable enough under these
physiological conditions.
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Figure 3.2 The stability evaluation of GCPP NPs. (a) TEM images of GCPP NPs
incubated with the simulated gastric fluid at 37 °C for 72 h. (b) The UV/vis absorbance
intensity of GCPP NPs treated with the simulated gastric fluid. (¢) TEM images of
GCPP NPs incubated with the simulated intestinal fluid at 37 °C for 72 h. (d) The
UV/vis absorbance intensity of GCPP NPs incubated with the simulated intestinal fluid
at 37 °C for 72 h. Dilute stability evaluation of GCPP NPs incubated with water (e),
PBS (F) and DMEM media containing 10% (v/v) FBS (f) at 37 °C for 24 h, respectively.
repeated experiments=3).

3.3.3 ROS scavenging activity evaluation of GCPP NPs in vitro.

CPP possesses antioxidant property through chelating metal ions such as Ca**, Fe*",
Cu*, and Zn*" to function as divalent metal catalysts and eliminate oxidation reactions.?®
The antioxidant ability of GCPP NPs were measured via the ABTS assay. The prepared
ABTS-"solution was incubated with different concentrations of CPP solutions (0, 0.04,
0.08, 0.12, 0.16 and 0.20 mg mL™) for 5 min, showing that the absorbance peak of
ABTS-" at 734 nm gradually decreased (Figure S5a). Next, the ROS scavenging ratio
of CPP was calculated, reaching up to 94.7% at 0.20 mg mL™' of CPP (Figure 3.3a).
The ROS scavenging activity of GCPP NPs was assessed through the same method.
Because the absorbance intensity of ABTS-" at 734 nm was elevated due to the UV/vis
absorbance of GCPP NPs at 600 nm, especially at high concentration of GCPP NPs



(Figure S3.5b). Therefore, the ROS scavenging ratio of GCPP NPs at low concentration
was further investigated. The ROS scavenging ratio of GCPP NPs at 0.04 mg mL™! was
assessed by compared with CPP at 0.04 mg mL'. Figure 3.3b showed that the ROS
scavenging ratio of CPP and GCPP NPs were 51.8% and 54.5%, respectively. The result
indicated that the covalent reaction between CPP and Genipin for formation of GCPP
NPs did not reduce the ROS scavenging activity of CPP. This ensured the feasibility of
subsequent oral administration of GCPP NPs for disease treatment.

Next, ROS-responsive disruption of GCPP NPs was further explored to test whether it
disintegrated or disrupted under oxidation. The UV/vis absorbance spectra and size of
GCPP NPs (equivalent concentration of CPP: 50 pg mL') were measured after
incubating with different concentrations of H>O; (0.01, 0.1, 1,10, 100, 1000 mM). As
the concentration of H>O; increased, UV/vis absorbance intensity of GCPP NPs at 600
nm was decreased dramatically. The color of GCPP solution gradually became lighter
with the increase of H>O> concentrations (Figure 3.3c). As Figure 3.3d shown, the size
of GCPP NPs gradually decreased, which was consistent with decreased UV/vis
absorbance. Above all, these results suggested that GCPP NPs could be disintegrated
or disrupted in response to ROS.

Based on GCPP NPs for oral delivery, the ROS scavenging activity of GCPP NPs in
the simulated gastrointestinal fluid was further assessed via the ABTS assay. GCPP NPs
were incubated with the simulated gastric fluid at 37 °C for 4 h.>” ROS scavenging ratio
of GCPP NPs (0.04 mg mL™") was calculated every hour. In contrast to 49.2% of
scavenging ratio in the control group, the scavenging ratio for every hour was 13.3%,
17.5%, 22.0% and 23.0%. This result demonstrated that the antioxidant performance of
GCPP NPs in the simulated gastric fluid was inhibited compared with GCPP NPs in
water, which attributed to form stable ABTS molecule in the presence of a large number
of H cation.* It was favorable for oral delivery with the purpose of controlled release
and antioxidation (Figure 3.3¢). Then the ROS scavenging activity of GCPP NPs in the
simulated intestinal fluid was tested using the same method. GCPP NPs (0.04 mg mL"
1) were incubated with the simulated intestinal fluid at 37 °C for 24 h. The scavenging
ratios were not altered at different time points (1, 2, 3, 4, 6, 8 and 24 h) compared with
GCPP NPs in water (Figure 3.3f). These results corroborated that GCPP NPs possessed
good stability in the simulated gastric fluid and intestinal fluid, presenting high potential
for oral administration. Importantly, GCPP NPs exhibited property of controlled
antioxidation, which was benefit for employing IBD treatment due to sustainably
effective ROS scavenging activity in the intestinal fluid.
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Figure 3.3 ROS scavenging activity evaluation of GCPP NPs in vitro. (a) The ROS
scavenging ratio of CPP at different concentrations (0, 0.04, 0.08, 0.12, 0.16 and 0.20
mg mL!, repeated experiments=3) (b) The contrast of ROS scavenging ratio of CPP
and GCPP NPs at 0.04 mg mL!, repeated experiments=3) (c) UV/vis absorbance
spectra of GCPP NPs (equivalent concentration of CPP: 0.5 mg mL™!) as incubated with
different concentrations of H>O:. (d) The size alteration of GCPP NPs incubated under
different concentrations of H>O, (equivalent concentration of CPP: 0.5 mg mL™,
repeated experiments=3) (e) The ROS scavenging activity evaluation of GCPP NPs in
the simulated gastric fluid (equivalent concentration of CPP: 0.04 mg mL"!, repeated
experiments=3). (f) The ROS scavenging activity evaluation of GCPP NPs in the
simulated intestinal fluid (equivalent concentration of CPP: 0.04 mg mL"!, repeated
experiments=3).

3.3.4 Biocompatibility and ROS scavenging activity of GCPP NPs in vitro

The biosafety of GCPP NPs is significant for biomedical application. Thereafter, the
cytotoxicity of GCPP was evaluated using 3T3 cells. The viability of 3T3 cells treated
with different concentrations of GCPP NPs (10, 20, 40, 60, 80, 100 pg mL™') was
measured by the MTT assay. Cells were viable after treating with up to 100 ug mL™! of
GCPP NPs, and very limited cell death was observed (within error <10%) as tested by
the MTT assay (Figure 3.4a).

