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Abstract

Stimuli-responsive drug delivery systems have become increasingly
fascinating and vital in nanomedicine because they can change the drugs
pharmacokinetics, significantly improve the drugs utilization efficiency,
provide on-demand local drug delivery, and reduce toxic side effects. As a
typical representative, porous nanomaterials have unique physicochemical
properties, such as rich pore structure, low density, high surface area, and
tunable porous size. They show great promise not only in industrial catalysis,
gas adsorption, linear optics, and electromagnetic materials, but also in stimuli-
responsive delivery system for the diagnosis and treatment of diseases. This
thesis mainly focuses on some important scientific issues such as seeking new
release and targeting mechanisms, broadening their biomedical applications,
developing multifunctional drug delivery systems, exploring biomimetic
encapsulation strategies, and further improving the loading diversity of
nanocarriers. Here, we have designed different drug/biomolecule delivery
systems based on porous nanomaterials, which are listed as follows:

First, mesoporous silica nanoparticle (MSNs)-based drug delivery system
with in vivo endothelial targeting was prepared for the inhibition of antibody-
mediated rejection after allograft kidney transplantation. The photothermal
sensitive copper sulphide (CuS) nanoparticles were encapsulated in
biocompatible MSNs, followed by multi-step surface engineering to form the
anti-inflammatory drug-loaded theragnostic nanoparticles. Non-invasive
targeting imaging, and near-infrared (NIR) triggered photothermal responsive
drug release investigations demonstrated this system can reduce systemic
inflammation, downregulate innate immune responses and promote recovery
of the injured endothelium. Intracellular delivery of CRISPR/Cas9 plasmids via
MSNs was subsequently explored for homology-directed repair through gene
editing. By microfluidic-assisted electrostatic nanoprecipitation, polymer was
coated onto plasmid-loaded MSNs to prevent biomolecule denaturation by
EcoRV restriction enzymes as well as premature release. The pH-responsive
breakdown of the polymer enabled controlled intracellular release of the
plasmid and knock-in of the paxillin gene sequence. However, due to the low
encapsulation efficiency and complex assembly process, there is a need to
develop new porous vectors that can be easily prepared, have better drug and
biomolecular loading capacity, and have better biocompatibility and
biodegradability.

Therefore, metal-organic frameworks (MOFs) with good biocompatibility
are used for drug delivery. By post-synthetic modification with disulfide
anhydride and folic acid, MOFs with redox-responsive and tumor-targeting
properties were constructed as a dual-drug carrier, exhibiting synergistic
enhanced anticancer effects. However, pre-prepared MOFs have the same
problems as MSNs in delivering biomolecules, and the encapsulation of MOFs
with postsynthetic modification provides limited protection for biomolecules.
Biomimetic mineralisation technique, which has been extensively studied for



inorganic systems, was applied to the synthesis of MOFs to wrap and protect
biomolecules, such as the encapsulation of CRISPR-Cas9 plasmids into MOFs,
where controlled nanostructures were synthesised in situ through a
biomolecule-mediated strategy. The structure-function relationship studies
showed that the nanostructures of the MOF coatings greatly influence the
biological properties of the contained biomolecules through different
embedding structures. With the help of the superior ZIF-8 vector, the GFP-
tagged paxillin genomic sequence was successfully knocked in a cancer cell line
with high transfection potency. In addition, microfluidic-assisted
biomineralization strategy for MOFs was utilised for efficient delivery and
remote regulation of CRISPR-Cas9 ribonucleic acid protein (RNP)-based gene
editing. By tuning different microfluidic parameters, well-defined and
comparable RNP-encapsulated nanocarriers were obtained with high delivery
efficiency, significant protection and NIR-responsive release, endosomal
escape and precise gene knock-down capabilities.

Keywords

drug delivery, mesoporous silica nanoparticles, immune inhibition, stimuli-
responsive, photothermal conversion, metal-organic frameworks, tumor
targeting, biomimetic mineralization, microfluidic



Sammanfattning

Stimuli-responsiva system for likemedelstillférsel har blivit alltmer
fascinerande och viktiga inom nanomedicin eftersom de kan fordndra
lakemedlens farmakokinetik, avsevart forbattra ldkemedelsutnyttjandet,
tillhandahalla lokal ldkemedelstillforsel pa begidran och minska toxiska
biverkningar. Som en typisk representant har pordsa nanomaterial unika
fysikalisk-kemiska egenskaper, t.ex. rik porstruktur, 1ag densitet, hog yta och
justerbar porstorlek. De dr mycket lovande inte bara inom industriell katalys,
gasadsorption, linjar optik och elektromagnetiska material, utan dven inom
stimulansresponsiva leveranssystem for diagnos och behandling av
sjukdomar. Denna avhandling fokuserar huvudsakligen pa nagra viktiga
vetenskapliga  fragor, tex. att soka nya frisdttnings- och
malinriktningsmekanismer, bredda deras biomedicinska tillimpningar,
utveckla multifunktionella system for lakemedelstillforsel, utforska
biomimetiska inkapslingsstrategier och ytterligare forbattra
laddningsmangfalden hos nanodragare. Har har vi konstruerat olika system for
att leverera lakemedel/biomolekyler baserade pa pordsa nanomaterial, som
listas nedan:

For det forsta framstalldes ett mesopordst kiseldioxidnanopartikelsystem
(MSN) baserat pa ldkemedelsleveranser med in vivo endotelmalsattning for att
hdmma antikroppsmedierad avstotning efter en njurtransplantation med
allograft. De fototermiskt kinsliga kopparsulfidnanopartiklarna (CuS)
kapslades in i biokompatibla MSN, foljt av en ytkonstruktion i flera steg for att
bilda antiinflammatoriska nanopartiklar laddade med teragnostiska
ladkemedel. Undersdkningar av icke-invasiv malbildsanalys och NIR-utlost
fototermisk responsiv ldkemedelsfrisittning visade att detta system kan
minska systemisk inflammation, nedreglera det medfédda immunfdrsvaret och
framja aterhdmtning av skadat endotel. Intracellular leverans av CRISPR/Cas9-
plasmider via MSN:er undersoktes darefter for homologiskt riktad reparation
genom genredigering. Genom elektrostatisk nanoprecipitering med hjalp av
mikrofluidik har polymeren belagts pa plasmidladdade MSN:er for att
forhindra denaturering av biomolekylerna med hjdlp av EcoRV-
restriktionsenzymerna och for tidig frisittning. Den pH-responsiva
nedbrytningen av polymeren mojliggjorde en kontrollerad intracellular
frisattning av plasmidet och knock-in av paxillin-gensekvensen. Pa grund av
den l3ga inkapslingseffektiviteten och den komplexa monteringsprocessen
finns det dock ett behov av att utveckla nya porosa vektorer som latt kan
framstallas, som har battre laddningskapacitet for lakemedel och biomolekyler
och som har battre biokompatibilitet och biologisk nedbrytbarhet.

Darfor anvands metallorganiska ramverk (MOF) med god biokompatibilitet

for lakemedelsleveranser. Genom postsyntetisk modifiering med
disulfidanhydrid och folsyra konstruerades MOF:er med redoxresponsiva och
tumormalande egenskaper som en dubbel lidkemedelsbdrare som uppvisar



synergistiska forbattrade cancerbekdampande effekter. Forberedda MOF:er har
dock samma problem som MSN:er nar det giller att leverera biomolekyler, och
inkapsling av MOF:er med postsyntetisk modifiering ger ett begransat skydd
for biomolekyler. Den biomimetiska mineraliseringstekniken, som har
studerats ingdende for oorganiska system, tillampades pa syntesen av MOF:er
for att omsluta och skydda biomolekyler, t.ex. inkapsling av CRISPR-Cas9-
plasmider i MOF:er, diar kontrollerade nanostrukturer syntetiserades in situ
genom en biomolekylmedierad strategi. Studierna av  struktur-
funktionsforhallandet visade att MOF-beldggningarnas nanostrukturer i hog
grad paverkar de biologiska egenskaperna hos de ingdende biomolekylerna
genom olika inbaddningsstrukturer. Med hjilp av den o6verlagsna ZIF-8-
vektorn lyckades man framgangsrikt sld ut den GFP-markta genomsekvensen
av paxillin i en cancercelllinje med hog transfektionsformaga. Dessutom
utnyttjades en mikrofluidiskt assisterad biomineraliseringsstrategi for MOFs
for effektiv leverans och fjarrreglering av CRISPR-Cas9 ribonukleinsyreprotein
(RNP)-baserad genredigering. Genom att stilla in olika mikrofluidiska
parametrar erholls vildefinierade och jamforbara RNP-inkapslade
nanodragare med hdg leveranseffektivitet, betydande skydd och NIR-
responsiv frisdttning, endosomal flykt och exakta mojligheter att sla ner gener.

Nyckelord

ladkemedelstillforsel, mesopordsa  kiselnanopartiklar, immunhidmning,
stimulerande, fototermisk omvandling, metallorganiska ramar,
tumoOrmalsattning, biomimetisk mineralisering, mikrofluidisk
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1. Introduction

With the rapid development of intersection of nanotechnology and biomedical
science, nanomedicine has emerged. In recent years, nanomedicine has made
great research progress in the diagnosis and treatment of various diseases,
especially cancer. Nanomaterials have shown great application prospects in the
construction of novel disease treatment systems due to their unique
advantages of many multifunctional nanomaterials with good biocompatibility.
For example, in oncology treatment, the high toxic side effects of
chemotherapeutic drugs caused by non-targeted distribution throughout the
body have been a critical problem to be solved. Compared with the non-
targeted feature of most conventional anticancer drugs, this new nano-drug
delivery system, which is built by loading small molecule drugs into
nanomaterials, can preferentially accumulate in the tumor area through the
high permeability and retention (EPR) effect. At the same time, the nano-drug
delivery system can overcome the inherent defects of small molecule drugs and
has the advantages of improving the solubility of insoluble drugs, increasing
the drug utilization, reducing the toxic side effects during chemotherapeutic
drug transport, prolonging their blood circulation time, and enhancing their
targeting to tumor cells, which will greatly promote the application of
chemotherapeutic drugs in tumor treatment.

In recent years, delivery carriers based on porous silica nanomaterials (MSN)
have the advantages of high drug loading efficiency, adjustable structure, easy
surface modification and good biocompatibility, which have been used in the
loading of anticancer drugs, targeted delivery of bioimaging and tumor therapy.
However, silica nanomaterials still have the problems of poor stability and
difficult degradation. To better solve the above problems, we introduced
another class of porous material metal-organic frameworks (MOFs) to replace
silica to carry out the above research work. MOFs are crystalline materials with
a periodic network structure assembled by the coordination of metal ions or
clusters as nodes and organic ligands as linking units, and they have been a key
research topic in the field of new materials in recent years. MOFs materials are
easy to be synthesized and functionalized, and a variety of MOFs-based stimuli-
responsive drug carriers have been developed, which are constructed mainly
by embedding responsive components in MOFs structures or modifying
responsive molecules on the surface of MOFs materials, and MOFs themselves
can also be used as stimuli-responsive drug carriers. The design of stimuli-
responsive nano-drug carriers can achieve targeted and efficient drug delivery
while reducing the toxic side effects on healthy tissues, and realize efficient
tumor therapy by combining the characteristics of tumor microenvironment,
such as lower pH, redox, hypoxia, or external field stimuli response, such as
light, heat, ultrasound, magnetic field, etc.

The second part of this thesis mainly includes a review of the types of
nanocarriers, internal and external stimuli responsive mechanisms, the
construction of the stimuli responsive nanosystems and their applications in



drug delivery. The fifth part of this thesis firstly constructs a near-infrared
light-responsive MSN drug delivery system for alleviating rejection after
kidney transplantation, followed by the elaboration of an MSN nanoparticle
with charge reversal properties triggered by acidic tumor microenvironment
for biomolecule delivery; after that a GSH-responsive release of dual drug
nanocapsules based on MOF material is designed for synergistic enhancement
of anticancer effect, followed by the study of gene editing with the assistance
of biomimetic mineralization and microfluidic technology for synthesizing
MOF-encapsulated biomolecules. The above work is summarized in the sixth
part of this thesis. The research results of this thesis provide an important
scientific basis and ideas for the research of MSN and MOF-based stimuli-
responsive multifunctional nanocarriers in drug delivery, tumor therapy and
gene editing and other related fields, and laying the foundation for the
implementation of precision treatment of diseases.