Moreover, the oxidation toxicity of H>O> and the antioxidation activity of GCPP NPs
were further explored using 3T3 cells. To induce oxidative stress and cell damage, 3T3
cells were treated with H,02.% Firstly, the LDso H2O> to 3T3 cells was examined using
the MTT assay. Cells were treated with different concentrations of H.O (10, 20, 40, 60,
80, 100, 150, 200 uM), and the LDso value of H2O2 was 100 uM (Figure 3.4b). Next,
ROS scavenging activity of GCPP NPs was investigated parallelly using 3T3 cells.
After incubating 3T3 cells with different concentrations of GCPP NPs (10, 20, 40, 60,
80, 100 ug mL™") for 24 h, cells continued to be incubated with 100 pM of H,O, for 24
h. As shown in Figure 3.4c, the cell viability was elevated with the increased
concentration of GCPP NPs. Thence, it indicated that the GCPP NPs could prevent cells



from H>O» damage. Furthermore, the antioxidant effect of GCPP NPs was directly
observed by CLSM. DCFH-DA as the oxidant-sensing probe was used to detect ROS
generation.*! After incubation 3T3 cells with 20 ug mL™' of GCPP NPs for 24 h, cells
were incubated with additional 100 uM of H>O, for 24 h. Before capture by CLSM
(excited at 488 nm), 3T3 cells were co-incubated with 10 uM DCFH-DA. As the CLSM
images shown, the fluorescence signal intensity of ROS from cells treated with
combination of GCPP NPs and H>O; lowered compared with that of individual H>O»,
suggesting that GCPP NPs possessed antioxidant property (Figure 3.4 d, e).
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Figure 3.4 Antioxidation evaluations of GCPP NPs in vitro. (a) The cytotoxicity
evaluation of GCPP NPs at 3T3 cells incubated with different concentrations of GCPP
NPs (equivalent concentration of CPP: 10, 20, 40, 60, 80,100 pg mL"!, repeated



experiments=5). (b) The LDso determination of H>O> at 3T3 cells incubated with
different concentrations of H>O» (repeated experiments=5). (¢) Antioxidant activity
evaluation of GCPP NPs pretreated 3T3 cells from H>O»-induced oxidative stress (**
indicates p<0.01, *** indicates p<0.001, repeated experiments=5). (d) Fluorescence
intensity of ROS probed by DCFH-DA in cells after incubating with H>O,, the
combination of GCPP NPs and H>O» (** indicates p<0.01, repeated experiments=3).
(e) CLSM images of 3T3 cells probed by DCFH-DA after incubating with individual
H>03, the combination of GCPP NPs and H»O, (equivalent concentration of CPP: 40

ug mL™).
3.3.5 GCPP NPs preferentially localizing to the inflamed colon

In comparison with normal intestinal tissue, the inflamed colon has high tissue
permeability and accumulated inflammatory cells and enriched charged proteins,**
which benefits for NPs to more preferentially localize in such tissue than small
molecules.!**¢ The next, anionic GCPP NPs were investigated whether or not to
preferentially localized to the inflamed colon. Here, GCPP loaded with ICG were used
for exploring biodistribution in the DSS-induced acute colitis model of mice. After
centrifugation at 6000 rpm for 10 min, the ICG-loaded GCPP NPs were collected in the
sediment. Fluorescence emission at 778 nm of the ICG/GCPP mixture suggested that
ICG was successfully loaded into GCPP NPs (Figure S3.6). Firstly, after oral delivery
of ICG-loaded GCPP NPs, the fluorescence images of DSS-induced colitis mice were
captured by in vivo imaging system at 5 min, 2 h, 6 h, 10 h, 24 h (Figure 3.5a). A
quantitative analysis of fluorescence intensities of colitis mice abdomens exhibited a
strong fluorescence signal at colitis mice abdomens after oral administration for 6 h.
With the extension of observation time, the fluorescence signals at colitis mice
abdomens gradually decreased, but were still obverted at 24 h (Figure 3.5b). In order to
directly observe ICG-loaded GCPP NPs accumulated at in the inflamed colon, after oral
delivery of ICG, the mixture of CPP and ICG, and the ICG-loaded GCPP NPs for 6 h,
major organs (liver, heart, lung, spleen, kidneys, and colon) were collected from the
DSS-induced colitis mice.® As shown in the fluorescence images, ICG and the ICG/CPP
mixture could be obverted in the liver, while ICG-loaded GCPP NPs were considerably
localized in the inflamed colon compared with other groups (Figure 3.5¢). As shown in
Figure 3.5d, a quantitative analysis of fluorescence intensity further confirmed that
ICG-loaded GCPP NPs favorably accumulated in the inflamed colon, with less
accumulation in the liver compared with ICG, the mixture of CPP and ICG. In addition,
the DSPE-PEG2K-CY5) and the IR806 fluorescence dyes to label GCPP NPs. DSPE-
PEG2K-CY5/GCPP NPs IR806/GCPP NPs were orally delivered to DSS-induced
colitis mice. After 6 h, liver, heart, lung, spleen, kidneys, and colon were collected,
resulting that GCPP NPs could preferentially localize in inflammation site (Figure S3.7)
Collectively, the above results demonstrated that GCPP NPs were capable of passively
accumulating in the inflamed colon, which achieved satisfactory therapeutic effect. The
passive accumulation effect is closely related to the inflammation severity of the
ulcerated regions and NPs with small size of less 100 nm.'>* Thus, GCPP NPs were
further employed for IBD treatment.
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Figure 3.5 GCPP NPs preferentially localizing to the inflamed colon. (a) Fluorescence
images of 3% DSS-induced colitis mice at different time points after oral delivery of
ICG-loaded GCPP NPs (n=3, excited at 745 nm). (d) Fluorescence intensity curve of
colitis mice abdomens at various time points. (c) The fluorescence biodistribution
images of ICG, the mixture of CPP and ICG, and ICG-loaded GCPP NPs in 3% DSS-
induced colitis mice (n=3) after oral delivery for 6 h. (d) The quantitative analysis from
the fluorescence imaging results of ICG, the mixture of CPP and ICG, and the ICG-
loaded GCPP NPs in the inflamed colon.