2. Review of literature

2.1. Nanomedicine

With the continuous advances in materials science and biomedicine, researchers
expect to be able to control and manipulate the arrangement of atoms to
assemble molecules into nanoparticles (or nanostructures) and make them carry
a variety of diagnostic and therapeutic molecules to detect the occurrence,
progression, and regression of diseases at the molecular, cellular, and overall
levels, and ultimately leading to personalized and precise treatment for diseases.
Nanomedicine is one of the key research directions in the field of
nanobiotechnology because of their unique features and advantages such as
changing drug metabolism kinetics, improving drug utilization, achieving on-
demand drug delivery at the focal sites, regulating drug release rate, reducing
drug toxic side effects (Bourzac 2012; Chen et al., 2016; Li et al,, 2019; Li et al,,
2012; Liu et al., 2020; Peer et al., 2007; Pham et al., 2020; Sun and Davis 2021).
Among them, nanomaterial-based drug carriers, especially stimuli-responsive
nano-drug vectors, have attracted high attention from the scientific community
and pharmaceutical industry. So far, various carrier materials with excellent
structures and properties, including nanoparticles, nanocapsules,
nanomicrospheres and nanogels, have been developed for the delivery of
therapeutic agents such as nucleic acids, peptides, proteins, small molecule drugs,
photosensitizers (Crucho 2015; Lu et al,, 2014; Zhang et al., 2019; Zhou et al,,
2018). In particular, porous nanomaterials, due to their excellent
physicochemical properties, such as diverse nanopore structures, low density,
high specific surface area and adjustable pore size, have demonstrated
promising applications and economic value in scientific and technological fields
like industrial catalysis, gas adsorption, analytical detection, linear optics and
electromagnetic materials, especially in drug delivery (Cai etal.,, 2019; Feng et al,,
2021; Guimaraes et al., 2020; Shim and Kwon 2012; Song et al., 2017; Vallet-Regi
etal., 2007).

This section first provides an overview of the evolution of nano-drug carriers,
their advantages in drug delivery over conventional molecular drugs, the
classification of nanocarriers especially porous materials, introduces the
different stimuli-responsive release mechanisms and the practical applications
of porous nanomaterials in the field of stimuli-responsive nano-drug carriers, in
view of which the main research topics of this thesis is presented.

2.2. Nano-drug delivery

Nanotechnology is the high point of scientific and technological development in
the 21st century and is the leading technology of the new industrial revolution.
The study has shown that nanotechnology can be applied to medicine, pharmacy,
biology, chemistry, and information technology, and play a key role in advances
in each of these fields. As a "small but powerful” drug carrier, it is one of the
important applications of nanotechnology. Nanomedicine carriers are a kind of
drug delivery system belonging to the nanoscale microscopic category, which
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mainly encapsulates drugs in nanoparticles by chemical bonding, physical
adsorption, molecular self-assembly or wrapping, constituting a controlled drug
delivery platform. The development of the controlled drug delivery systems has
gone through three main stages (Figure 1) (Park 2013): the first stage was from
1950 to 1980, during which the basic principles of sustained drug release were
established (Dokoumetzidis and Macheras 2006). Many oral and transdermal
delivery nano-formulations were developed that could be maintained in the
body for extended periods ranging from twelve hours to one week. Several oral
nano-formulations were productized and entered the clinic. In the second phase,
from 1980 to 2010, the focus of nano-drug delivery development was primarily
on zero-order drug release technology, which maintains a constant rate over the
release cycle. At the same time, there was a spurt in research on nano-
formulations and a wide variety of drug carriers were developed. As of 2006,
more than a dozen nanomaterials and about 240 nanomedicines have entered
the process of drug development and drug products. Another research focus on
this period was the exploitation of stimuli-responsive nano-drug carriers, which
could adjust the release rate of drugs according to the actual condition of the
lesion site and realize intelligent self-feedback drug delivery. The third phase is
after 2010, whose main development direction is the design and construction of
targeted and multifunctional nano-drug delivery system, as well as the
performance validation of nano-drug carriers from in vitro to in vivo.

2.2.1. Advantages of nano-drug carriers

The advantages of nano-drug carriers over conventional molecular drugs are:

(1) Nano-drug carriers can increase drug solubility, improve drug stability,
reduce drug dosage, and enhance drug efficacy.



The nanocarriers themselves can have a wide variety of morphologies and can
be designed and tailored to the desired properties. This allows for the
encapsulation of hydrophilic/hydrophobic drug molecules as needed for
efficient solubilization. For example, oil-in-water drug carriers can be designed
to enhance the solubility of hydrophobic drugs by encapsulating them in their
hydrophobic cavities through hydrophobic-hydrophobic interactions. In
addition, nanomaterial drug carriers can provide a stable and hidden storage
space for drug molecules, which can effectively avoid the degradation and
deactivation of drugs under the action of human physiological environment
during drug delivery, thus maintaining the drug activity (Hasan et al,, 2007).
Nanomaterials have a high specific surface area and can load large amounts of
drugs, which facilitates to increase the drug concentration when accumulated at
the site of the lesion, reducing the number of doses, and improving the
therapeutic effect. At the same time, the same nano-drug carrier can be loaded
with two or more drugs, thus effectively reducing the chance of "drug resistance”
in cells and achieving synergistic treatment.

(2) Nano-drug carriers can enable precision therapy through active/passive
targeting.

Nano-drug carriers change the biological absorption, distribution, and
metabolic pathways of molecular drugs, and deliver the drugs to the pathogenic
parts of human body, thus reducing the damage of drugs to normal organs or
tissues. For tumor treatment, solid tumor tissues are characterized by large
amount of vascular proliferation, lack of smooth muscle layer, defective vascular
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Figure 2. Scheme of nanoparticle accumulation at the tumour site through the EPR effect.
(Copyright 1969, Springer Nature)



system, weak lymphatic system clearance and slow venous blood return,
resulting in "leakage" of new blood vessels (Figure 2). This is the high
permeability and retention effect of solid tumor tissues, which is known as the
EPR effect (Maeda et al., 2000; Peer et al, 2007; Torchilin 2011). When
nanocarriers convey drugs into the tumor tissues, the local drug concentration
in tumor can reach several times of the normal plasma concentration due to the
EPR effect, thus realizing the targeted drug delivery to solid tumors (Golombek
etal, 2018; Maeda etal., 2001). In addition, some cells have specific receptors on
their surface, and specific ligands with strong affinity for the receptors can be
modified on the surface of nanocarriers to allow them to actively target the lesion
site (Brannon-Peppas and Blanchette 2004). Currently, the mechanisms with
specific recognition are lectin-carbohydrate interaction (Nicolas et al., 2013),
interaction between transferrin and its receptor (Ferris et al.,, 2011; Xu et al,,
2021), interaction between folate receptor and folate (Dong et al, 2018;
Rosenholm et al., 2010; Rosenholm et al.,, 2009), antibody-related targets (Tsai
et al,, 2009) (such as tumor growth factor, matrix metalloproteinases, integrins,
vascular growth factor, epidermal growth factor receptors), nucleic acid
aptamers (Liu et al.,, 2018; Wu et al., 2011; Zhu et al., 2009) and peptide chains
(Dong et al., 2019; Fang et al,, 2012; Jain and Stylianopoulos 2010) (e.g., tumor
cells or neovascularization can specifically express certain integrin RGD
peptides). At the same time, physicochemical targeting and targeted traction
strategies can assist in drug delivery to specific sites of the patient and reduce
drug-induced side effects. For example, drug-loaded magnetic nanoparticles are
enriched at focal sites under the effect of magnetic fields (Hao et al.,, 2010; Ke et
al, 2011; Wu et al,, 2014), and targeting is achieved by weakening the action of
most mononuclear phagocytes, such as through macrophage inhibitors.