3.3.6. Anti-inflammatory effect of GCPP NPs in vivo

GCPP NPs have exhibited remarkable advantages in scavenging ROS activity to protect
cells and preferentially localize in the inflamed colon. Then the therapeutic efficacy of
GCPP NPs was further evaluated in 3% DSS-induced colitis mice model. Twenty-four
female C57BL/6 mice with average weight of 16-20 g were randomly divided into four
groups, i.e. 6 mice in each group. These included a control group as mice treated by
water and three DSS-induced acute colitis groups as mice treated by 3% DSS. The later
three DSS-fed groups were orally administered by water (DSS group), CPP (DSS+CPP
group), and GCPP NPs (DSS+GCPP NPs group) every other day for up to 14 days
(Figure 3.6a), respectively. During the treatment period, the mice were observed daily.
After drinking water containing 3% DSS for 5 days, DSS-induced acute colitis mice
treated with water (DSS group) and CPP (DSS+CPP group) developed symptoms of
diarrhea and bloody stools. DSS-induced acute colitis mice treated with GCPP NPs
(DSS+GCPP NPs group) did not obviously develop symptoms of diarrhea and bloody
stools. This observation suggested that GCPP NPs had good therapeutic effects in
curing the IBD disease (Figure 3.6b). The body weight of all mice was recorded daily,
the body weight of normal mice was stable in the control group. After treating for 7



days, the body weight of the colitis mice treated GCPP NPs gradually increased
compared with other colitis mice. The body weight change of colitis mice treated with
GCPP NPs was significantly lower than the other colitis mice treated with CPP or water,
effectively alleviating inflammation through accumulating in inflamed colon and
scavenging ROS (Figure 3.6¢). As a key index, colon length is commonly used for
evaluating the severity of DSS-induced acute colitis.!! Thence, the colons were
collected on the 14" day, and colon length were further measured. The colon length of
colitis mice treated with water or CPP was 6.6£0.2 cm, 6.7£0.3 cm, respectively.
Whereas the colon length of colitis mice treated by GCPP NPs was 8.3+£0.8 cm,
suggesting that GCPP NPs effectively attenuated colon shortening (Figure 3.6d, e).
After treating for 14 days, major organs (liver, heart, lung, spleen, kidneys, and colon)
were collected from normal mice and DSS-induced mice and then stained with H&E
staining (Figure 3.6f). The pathological sections of major organs (liver, heart, lung,
spleen, kidneys) did not exhibit obvious abnormalities in all mice, suggesting both CPP
and GCPP NPs possessed high biocompatibility (Figure S3.8). In comparison with the
colon histology from normal mice, colitis colons of colitis mice treated with water and
CPP exhibited irregular morphology of colon (yellow arrow), edema, disruption of
cryptal glands and infiltration of inflammatory cells (black arrow). Notably, the
histology of colon of mice treated with GCPP NPs showed retention and regeneration
of crypts (red arrow) and less infiltration of inflammatory cells, suggesting that GCPP
NPs can be developed for treating the inflammation disease including IBD.
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Figure 3.6 Therapeutic efficacy of GCPP NPs in treating the DSS-induced colitis mice.
(a) The experimental design of either CPP or GCPP NPs treating 3% DSS-induced acute
colitis mice. The acute colitis mode was induced by drinking water containing 3% DSS
for 5 days. Meanwhile, mice received water, CPP or GCPP NPs through oral



administration every other day from the first day to the 14" day. (b) Representative
photographs of rectal areas of a normal mouse and DSS-induced acute colitis mice
treated by water, CPP and GCPP NPs (on day 7) (the dotted line circle). (c) The body
weight changes of normal mice, colitis mice treated with water, CPP and GCPP NPs,
respectively. (d) The colon length changes and (e) photographs of colons of normal
mice, colitis mice treated with water, CPP and GCPP NPs. (f) Colonic pathological
sections of normal mice, colitis mice treated with water, CPP and GCPP NPs via H&E
staining (black arrow: disruption of cryptal glands and infiltration of inflammatory cells,
yellow arrow: irregular morphology of colon, red arrow: retention and regeneration of
crypts). Scale bars: 100 or 250 pm. (n = 6; *P < 0.05, **P <0.01)

3.4 Conclusions

We have designed and prepared robust peptide-based nanoparticles for IBD treatment
via oral administration. An antioxidant peptide CPP is covalently assembled with
iridoids Genipin to form GCPP NPs. Firstly, GCPP NPs possess robust nanostructure
owing to covalent interaction enhancement, which perform good stability through harsh
pH/enzymatic conditions in the simulated gastrointestinal fluids. Therefore, GCPP NPs
are regarded as a promising candidate for oral administration with high compliance.
Secondly, during evaluation of scavenging ROS in the simulated gastrointestinal fluid,
GCPP NPs present special property of controlled antioxidation to sustainably scavenge
ROS, which is conducive to treat IBD. Additionally, in vivo fluorescence profiles of
various fluorescently-labeled GCPP NPs suggest that GCPP NPs preferentially
accumulate at the inflamed colon site. Importantly, GCPP NPs promote crypt
regeneration for effectively alleviating inflammation in the IBD model. All in all, GCPP
NPs have been spotlighted as a potential peptide-based antioxidant nanoagent to treat
ROS-related inflammation diseases. This study provides an alternative strategy to
fabricate bioactive peptide nanoagents suitable for oral administration.
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3.5 Supporting information
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Figure S3.1 Schematic illustration of the reaction mechanism between CPP and
Genipin.

a b
1.5 ,.:1.0
e >
- )
d | 0.8
31.2 S
Bos
§ 0.94 8
© 1 enipin
g 06 o 04 e
— o]
o Y=0.34891C-0.01842 » 0.2
B 0.3 R2=0.9999 g
< 0.0-
0.0+ r T T T r '
0 1 2 3 4 200 400 600 800
Concentration of Genipin (ug mL-1) Wavelength (nm)

Figure S3.2 (a) The standard curve of Genipin. (b) UV/vis absorption at 241 nm of
Genipin dispersed transparent supernatant solution after ultrahigh centrifugation.
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Figure S3.3 (a) Particle-size statistics of GCPP NPs from TEM, (b) SEM images.
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Fig. S3.7 The fluorescence biodistribution images of DSPE-PEG2K-CY5/GCPP NPs
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Figure S3.8 H&E-stained sections of the major organs (heart, liver, spleen, lung,
kidneys) of healthy mice and DSS-induced colitis mice treated with water and GCPP

NPs (30 mg kg™), scale bar: 200 um.
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Chapter 4 Multicomponent Coassembled Nanodrugs Based on Ovalbumin,
Pheophorbide a and Zn?** for in vitro Photodynamic Therapy

Abstract

Photodynamic therapy (PDT) has been considered as a therapeutic method based on
non-invasiveness and lower side effect. However, photosensitizers (PS), as a major
component of PDT, suffer from aggregation and limit reactive oxygen species (ROS)
generation in the delivery process, thus causing unsatisfactory therapeutic effect of PDT.
Herein, we demonstrate a multicomponent coordination coassembly strategy based on
the combination of metal-binding protein (ovalbumin, OVA), metal ions (Zn>") and a
photosensitive drug (pheophorbide a, PheoA) for constructing supramolecular
photosensitive nanodrugs towards antitumor PDT. The resulting photosensitizer
nanodrugs exhibit well-defined nanorod structures, good colloidal dispersity, and high
encapsulation efficiency. Most importantly, multicomponent coassembled nanorods
possess favorable stability of physiological environment and on-demand release of PS
in response to an acidic ambient in tumor cells. These features result in the high level
of ROS generation in tumor cells, benefiting for enhanced therapeutic effect of in vitro
PDT.

Keywords: multicomponent coassembly; nanorods; nanodrugs; controlled release;
photodynamic therapy



4.1 Introduction

Photodynamic therapy (PDT), as a clinically promising therapeutic modality, has
exhibited satisfactory therapeutic efficacy toward neoplastic diseases due to its
spatiotemporal selectivity and noninvasive nature.? Highly reactive oxygen species
(ROS) derived from PDT is capable of mediating cell apoptosis or necrosis through a
series of biological events.? The core element of PDT is photosensitizers (PS).* To date,
a large amount of PS have been employed for preclinical study and clinical application.’
However, most of the available PS suffer from resultant aggregation behavior in
aqueous solutions due to poor water solubility induced by highly conjugated structures,
which further limits ROS generation and further reduces therapeutic effect of PDT.%’
Additionally, inevitable side effect, skin photosensitization caused by non-silent PS in
the blood, require patients to stay out of the light for a long time after treatment.® Hence,
a variety of drug delivery vehicles including liposomes, polymer and inorganic
nanomaterials have been proposed to tailor pharmacokinetics of PS and improve blood
stability of nanoengineered PS.>!° Nonetheless, these nanoengineered PS still have
several disadvantages, such as low PS-loading capacity and premature PS release.
Thence, one strategy that simultaneously integrates high loading efficiency and
controlled release in single PS nanodrugs is highly appreciated.

Attributing to the functional and structural diversity of proteins, nanodrugs based on
protein coassembly are expected to solve the problems of hydrophobic drug delivery.!!-
14 Protein coassembly involves multiple noncovalent interactions, such as hydrophobic
interaction, m-m sacking, hydrogen bonding, and electrostatic interaction.!>!>!® These
noncovalent interactions can induce coassembly of hydrophobic PS to form
nanostructures, resulting in a high drug-loading capacity without redundant
components. Moreover, prepared nanostructures are susceptible to complex
physiological environment, leading to dynamic reversibility of coassembled protein
nanostructures under suitable conditions.>!*?° Importantly, inspired by the
metalloproteins found in natural organisms, the coordination interactions between
proteins with metal ions have been employed to self-assemble proteins, constructing
more stable protein-based nanodrugs.?!">® Therefore, the enhanced stability and
dynamic reversibility originated from protein-induced PS coassembly are feasible for
delivery of PS, realizing enhanced PDT effect.

Herein, we construct a multicomponent nanodrug based on coassembled strategy by the
combination of protein, PS, and metal ion (Zn**) for PDT against tumor (Scheme 4.1).
Uniform and monodisperse nanorods are readily obtained by multicomponent
coassembly of ovalbumin (OVA), pheophorbide a (PheoA) and Zn?" through a
combination of coordination and noncovalent interactions. Intriguingly, the as-prepared
nanorods possess robust stability in aqueous solution and physiological conditions, but
controlled disassembly behavior at lower pH values in tumor cellular environments.
These characteristics attribute to the robustness of coordination interaction and
flexibility of multiple noncovalent interactions. Furthermore, the nanorods exhibit
negligible dark toxicities and enhanced in vitro PDT efficiency. Taken together, our
results demonstrate that multicomponent coordination coassembly is a promising
strategy for fabricating PS-based delivery systems with robust physiological stability



and controlled release behavior towards enhancing PDT efficiency.

Sss®

Ovalbumin Pheophorbide a OVA-Zn?*-PheoA nanodrugs
(OVA) (PheoA)

Light irradiation

Cell apoptosis

Tumor cell
Scheme 4.1 Schematic illustration of supramolecular nanodrugs for efficient antitumor

PDT in vitro. (a) Supramolecular nanorods based on coordination coassembly of metal-
binding OVA and PheoA in the presence of Zn>". (b) The process of cellular
internalization of nanorods by tumor cells and release of PheoA in response to cellular
environments, achieving toxic ROS generation for efficient PDT in vitro.

4.2 Experimental section
4.2.1 Materials and instruments

Materials: Albumin, from chicken egg white (98 %), Calcein-AM and propidium
iodide (PI) were bought from Sigma-Aldrich (Shanghai) Trading Co. Ltd..
Pheophorbide a (mixture of diastereomers) (95%) was obtained from Frontier Scientific,
Inc. Zinc (II) chloride (ZnCl2) (98%) was bought from Beijing Chemical Works.
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was purchased from Beijing
Solarbio Science &Technology Co., Ltd.. 2',7"-Dichlorodihydrofluorescein diacetate
DCFH-DA was got from MedChemexpress CO., Ltd.. Roswell Park Memorial Institute
(RPMI) 1640 medium and phosphate buffer saline (PBS) were purchased from Beijing
Solarbio Science & Technology Co., Ltd.. Fetal bovine serum (FBS) was got from
BioLegend Co.