(3) Nano-drug carriers can reduce the blocking effect of the physiological
barriers and increase the circulation time.

Functional protective barriers exist in the body, such as the blood barrier, the
immune system, the blood-brain barrier, and the cellular barrier. They can
quickly remove external substances such as bacteria, viruses, and drugs from the
body and thus defend against their invasion. To effectively reach target tissues,
cells and molecules, drugs need to overcome multiple physiopathological
barriers (Figure 3), such as the blood barrier, tissue barrier, cellular barrier and
intracellular transport barrier (Blanco et al.,, 2015). Each barrier has a direct
impact on the final therapeutic effect. Nanocarriers can effectively penetrate
these biological barriers and deliver drugs to focal areas because of their small
and tunable size and the ease of modification of " stealth" or targeting moieties.
For example, when a nano-drug delivery system is administered intravenously
into the circulation, the reticulocytes of organs such as the liver and spleen and
the endothelial cells of blood vessels can engulf foreign bodies in the body with
the help of pseudopods. Sometimes, to accommodate the removal of larger
foreign bodies, some tissue cells unite to form a system of mononuclear
phagocytes with extremely high phagocytic capacity, which is known as the
reticuloendothelial system (RES) (Longmire etal., 2011). Numerous studies have
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shown that modification of the surface characteristics of nanoparticles, such as
polyethylene glycol modification, biomimetic delivery systems, and live cells as
drug carriers, can create "stealth” nanoparticles that impede the phagocytosis of
the RES system and overcome this barrier (Harris and Chess 2003; Villa et al,,
2016). In turn, when the nano-delivery system reaches the pathogenic tissue,
there is a trans-cellular barrier to its entry into the cell. The nano-drug carriers
are generally between 10-1000 nm in size, like biological macromolecules such
as proteins and nucleic acids, which being much smaller than cells and various
organelles, making it easier to bring a variety of biomolecules or drugs into cells
or organelles (Bae et al., 2011).

In addition, many experimental results have demonstrated that many kinds
of nanoparticles are more easily endocytosed by cells than small molecules or
microparticles. Meanwhile, the surface modification of nanoparticles with
targeting groups can change the uptake methods of nanoparticles by cells and
improve the uptake efficiency. When nano-drug carriers enter the diseased cells
through the endocytosis pathway, they are mainly localized in endo/lysosomes.
For drugs whose targets are in the nucleus, the endo/lysosomes are the most
important barrier to intracellular delivery because of the acidic environment and
various enzymes existed in endo/lysosomes that tend to degrade or inactivate
the drugs. To address this environment, nanocarriers can be functionalized to
disrupt, destabilize, or fuse lysosomal membranes through the proton sponge
effect, to achieve endo/lysosomal escape of carriers and drugs (Ashley et al,
2011). In addition, modification of positively charged cell-penetrating peptides
on the particle surface can also assist nanocarriers to enter cells and break the
lysosomal barrier.

(4) Nano-drug carriers provide an opportunity to develop smart nano-
drug delivery systems with stimulus responsiveness.

Due to the diversity of the structure and composition of nanomaterials
themselves and their easy modification, it is possible to design and construct
stimuli-responsive nanomaterials according to some special physicochemical
characteristics of the lesion site to achieve the purpose of avoiding drug leakage



and releasing drugs on demand after reaching the target site (Torchilin 2014).
There are two main ways to design stimuli-responsive nano-drug carriers: one
is the stimuli-responsive nanocarriers themselves, such as pH-responsive
polymeric nanoparticles and protease-degradable nanogels, which produce
physical or chemical changes in molecular chain structure, swelling, solubility,
and dissociation behaviors upon stimulation by external signals to release drugs.
The other is to modify stimuli-responsive groups or molecules on the inner and
outer surfaces of nanoparticles and use the reversible binding between the
modified groups and the drug or set up “gating” molecules on the particles to
confer a controlled effect of drug release on-demand or switch on/off under
different stimulation conditions. These stimulation signals mainly include
chemical signals such as pH, oxygen partial pressure, biological endogenous
substances, and some physical signals like temperature, light, magnetic and
electric fields (Aznar et al., 2016). By constructing stimuli-responsive smart
nano-drug carriers, premature drug release can be effectively avoided, which
greatly reduces the toxic side effects caused by early drug leakage during
transportation.

(5) Nano-drug carriers can realize multi-functionalization and integration
of diagnosis and treatment.

On the one hand, the fundamental physical effects of nanoparticles, such as
quantum effect, small size effect and surface effect, give nanocarriers unique
properties, like light, heat and magnetism, which enable the nanocarriers
themselves to be used as probes for disease diagnosis. On the other hand (Figure
4), the high surface energy and surface reactivity of nanomaterials make them
easy to achieve multifunctional integration and assembly, and they can combine
many other different functions in one while serving as drug carriers, which can
not only be directly used to detect the occurrence, development and
naturalization of diseases, monitor the drug efficacy in real time, and provide
doctors with rich location, size and shape information for timely adjustment and
optimization of treatment plans, but also can integrate multiple therapeutic
means to achieve efficient treatment of diseases (Lim et al., 2015; Sanvicens and
Marco 2008).
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Figure 4. Scheme of a multifunctional nanocomposite. (Copyright 2015, American
Chemical Society)