Instruments: Transmission electron microscopy (TEM) images of nanorods were
exhibited by a model JEM-1011 transmission scanning electron microscope (JEM-1011,
JEOL, Japan). The zeta potential of nanorods was measured by a Malvern DLS



instrument (Zetasizer Nano ZS ZEN3600). UV/vis absorption spectra were tested by a
Shimadzu UV-2600 spectrophotometer. Fourier transform infrared (FTIR) spectra were
obtained by a TENSOR 27 FTIR spectrometer (BRUKER). The cell viability was
evaluated by using MTT assay, in which the absorbance was measured by a microplate
reader (Multiskan FC, Thermo Fisher Scientific). The biodistribution of OVA-Zn?'-
PheoA nanorods in vivo was measured with an imaging system (PerkinElmer, IVIS
Spectrum). Confocal laser scanning microscopy (CLSM) (Olympus FV1000) was used
for imaging cells. 680 nm diode laser (0.3 W cm™, equipped within Olympus FV1000)
was used for irradiating cells.

4.2.2 The synthesis of the OVA-Zn?*-PheoA nanorods

The OVA-Zn**-PheoA nanorods were prepared by a simple method that 400 uL OVA
dispersed in aqueous solution (10 mg mL™') and 20 pL PheoA dispersed in DMSO (10
mg mL") were mixed. Then, 10 pL ZnCl: solution with the concentration of 100 mM
was added into the mixed solution, then 0.1 M NaOH solution was used for adjusting
the pH value of the mixtures to neutral. The final concentrations of OVA, Zn?" and
PheoA were 4 mg mL!, 0.01 mM and 0.2 mg mL"!, respectively. OVA-Zn?*-PheoA
nanorods were obtained after aging for 24 h.

4.2.3 Encapsulation efficiency of PheoA of OVA-Zn**-PheoA nanorods

OVA-Zn?*-PheoA nanorods were placed into ultrafiltration device to centrifugate 6000
r for 10 min. The precipitates were dispersed in DMSO. Then, the concentration of
PheoA was measured by UV/vis spectroscopy. The following formula was accorded to
calculate the encapsulation efficiency of PheoA:

) o weight of PheoA in the precipitate
Encapsulation ef ficiency = weight of Pheod added * 100%

4.2.4 The stability of OVA-Zn?*-PheoA nanorods

The stability of OVA-Zn?**-PheoA nanorods was evaluated by dynamic light scattering
(DLS). OVA-Zn**-PheoA nanorods were incubated with water (pH 7.4), PBS (pH 7.4)
and RPMI 1640 medium containing 10% (v/v) FBS at 37 °C for 72 h, respectively.

4.2.5 Release profiles of PheoA from the OVA-Zn**-PheoA nanorods

The PheoA release profiles in vitro were measured by the dialysis method. 1 mL OVA-
Zn*"-PheoA nanorods was placed into a dialysis membrane (Mw cutoff = 14 K) and
incubated with 50 mL of PBS solution (pH 5.5 and 7.4) containing 0.5% (v/v) Tween
80 at 37 °C for 24 h. Then, 1 mL of the dialysate was collected and replaced with 1 mL
of fresh PBS containing 0.5% (v/v) Tween 80 at different time points. The data was
monitored by UV/vis spectrophotometry. The standard curve of PheoA dissolved in
PBS solution containing 0.5% (v/v) Tween 80 see Figure S4.3.



4.2.6 The biocompatibility evaluation of OVA-Zn?*-PheoA nanorods in vitro

Mouse melanoma cells (B16) cells were cultured in 96-well plates (1x10° cells well ™)
for overnight. The different concentrations of the OVA- Zn?*-PheoA were used to treat
cells for 24 h. The cell viability was tested by MTT assay.

4.2.7 Cellular uptake

B16 cells were cultured at 5x10* cells in coverglass bottom dishes for overnight. After
24 h, B16 cells were further incubated with RPMI 1640 medium containing the
nanorods (10 ug mL™! of PheoA) for 1, 8, 24 h. After incubation, the cells were washed
with PBS, and imaged by CLSM with the excited wavelength of 635 nm.

4.2.8 The PDT effect of OVA-Zn?"-PheoA nanorods in vitro

B16 cells were equably dispersed in 96-well plates (1x10° cells well™') and incubated
for overnight. Then, B16 cells were incubated with various concentrations of the OVA-
Zn**-PheoA or PheoA for 24 h. After incubation, B16 cells were washed by PBS with
three times and were incubate by fresh RPMI 1640 medium. 680 nm laser (0.3 W cm’
%) was used to illuminate tumor cells in groups needing laser. After further incubation
for another 24 h, the cell viability was tested by MTT assay.

4.2.9 Generation and detection of ROS

B16 cells were equably dispersed in petri dishes (5x10* cells) and cultured for 24 h.
RPMI 1640 medium containing OVA-Zn?*-PheoA (10 pg mL™! of PheoA) was used to
replace the original medium and incubate with cells for 24 h in OVA-Zn?*-PheoA and
OVA-Zn**-PheoA (+Laser) groups. Before laser irradiation, B16 cells were incubated
with 10 uM DCFH-DA for 0.5 h. Then, cells were irradiated by a 680 nm diode laser
(0.3 W cm™) for 1 min. The cells in control group and OVA-Zn**-PheoA groups were
only incubated with 10 uM DCFH-DA for 0.5 h. CLSM was used to image cells
(excited at 488 nm).

4.2.10 Staining of living and dead cells

B16 cells were equably dispersed in petri dishes (5x10* cells) and cultured for 24 h.
RPMI 1640 medium containing OVA-Zn?"-PheoA (10 pg mL™!' of PheoA) was used to
replace the original medium and incubate cells for 24 h in OVA-Zn**-PheoA group and
OVA-Zn?**-PheoA (+Laser) group. After 680 nm diode laser (0.3 W cm) irradiation for
5 min, B16 cells were incubated with 50 ug mL! of Calcein-AM and propidium iodide
(PI) in only laser group and OVA-Zn*'-PheoA (+Laser) group. The cells in control
group and OVA-Zn*"-PheoA group were only incubated with Calcein-AM and PI.
Finally, CLSM was used to image cells (excited at 488 nm).