2.2.2. Types of nano-drug carriers

The advances in nanotechnology have turned nanomaterials promising carriers
for targeted drug delivery systems. Nanoparticles are typically defined as
particles with a diameter of approximately 10-1000 nm, and when used as nano-
drug carriers, they can extend the half-life of a drug, improve the solubility of
hydrophobic drugs and enhance efficacy by releasing the drug in a controlled or
sustained mode. Stimuli-responsive nanoparticles can also help reduce
biotoxicity and enable controlled release of drugs. Liposomes were used as
carriers for drugs and proteins in 1964, and were the first nano-drug delivery
systems to be developed (Gregoriadis and Ryman 1971). Since then, an
increasing number of materials have been made into nanoparticles and used as
nano-drug delivery systems (Shi et al, 2017). There were 51 nanoparticles
approved by the U.S. Food and Drug Administration (FDA) and 77 other
nanoproducts are in clinical trials in 2016 (Bobo et al., 2016).
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The types of nanomedicine carriers are quite extensive (Figure 5), and
according to the components of nanomaterials can be divided into lipids
nanocarriers (e.g., solid lipid nanoparticles, liposomes), polymer nanoparticles
(e.g., micelles, dendrimers, hydrogels), porous nanomaterials (mesoporous
silica nanoparticles, metal-organic frameworks), and other inorganic
nanocarriers (e.g., metal nanoparticles, carbon nanomaterials) (Allen and
Cullis 2013; Chen et al., 2014; Chen et al., 2013; Connor et al., 2005; Gomes et
al, 2021; Graf and Lippard 2012; Li et al, 2003; Nasongkla et al.,, 2006;
Siepmann and Peppas 2001; Sun et al., 2014; Xu et al,, 2021). Several of the
most common nano-drug carriers and their general delivery mechanisms are
described as follows:



(1) Lipid nanocarrier: usually composed of natural phospholipids or synthetic
lipids as the raw material vesicular structures that are biocompatible and can
be loaded with hydrophilic or hydrophobic drugs.

Liposome nano carriers are formed by wrapping drug molecules with

nanoscale vesicles formed by phospholipid bilayer membranes. Since
phospholipid molecules have a hydrophilic head and a hydrophobic tail, when
forming liposomes, the hydrophilic head is located outside the bilayer, while
the hydrophobic tail faces the middle of the bilayer (Bozzuto and Molinari
2015; Wang et al,, 2013). This special structure allows the loading of both lipid
soluble drugs and water-soluble drugs, where the lipid soluble drugs can be
loaded in the lipid bilayer while the water-soluble drugs are loaded inside the
particles. Since their lipid bilayer structure is like biological membranes which
can be absorbed and fused to cell membranes on the cell surface, liposomes
have good biocompatibility with low immune response from organisms. Also,
there are many ways to modify the surface of liposome membranes, either by
grafting desirable targeting molecules onto the liposomes surface or by
adjusting the surface charge of liposomes to improve drug delivery efficiency
according to the needs. Compared with conventional liposomes,
nanoliposomes demonstrate significant improvements in encapsulation rate,
stability, specific targeting, drug-controlled release, and reduced
reticuloendothelial uptake. Research on liposomes has become increasingly
sophisticated, and several liposomal drug delivery systems have been
approved for clinical use (Zhang et al., 2008). Sequus Pharmaceuticals has
developed a nanoliposome-encapsulated Doxil, which was first approved by
the FDA in 1995 (Frenkel et al,, 2006), and especially the lipid nanoparticle-
mRNA vaccines are now being used against coronavirus disease 2019 (COVID-
19) (Hou et al., 2021). Liposomal drug carriers also have some disadvantages,
which are easily cleared by the reticuloendothelial system when injected
intravenously, very unstable in the blood stream and can be disassembled,
resulting in early release of the drug.
(2) Polymer drug carriers: they are some natural polymers such as chitosan (Li
et al., 2011), dextran (Peng et al,, 2011), or synthetic polymers like polylactic
acid (PLA) (Huang et al., 2007), poly(lactic-co-glycolic acid) (PLGA) (Kim et al,,
2008), which are loaded with drug molecules by agglomerating into micro and
nano-sized particles.

Micelles are usually composed of amphiphilic molecules with hydrophilic
heads and hydrophobic tails assembled in aqueous solution to form core-shell
structures that act as nano-drug carriers. The hydrophobic drugs can be non-
covalently embedded in the hydrophobic core of the micelles or covalently
attached to the polymer. Under the stimulation of some external signals, the
conformation of polymeric backbone changes, causing the micelles to
disintegrate or inducing the breakage of the attached drug molecules, resulting
in drug release. The size and morphology of polymeric micelles can be
regulated by adjusting the length and ratio of hydrophilic/hydrophobic
fragments (Yang and Alexandridis 2000). The hydrophobic core of polymeric
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micelles can increase the solubility of hydrophobic drugs, while the hydrophilic
shell can form many hydrogen bonds with water molecules in solution, forming
a tight protective shell on the outside of the micelles, reducing protein
adsorption and cell adhesion and enhancing the circulation time of the micelles
in the blood (Kooijmans et al., 2016; Oerlemans et al., 2010).

Dendrimers are highly branched nanopolymeric materials with many
branches irradiating from the center to form a three-dimensional structures
(Klajnert and Bryszewska 2001). Its core has some sub-nanometer pores that
can be used to load drug molecules, and its surface extends a variety of
functional groups, such as amine groups and carboxyl groups, which ensure the
stability of dendrimers in water, and can be used to modify a variety of
targeting molecules and contrast molecules, and even drug molecules
(Lukowiak et al.,, 2015). The use of dendrimers for drug transport can improve
the pharmacokinetics of drugs and enable targeting of labeled tissues to control
drug release. Also, due to their extremely small size (<5 nm), dendrimers can
be excreted from the body via blood vessels and from the kidneys with very
low physiological toxicity. However, the complex design and synthesis process,
as well as the high cost, are the main reasons why dendrimers are difficult to
be used in clinical applications (Morgan et al., 2006).

Hydrogels are soft materials with a three-dimensional network structure
and are widely used as substrates for cell culture, templates for tissue
engineering, and carriers for drug and cell delivery due to their excellent
biological properties (Wu and Xu 2018). Hydrogels were initially limited in
their application for drug delivery because of their poor mechanical properties
that prevented them from maintaining the stability and controlled release of
the loaded drugs. Recently, the development and improvement of hydrogel-
based nanocarriers by researchers has greatly increased their potential for
drug delivery (Sun et al., 2020). Smart hydrogels can intelligently respond to
environmental changes to provide remotely controlled, highly targeted
delivery and on-demand release. More precisely, hydrogels can undergo
degradation or conformational changes in response to temperature, light, pH,
redox potential, magnetic field, and ultrasound stimuli and can be used to
achieve high drug delivery efficiency for in situ cancer therapy.