4.2.11 The biodistribution of OVA-Zn?"-PheoA nanorods in vivo

10 mg kg! OVA-Zn**-PheoA nanorods dispersed in 5% glucose solution were
intravenously injected into B16 tumor-bearing mice before imaging. At predetermined
time points (1, 4, 8, 24 h), the mice treated nanorods were imaged by an in vivo
fluorescence imaging system. After the treatment for 24 h, the mice were sacrificed,



and the organs (heart, liver, spleen, lung and kidneys) as well as tumors were harvested
and imaged by the fluorescence imaging system. Fluorescence intensity of different
organs and tumors was obtained via the imaging system software.

4.3 Results and discussion
4.3.1 The preparation of OVA-Zn**-PheoA nanorods

As a model metal-binding protein, OVA was chosen as the building block for
coassembling with PS. As a biologically derived PS, PheoA with biocompatibility and
biodegradability could generate ROS under laser irradiation to effectively destroy
tumor cells.?*?” Nevertheless, the high hydrophobicity of PheoA restricted
bioavailability and ROS generation (singlet oxygen, '02). We investigated coassembly
of OVA and PheoA in aqueous solutions with the addition of Zn**. TEM images of OVA
and PheoA dispersed in water (Figure 4.1a, b) showed irregular morphology in OVA
and aggregation of large clusters in PheoA. While TEM image of OVA-Zn?*-PheoA
(Figure 4.1c¢) exhibited spiral nanorod structures. The morphology difference between
individual PheoA and OVA-Zn?*-PheoA nanorods indicated that the presence of OVA
and Zn?" influenced and regulated the molecular stacking patterns of PheoA though the
simultaneous integration of coordination and mnoncovalent interactions.”* The
multicomponent coordination interaction and secondary structure of assembled
nanorods was proved by FTIR spectroscopy. As shown in Figure 4.1d, the band
identified at 1737 cm ™! was due to the carboxy group of PheoA. Compared to the PheoA,
corresponding band of OVA-Zn?*-PheoA in the FTIR spectra significantly shifted to
lower wavenumbers, indicating the carboxyl groups coordinated to Zn?"?2?% The
absorption band of OVA at 1651 cm ™! (amide I) confirmed its typical a helix secondary
structure.>*! The absorption band of typical o helix secondary structure was also
present in OVA-Zn?'-PheoA nanorods (1658 cm™'). Circular dichroism (CD)
spectroscopy was employed to further analyze the secondary structure of nanorods. As
shown in Figure 4.1e, OVA-Zn**-PheoA exhibited a typical o helix secondary structure,
performing a positive peak at 195 nm and two negative peaks at 208 nm and 222 nm,
respectively.>? This CD result was consistent with the FTIR spectra. The surface charge
of OVA-Zn**-PheoA (-2.85 mV) was obviously more positive compared with PheoA
clusters (-42.2 mV), which also demonstrated that the binding of Zn*'occured in the
formation of the OVA-Zn**-PheoA nanorods. (Figure 4.1f) These results suggested that
the OVA-Zn?*-PheoA nanorods were formed by coordination coassembly of the three
components. Significantly, the PheoA encapsulation efficiency of OVA-Zn?"-PheoA
nanorods was higher than 94% (Figure S4.1). Such high encapsulation efficiencies
indicated that PheoA acted as both a cargo and a building block to participate in the
coassembly of the nanorods.

To further understand the assembly mechanism of the OVA-Zn**-PheoA nanorods, the
interactions of three components were investigated by UV/vis absorption spectra
(Figure 4.1g). Compared to the spectrum of monomeric PheoA (dispersed in DMSO),
OVA-Zn?**-PheoA nanorods showed a red-shifted Q-band at 668 nm accompanied by
the widening of the peak, which suggested PheoA was in aggregated state in the
assemblies. Such aggregated state was not conducive to 'O, generation.>®> As expected,



OVA-Zn?**-PheoA nanorods totally quenched the fluorescence of monomeric PheoA
due to robust nanostructure constructed by strong cooperative coordination interactions
(Figure 4.1h). The significant inhibition of fluorescence was benefit for hindering
photosensitization caused by non-silent PS in the blood.
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Figure 4.1 The characterization of OVA-Zn**-PheoA nanorods. TEM images of (a)
OVA, (b) PheoA, and (c) OVA-Zn?"-PheoA nanorods in aqueous solution. (d) FTIR
spectra and (e) CD spectra of OVA, PheoA and OVA-Zn**-PheoA. (f) Zeta potential of
PheoA and OVA-Zn?"-PheoA nanorods. (g) The UV/vis absorption spectra of OVA,
PheoA (dispersed in DMSO) and OVA-Zn**-PheoA nanorods (equivalent concentration
of PheoA). (h) Fluorescence emission spectra of PheoA (dispersed in DMSO), PheoA
(dispersed in water) and OVA-Zn**-PheoA nanorods (equivalent concentration of
PheoA, excited at 678 nm).

4.3.2 The stability evaluation of OVA-Zn?*-PheoA nanorods

The stability of nanomaterials is highly crucial for PDT not only in vitro and in vivo. In
comparison with traditional noncovalent interactions, coordination interaction is
significantly stronger and its bond energy is closed to the covalent bond. Therefore, the
integration of coordination interactions and noncovalent interactions is an ingenious
way to design robust nanodrugs. The stability of OVA-Zn?*-PheoA nanorods was
evaluated by incubating OVA-Zn?"-PheoA nanorods with a water, RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum (FBS), and phosphate buffer saline
(PBS) (pH 7.4) at 37 °C for different times (1, 6, 24, 48, 72 h) (Figure 4.2a, b, ¢). The
results showed that OVA-Zn?"-PheoA nanorods were stable under such environments
because their average sizes and polymer dispersity index (PDI) exhibited negligible



changes. Such good performance indicated that the nanorods constructed by
multicomponent coordination coassembly were highly stable under physiological
environment.
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Figure 4.2 The stability evaluation of OVA-Zn?*-PheoA nanorods by DLS. Size and
PDI of OVA-Zn?"-PheoA nanorods during the incubation in (a) water (pH 7.4), (b)
RPMI 1640 medium supplemented with 10% (v/v) FBS, and (c) PBS buffer (pH 7.4)
at 37 °C for 24 h.

4.3.3 The pH responsiveness of OVA-Zn?*-PheoA nanorods

It is critical that PheoA can be released from OVA-Zn?*-PheoA nanorods for effective
ROS generation under laser irradiation. Due to the dynamic flexibility of noncovalent
interactions, the formed assemblies may be susceptible to environmental variations,
such as pH, leading to controlled disassembly mediated by tumor acid environment.
The release of PheoA from the OVA-Zn*'-PheoA nanorods was tested by dialysis
against PBS (pH 5.5 and pH 7.4) with 0.5% (v/v) Tween 80, which were used to
simulate the normal physiological environment and tumor cells, respectively (Figure
4.3a). The release efficiency of PheoA from OVA-Zn?**-PheoA nanorods in pH 5.5 PBS
with 0.5% (v/v) Tween 80 was reaching up to approximately 73% at 24 h. In contrast,
about 22% of the PheoA was released at 24 h in pH 7.4 PBS with 0.5% (v/v) Tween 80
because of compatibilization function of Tween 80. These results indicated that
nanorods performed pH responsiveness and relative stability in normal physiological
condition. It might ascribe to protonation of the carboxyl groups of PheoA, inducing
weakening the electrostatic interaction and coordination interaction with Zn** 3% Next,
the disassembly process of OVA-Zn?>*-PheoA nanorods was directly observed by TEM.
As shown in Figure 4.3b, OVA-Zn**-PheoA nanorods were incubated with pH 5.5 and
pH 7.4 PBS with 0.5% (v/v) Tween 80 for 24 h, respectively. The morphology of OVA-
Zn?*-PheoA nanorods incubated with pH 7.4 PBS exhibited negligible changes,
maintaining the integrity of the nanorods for 24 h. In contrast to unaltered morphology
of OVA-Zn*'-PheoA incubated with pH 7.4 PBS, OVA-Zn?'-PheoA nanorods
incubated with pH 5.5 PBS gradually disassembled. It was observed that a portion of
the nanorods showed collapse of the rod-like structure (yellow arrow) at 8 h. After 24
h, the nanorods almost disassembled and the rod-like nanostructures completely
disappeared, accompanying by aggregation of hydrophobic PheoA. These results
demonstrated that OVA-Zn**-PheoA nanorods possessed pH responsiveness, which
was suitable for controllable disassembly to achieve the release of monomeric PheoA
in tumor cells.
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Figure 4.3 pH responsiveness and disassembly evaluation of OVA-Zn>'-PheoA
nanorods. (a) Release profiles of PheoA from OVA-Zn?"-PheoA nanorods in different
buffer solutions with Tween 80 (pH 5.5 and pH 7.4, * indicates p < 0.05). (b) TEM
images of OVA-Zn?"-PheoA nanorods incubated with different buffer solutions (pH 5.5

and pH 7.4) over time.

4.3.4 The in vitro PDT effect of OVA-Zn?*-PheoA nanorods

The biosafety of nanomaterials is priority for further biomedical applications. Hence,
the biocompatibility was further investigated at the cellular level. B16 cells were chosen
as the cell line to culture with OVA-Zn**-PheoA nanorods with different concentrations
(6.25, 12.5, 25, 50, 100 ug mL"). As shown in Figure 4.4a, after co-incubating with
nanorods for 24 h, survival rate of B16 cell was more than 90% under 50 pg mL™! OVA-
Zn**-PheoA nanorods. Even at the concentration of 100 pg mL™, cell proliferation
inhibition rate was less than 15%, indicating that OVA-Zn?"-PheoA nanorods possessed
good biocompatibility. Next, OVA-Zn**-PheoA nanorods were further explored for
PDT in vitro. The images of B16 cells incubated with 10 ug mL™! of OVA-Zn**-PheoA
nanorods for 1, 8, 24 h, were captured by CLSM. After incubation with cells for 8 h,
the fluorescent cells could be clearly observed and the intensity increased with the
prolonged incubation time (Figure 4.4b, ¢), indicating the uptake of OVA-Zn?*-PheoA
nanorods by cells. It is worth to note that the strong fluorescence resulting from the
cells accounted for the disassembly of the nanorods and release of molecular PheoA,
which is of importance for the efficient PDT. The antitumor PDT efficiency and ROS
generation capacity were further investigated through MTT assay. As shown in Figure
4.4d, the B16 cells treated both the laser-free or laser alone group all showed high cell
viability. The cytotoxicity of the PheoA and OVA-Zn?*-PheoA nanorods with laser
irradiation was also evaluated. The survival rate of B16 cells treated with PheoA
(+Laser) and OVA-Zn**-PheoA (+Laser) both showed a significant decrease in a
concentration-dependent manner. In addition, the OVA-Zn?*-PheoA (+Laser) group
exhibited more cytotoxicity than the PheoA (+Laser) group, especially at higher doses.
These results suggested that the OVA-Zn>*-PheoA nanorods might have better
intracellular uptake and ROS generation capacity than aggregated PheoA. Furthermore,
the intracellular ROS generation was detected by DCFH-DA probe that could be
oxidized by generated ROS to yield fluorescent substance.>> The OVA-Zn>"-PheoA
nanorods (+Laser) treated cells exhibited obvious fluorescence emission compared to
the other control groups. It demonstrated that the PheoA could be released from the
OVA-Zn?**-PheoA nanorods in B16 cancer cells for effective ROS generation (Figure



4 4e). Calcein-AM and PI were used to stain live and dead cells.*® As shown in Figure
4 4f, while strong red fluorescence signal of PI in B16 cells treated with OVA-Zn?*-
PheoA (+Laser) was observed by CLSM, the other groups treated with only laser or
only OVA-Zn?**-PheoA nanorods exhibited strong green fluorescence signal of Calcein-
AM. The results indicated that the generated ROS from OVA-Zn?"-PheoA nanorods
under laser irradiation could effectively trigger the B16 cell apoptosis, achieving
enhanced antitumor PDT effect in vitro.
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Figure 4.4 The biocompatibility and in vitro PDT effect of OVA-Zn**-PheoA nanorods.
(a) Cell viability of B16 cells after incubation with OVA-Zn**-PheoA nanorods
containing different concentrations. (b) CLSM images of B16 cells incubated with
OVA-Zn*"-PheoA nanorods for 1, 8, 24 h. Excited at 635 nm. (c) Fluorescence intensity
analysis of cells incubated with OVA-Zn>"-PheoA nanorods for 1, 8, 24 h. (** indicates
p < 0.01, *** indicates p < 0.001) (d) Cell viability of B16 cells treated with different
concentrations of OVA-Zn*-PheoA nanorods in the presence or absence of laser



irradiation. (680 nm, 0.3 W cm™, *** indicates p < 0.001) (¢) CLSM images of B16
cells stained with DCFH-DA. Excited at 488 nm. (f) The CLSM images of B16 cells
stained with Calcein-AM and PI. Excited at 488 nm and 559 nm.