Altogether, liposomes, polymeric micelles, dendrimers, and hydrogel
nanoparticles formed by self-assembly of several organic molecules, these
organic carriers are designed with simple principles and can achieve controlled
release of the loaded drugs through their own deformation or degradation.
However, the disadvantages of organic nanoparticles, such as poor stability in
living organisms, easy clearance by the reticuloendothelial system, high
toxicity of their own organic molecular components, difficulty in manipulating
molecular weight and size, and unstable drug release kinetics, have greatly
limited their application scope. Compared with organic nanocarriers, inorganic
nanoparticles can be endowed with potential synergistic therapeutic and
targeted tracer imaging functions due to their uniform size control, good
stability, large specific surface area and easy surface functionalization, as well
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as the unique photothermal and electromagnetic properties of inorganic
nanoparticles themselves. Therefore, the application of inorganic materials
such as porous silicon, gold nanoparticles, carbon nanotubes and quantum
dots as nanocarrier has received widespread attention and emphasis (Rotello
2008). For example, gold nanoparticles (AuNPs) with a very large specific
surface area can be used to attach various biomolecules (Peng et al., 2019).
AuNPs modified with positively charged polymers can attach negatively
charged drugs, such as siRNA and plasmid, to their surfaces by electrostatic
interactions or covalent bonds (Zhang et al., 2020). In addition, conjugation of
cell-specific targeting components onto AuNPs can promote active cancer-
specific drug delivery and EPR effects. However, for inorganic carriers, on the
one hand, the degradation properties of the carriers themselves need to be
improved to further reduce the biotoxicity. On the other hand, to achieve good
biocompatibility, the carrier surface modification is also important, for
example, the modification of PEG can enhance the dispersion and stability of
inorganic nanoparticles in blood, prolong the circulation time of particles, and
promote their entry into tumor tissues through EPR effect; or modify the
targeting molecules to facilitate the specific and efficient entry of inorganic
nanoparticles into tumor cells.

In recent years, porous nanomaterials, especially mesoporous silica
nanoparticles (MSNs) and metal-organic frameworks (MOFs), have attracted
increasing attention in drug delivery, tumor synergistic treatment, optical
imaging and magnetic resonance because of their good biocompatibility,
adjustable pore size, functionalized modification of surface groups, and high
drug loading capacity (Chen et al., 2012; Gao et al., 2019; Guillet-Nicolas et al.,
2013; Ke etal., 2011; Lee et al,, 2009; Li et al., 2018; Wang et al., 2015; Wu and
Yang 2017; Zhang et al., 2015).

2.3. Porous nanomaterials

Porous nanomaterials are multiphase materials composed of solid-phase
nanoparticles and many pores, which have the dual characteristics of both
porous materials and nanomaterials and have become one of the focal points
of research in the field of nanoscience and technology. Because porous
nanomaterials have many unique structural and physicochemical properties
such as high specific surface area and porosity, tunable pore size, low material
density, high permeability and adsorption, and assembly, they have broad
application prospects in high-tech fields such as catalytic carriers, gas
adsorption and separation, drug delivery, photoelectromagnetic materials,
nanoreactors and chemical sensors. The most important feature of porous
nanomaterials is their rich nanopore structure. The size, shape, orientation,
and dimension of pore channels as well as the composition and properties of
pore walls are the basic parameters affecting their performance. Porous
nanomaterials can be divided into two categories according to the regularity of
their nanopore structure, namely those with irregular pore structure and those
with regular pore structure. Porous nanomaterials with irregular pore
structure, represented by organic macromolecules and polymers, cannot
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accurately control the release rate of drugs due to the lack of a well-defined
porosity. Porous nanomaterials with regular pore structure have better
application prospects and economic value in controlled drug release because
of their uniform and adjustable pore size, stable skeleton structure, and easily
modified internal and external surfaces. According to the definition of the
International Union of Pure and Applied Chemistry (IUPAC), porous
nanomaterials can be divided into the following three categories according to
the pore size (Sumiya et al., 2001): 1. Those with pore size range below 2 nm
are called microporous materials, such as zeolites, metal-organic frameworks
and microporous molecular sieves; 2. Those with pore size range between 2
nm and 50 nm are called mesoporous materials, such as mesoporous silicon
dioxide and mesoporous carbon; 3. Those with pore size greater than 50 nm
are called macroporous materials, such as porous glass and macroporous
alumina. Currently, mesoporous silica is widely used in the field of stimulus
response release due to its unique physicochemical properties and suitable
pore structure. Recently, metal-organic frameworks with environmental
sensitivity and multifunctional modifications are also emerging in this field.
2.3.1. Mesoporous silica nanomaterials for drug delivery

Mesoporous silica nanomaterials are porous nanostructured materials formed
by using organic molecules (surfactants or amphiphilic block polymers) as
templating agents and inorganic silica sources for interfacial reactions to form
regular and ordered assemblies wrapped by silica, and then retaining the silica
inorganic backbone after removing the templating agents by calcination or
solvent extraction. Compared with other porous materials, mesoporous silica
has unique advantages for controlled drug release: 1. simple preparation and
the ability to synthesize nanoparticles of various sizes, morphologies and
complex structures as needed (Figure 6), where nanomaterials such as ultra-
small size mesoporous silica, mesoporous silica nanorods, hollow mesoporous

S T

Figure 6. MSNs with different particle sizes, morphologies, and nanostructures: (A)-(C)
nanospheres, (D) nanorods, (E) nanoplates, (F)-(H) MSNs shell, (1) core-shell nanospheres.
(Copyright 2013, John Wiley and Sons)
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silica, lamellar and shuttle mesoporous silica were successfully synthesized
(He and Shi 2014); 2. good thermal and chemical stability, which prevents
explosive drug release due to carrier decomposition; 3. homogeneous and
adjustable pore size (2 to 30 nm), allowing the loading of drugs of different
sizes and molecular weights (Wan and Zhao 2007); 4. easily modified external
and pore cavities. By selectively modifying different functional groups and
sealing them with a series of stimuli-responsive gates and switches, drug
loading and controlled release can be achieved (Lin et al., 2012); 5. very large
mesopore volume (0.9 cm3-g1) and high specific surface area (900 m2-g1.),
which facilitates loading or adsorption of large amounts of drugs to increase
the loading capacity (Trewyn et al., 2007); 6. Good biocompatibility and
inhibition of reactive oxygen species (ROS) formation (Huang et al., 2010).
Silicon dioxide is accepted by FDA as "generally recognized as safe and non-
toxic"; 7. easy to assemble, mesoporous silica is easy to assemble and
synthesize on a variety of functional nanomaterials and substrates to achieve
the integration of multiple functions (Lee et al., 2011).

As early as 1968, Stober prepared nonporous monodisperse silica
microspheres in the ethanol-water-ammonia-ethyl orthosilicate system
(Stober et al, 1968). However, the pore structure of the synthesized
mesoporous silica was poor because the earlier preparation methods such as
aerosol method and aerogel method could not effectively and real-time
regulate the process of mesoporous silica preparation. Until 1992, Mobil
synthesized and reported the M41S series of ordered mesoporous materials
with alkyl quaternary amine surfactants as the structural guide and silicates as
the silica source (Beck et al., 1992), which made the rapid growth and wide
application of mesoporous silica. In 2001, Vallet-Regi et al. first studied the
filling efficiency and release properties of mesoporous silica nanoparticles as
drug carriers (Vallet-Regi et al.,, 2007; Vallet-Regi et al., 2001). Their group then
investigated the loading of drug ibuprofen by MSNs with two different pore
sizes, and the results showed that MSNs have high drug loading capacity, as
well as drug retardation, and the release rate of drug is accelerated with
increasing pore size. In 2003, Tanaka et al. prepared a reversible photo-
controlled release system based on MCM-41 mesoporous silica nanoparticles
by designing coumarin derivatives and coumarin dimers as "double-gated
organic nanoplug"” molecular switches (Mal et al., 2003). The light-controlled
and reversible intermolecular dimerization of coumarin derivatives attached
to MCM-41 can modulate the uptake, storage, and release of organic molecules
within the mesopores, achieving the first reversible release of light-controlled
mesoporous silica. In the same year, Lin et al. used cadmium sulfide (CdS)
quantum dots as gated blockers of mesopores to achieve the first gated system
for controlled release of drugs under stimulated conditions (Lai et al., 2003).
Since then, a series of different gated blockers (such as inorganic nanoparticles,
nucleic acids, polymers, and supramolecular polymers) have been widely used
for the blocking of MSNs, and numerous stimuli-responsive drug release
mechanisms have been developed for tumor chemotherapy, which has greatly
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promoted the application of chemotherapeutic drugs in tumor treatment (Liu
etal, 2014).
2.3.2. Metal-organic frameworks for bioapplications

Although the development of mesoporous silica-based nanocarriers in the field
of drug stimuli-responsive controlled release is becoming more and more
mature and the mechanisms of stimulus response are becoming more and more
numerous, however, these drug delivery systems also face disadvantages such as
poor biocompatibility of blocking molecules and limited loading capacity. Metal-
organic frameworks (MOFs), as novel nanomaterials, have received much
attention and developed rapidly in recent years (Meek et al., 2011). They usually
consist of metal ions or metal clusters interconnected with oxygen- and nitrogen-
containing organic ligands through covalent or coordination bonds and self-
assembled to form crystalline materials with periodic network structure (Zhou
et al, 2012). MOFs were first proposed by Yaghi's group in Nature in 1995, and
they prepared a two-dimensional material with metal ions as nodes and organic
ligands as spacers (Yaghi et al., 1995). In 1999, the successful preparation of
MOF-5 with a three-dimensional network structure gave a boost to the research
and application of MOFs (Li et al, 1999). A series of MOFs have then been
developed, such as HKUST-1 (Prestipino et al., 2006), MIL-101 (Latroche et al,,
2006), Ui0-66 (Kandiah et al.,, 2010) and ZIF-8 (Park et al., 2006).
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Figure 7. The 3D structures of representative MOFs (MOF-5 (Li et al, 1999); MOF-177
(Chaeetal, 2004); HKUST-1 (Prestipino et al, 2006); MOF-1001, 1002 (Liet al, 2009); MIL-
101 (Ferey et al, 2005); MIL-53 (Serre et al, 2002); ZIF-100 (Wang et al, 2008); ZIF-21
(Banerjee et al, 2008); NOTT-116 (Yan et al, 2010); PCN-66 (Zhao et al, 2009); MOP-1
(Eddaoudi et al, 2001); DO-MOF (Mulfort et al, 2009); UMCM-2 (Koh et al, 2009);
Be12(OH)12(BTB)+ (Sumida et al, 2009)). (Copyright 2010, Royal Society of Chemistry)
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In the field of nano-drug carriers, MOFs nanomaterials possess unique
properties that cannot be matched: 1. Diversity of species, the choice of metal
centres of MOFS materials includes almost all metals, such as main group
elements, transition elements, lanthanide, while the variety of organic ligands
available is even wider. For example, a variety of functionalized MOFs can be
synthesized by using carboxylic acid ligands modified with different groups, and
MOFs materials with different pore sizes, cavity sizes and physicochemical
properties are obtained by using binary carboxylic acid ligands with longer sizes
coordinated with metal ions. It is due to the diversity of organic ligands and metal
centres that many new MOFs materials are reported every year (Figure 7) (Stock
and Biswas 2012; Xiang et al., 2010). 2. With huge specific surface area and high
porosity, their specific surface area can reach as high as 4000-8000 m2-g-1, their
density can even be as small as 0.21 g-cm-3, the porosity is about 91%, and the
pore structure is more ordered and developed than that of conventional porous
materials (Horcajada et al,, 2012). This unique porous structure can make the
drug loading capacity much higher and has potential application value in drug
slow release. 3. Due to the low bonding energy of coordination bonds between
metals and organic ligands, most MOFs are inherently degradable in biological
systems, thus avoiding toxic side effects due to bioaccumulation. Some MOFs
materials are environmentally responsive and can denature or degrade under
certain conditions, which provides an opportunity to design stimuli-responsive
nano-drug delivery systems. Currently, MOFs materials are still in their infancy
in the field of stimuli-responsive controlled drugs release, but their unique
advantages allow them to have a wide range of biomedical applications.

Zeolitic imidazolate framework-8 (ZIF-8), one of the MOFs materials, is a
metal-organic framework compound with zeolitic sodium squared topology
synthesized using divalent zinc salts and 2-methylimidazole and belongs to
porous nanomaterials. In which, the organoimidazole is cross-linked to the
transition metal to form a tetrahedral structure. Many different ZIF can be
developed by simply adjusting the crosslink interactions (Kaneti et al., 2017).
ZIF-8 has a pore size of 0.34 nm, a cage diameter of 11.6 nm, a large specific
surface area of 1630 m2-g-1 and a pore volume of 0.63 m3-g-1, which gives it a
great adsorption capacity for water vapor and small molecules of drugs (Park et
al,, 2006). ZIF-8 also has very good thermal and chemical stability, not easy to
change its structure due to changes in the environment (Banerjee et al., 2008).
In addition, ZIF-8 is easy to obtain raw materials and low cost.