4.3.5 The biodistribution of OVA-Zn?"-PheoA nanorods in vivo

The in vivo distribution of the OVA-Zn>"-PheoA nanorods was further investigated in
B16 tumor-bearing mice. Before intravenous injection, the stability of OVA-Zn?*-
PheoA nanorods in physiological medium was further evaluated. As shown in Fig. S4.2,
the UV/vis absorbance of nanorods after incubation with RPMI 1640 medium
containing 10% (v/v) FBS for 24 h showed negligible changes, indicating the nanorods
stability in the physiological medium. After the injection of OVA-Zn**-PheoA nanorods,
the tumor site exhibited strong fluorescence signal at 1 h and showed an obvious
increase at 4 h (Figure 4.5a), suggesting gradual accumulation of the OVA-Zn?*-PheoA
nanorods and released PheoA at the tumor site. With the prolonging of time, the
intensity of fluorescence signal gradually decreased due to metabolic clearance but
remained stronger than that of other organs at 24 h (Figure 4.5b). The contrast of
fluorescence intensity between harvested organs and tumor sites was consistent with
the fluorescence signal intensity in vivo (Figure 4.5c), suggesting that OVA-Zn?'-
PheoA nanorods still accumulated in the tumor with prolonged blood circulation time.
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Figure 4.5 The biodistribution of OVA-Zn?"-PheoA nanorods in vivo. (a) Fluorescence
images of mice injected with OVA-Zn?*-PheoA nanorods at different time, and dashed
line indicates tumor region (equivalent concentration of PheoA: 1 mg mL™). (b)
Fluorescence images of harvested tumor and various organs. (c) The fluorescence

intensity of OVA-Zn*'-PheoA nanorods distributed in harvested tumor and various
organs. Error bars denote the standard deviation (n = 3).
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4.4 Conclusions

In summary, we have constructed supramolecular photosensitizer nanorods by



coordination coassembly based on the combination of OVA, Zn*" and PheoA. The as-
prepared OVA-Zn>*-PheoA nanorods exhibit good colloidal dispersity,
biocompatibility and high encapsulation efficiency (>90%). Moreover, the as-prepared
nanorods show favorable stability in physiological environment, but have
responsiveness to acid pH in tumor cells for the controlled release of monomeric
photosensitizer and corresponding generation of ROS, thus enhancing in vitro PDT
efficiency. OVA-Zn?"-PheoA nanorods can selectively accumulate in tumors and
present the potential for further diagnosis and treatment in vivo. Multicomponent
coordination coassembly is a versatile approach applicable for preparing various
protein-photosensitizer nanodrugs, paving the way for design of multifunctional
nanodrugs toward synergistic antitumor therapy.
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Chapter S Conclusions and Future work

5.1 Conclusions

Based on that excessive ROS generation can lead to increased risk of chronic diseases
and carcinogenesis and interfere with redox dynamics for self-survival, ROS in lesion
site have received drawn wide attention as a new target for treating variety of different
diseases. Therefore, we have designed ROS-regulating nanomaterials owing to all-in-
one progress of ROS biology, ROS chemistry and ROS nanotechnology.

In Chapter 2, antioxidant NPs are prepared by co-assembly of flavonoid Myr and GSH
in the presence of Zn*". As-obtained NPs not only overcome the disadvantages of Myr
and GSH for improving their bioavailability, but also possess sustainable ROS
scavenging activity for protecting cells from ROS damage.

In Chapter 3, CPP and Genipin are combined to covalently assemble robust GCPP NPs.
Covalent-assembled GCPP NPs with antioxidant activity are fabricated for IBD
treatment via oral administration. As-prepared GCPP NPs possess stable nanostructure
in harsh pH/enzymatic conditions, which cannot be destructed by oral delivery for
achieving high bioavailability of peptides Moreover, GCPP NPs present favorable
therapeutic effect, which attributes to properties of controlled antioxidation to
sustainably scavenging ROS and nano size preferentially accumulated at the inflamed
colon site and remarkable advantage of promoted crypt regeneration. As-made GCPP
NPs have been spotlighted as a potential antioxidant agent to treat ROS-related
inflammation diseases.

In Chapter 4, supramolecular photosensitizer nanorods have been constructed by
coordination assembly based on the combination of OVA, Zn*" and PheoA. Co-
assembled OVA-Zn?*-PheoA nanorods exhibit high encapsulation efficiency compared
with loading strategy. Owing to the dynamic flexibility of noncovalent interactions, as-
prepared nanorods can respond to acid pH in tumor cells for the controlled release of
monomeric photosensitizer and corresponding generation of ROS, thus enhancing in
vitro PDT. During in vivo experiment, nanorods can selectively accumulate in tumors
and further diagnose tumor site for antitumor treatment.

5.2 Future work

The nosogenesis of many diseases, such as periodontal disease (PD),
Neurodegenerative diseases, Atherosclerosis and Myocardial infarction, have been
investigated to have tightly relationship with ROS. Therefore, ROS-based
nanomedicines have been deemed as important strategy for disease therapy. Nowadays
is an era of precision medicine, increasing number of nanodrugs with unique
compositions, structures and functionalities are fabricated, which is an important step
for meeting personalized medicine. Moreover, immunotherapy has been regarded as the
most typical personalized therapeutic modality. Therefore, we need further integrate
immunotherapy with ROS-based nanodrugs for optimized disease therapy.

During gradually preparing and optimizing new-generation nanomedicine, there are
still new challenges remaining to be met. In the spirit of "confront soldiers with generals



and stem water with earth", we will surely that ROS-based nanomedicines will obtain
leap-forward development and further clinical transformation in the future.
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