Since MOFs nanomaterials are microporous materials, their pore size is often
smaller than that of the drug, so the drug loading method is different from
mesoporous materials (mainly loaded by post-synthesis diffusion and chemical
modification). The drugloading of MOFs is divided into two ways (Figure 8): one
is to dope the drug molecules during the synthesis of MOFs (He et al,, 2015; Imaz
et al, 2010; Rieter et al., 2008; Zheng et al., 2016). The drug molecules are
embedded in the framework structural scarf of the material in the form of non-
covalent bonds. This approach can be used for multiple and multi-class drug
loading. In addition, an increasing number of studies have shown that some
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Figure 8. Scheme of postsynthetic encapsulation by non-covalent encapsulation (a) and
covalent attachment (b). (Copyright 2015, American Chemical Society)

drugs and imaging reagents can themselves act as metal centers or organic
ligands that participate in the framework composition. Another wrapping
method is the covalent or non-covalent modification of MOFs after synthesis. The
loading capacity and encapsulation rate of this loading method depend on factors
such as the nature of the drug and the stability of the particles. The ultrahigh
porosity and specific surface area of MOFs nanomaterials allow them to act as
molecular "sponges" and greatly improve the loading capacity of drugs. For
example, Horcajada et al. selected trivalent iron ions as metal centers and used
various carboxylic acid organic compounds as ligands to synthesize MIL-53, MIL-
88A, MIL-88Bt, MIL-89, MIL-100, MIL-101 series MOFs nanomaterials for
loading drug molecules with different polarity, size and functional groups (Bauer
etal., 2008; Horcajada etal., 2007; Serre et al., 2004; Surble et al., 2006; Whitfield
et al., 2005). The results showed that all these carriers exhibited good drug
loading and slow release performance, with MIL-100 having 25, 21, 16 and 29
wt% loading capacity for the drugs Ibuprofen, Chilox, Cidofovir and Adriamycin,
respectively, which is several times higher than the general nano-drug carriers
(less than 5 wt%) (Horcajada et al., 2010).

2.4. The applications of stimuli-responsive nanomaterials

Nowadays, a variety of stimuli-responsive porous nanoparticles are widely used
in cancer therapy research, which can be divided into two major categories
according to different types of stimulations (Figure 9), such as endogenous
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Figure 9. Different stimulus sources that can be utilised by responsive nanoparticles
(Copyright 2018, American Chemical Society)

stimuli, such as pH, redox substances, enzymes, and external field stimuli,
including light, magnetic, electric fields (El-Sawy et al., 2018).
2.4.1. Endogenous stimulus response

(1) pH responsive controlled-release system

pH has been used as a common endogenous stimuli-responsive signal to
control drug delivery to specific organs such as gastrointestinal tract or
intracellular organelles like lysosomes, as well as for controlled drug release
studies (Liu et al., 2014). The pH of certain organs, such as the stomach (pH = 2)
and intestine (pH = 7) can be used to initiate drug release in different
formulations. Precise pH changes at specific disease sites (e.g., inflammation,
local ischemia, tumor tissue, and even in certain cellular organelles) can trigger
drug release from the designed carriers. Under normal conditions, the pH of
extracellular tissues and blood is usually maintained at around 7.4, while in
various solid tumors it drops to about 6.5. In addition, acidic organelles within
tumor cells, such as lysosomes and endosomes, have a much lower pH (4.5-6)
(Lee et al., 2007; Neri and Supuran 2011; Wang et al., 2014). Therefore, pH
differences can be regarded as a critical design principle for the development of
stimuli-responsive nano-drug delivery systems (Liu et al., 2016). The pH-
responsive nanosystems mainly employ the following two strategies. One
approach is to prepare carriers using several unstable chemical bonds that are
stable under physiological conditions, however, under tumor micro-acidic
environments, the chemical bonds break, allowing drug release or facilitating

18



carrier-tumor cell interactions to improve drug uptake. There are many acid-
sensitive linkage bonds, including hydrazone bonds, acetal bonds, acid ester
bonds, vinyl esters, acid anhydrides, and methacrylate-based ethers that can be
used to construct pH-responsive systems. Another approach is to synthesize
carriers with the help of proton-containing groups that are differentially charged
at different pH environments, allowing the drug to be released in a slightly acidic
environment.

e — Ru(bipy);?*

Figure 10. Scheme of pH-responsive MSNs-based drug controlled release system.
(Copyright 2010, American Chemical Society)

Liu et al. used an acid-sensitive acetal-linked chain to covalently cross-link
gold nanoparticles (AuNP) and MSNs to construct a novel pH-controlled release
system (Figure 10) (Liu et al., 2010). Under neutral conditions, AuNP remained
stably bound to the mesoporous surface of MSNs and blocked the drug molecules
inside the mesopores. While under acidic conditions, the acetal bond is
hydrolyzed and AuNP is shed from the mesopore surface, thus achieving pH-
responsive controlled release of the drug. In addition to using pH-sensitive
linkage bonds to block the surface of MSNs with nanoparticles, pH-sensitive
inorganic nanoparticles themselves can be used as blocking molecules, such as
CaCOz (Liu et al, 2019; Moreira et al, 2014) and ZnO (Kuang et al., 2019;
Muhammad et al,, 2011; Muhammad et al., 2013; Zhang et al., 2015), and with
the change of pH, the drug can be released from the pore channel as the
nanoparticles under certain pH conditions undergo dissolution. Except for
controlled release systems using nanoparticles as blocking molecules there are
also polymers that undergo hydrophilic/hydrophobic or conformational
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changes at different pH conditions, which are also commonly used to construct
pH-responsive release systems. Cyclodextrins have special structural and
physicochemical properties that allow them to form intron complexes with a
variety of molecules, and such complexes can also undergo reversible separation
and assembly in response to external stimuli. Based on this, Zink et al. modified
methyl orange on mesoporous surface to achieve controlled drug release by
changing the hydrophilic force of B-cyclodextrin and methyl orange under
different pH conditions (Meng et al., 2010). Under acidic conditions, the amino
group modified on the surface of hollow mesoporous silica microspheres
underwent protonation and weak interaction with cyclodextrin, resulting in the
separation of cyclodextrin from the aniline group to release the drug.
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Figure 11. The pH-induced one-pot synthesis of MOFs and controlled drug release.
(Copyright 2016, American Chemical Society)

At present, studies on nanomedicine carriers based on MOFs nanomaterials
have focused on the drug release due to the degradation of their framework
structures, highlighting their drug-controlled release behavior. ZIF-8 is a
common acid-sensitive MOFs material, and its degradation is caused by the
weakened coordination between metal ions and ligands in an acidic environment.
Because of its simple and rapid preparation and pH responsiveness, ZIF-8 has
attracted a lot of attention for its application in cancer therapy (Jia et al., 2018;
Wang et al., 2020; Yan et al.,, 2020; Zheng et al., 2017). Zheng et al. obtained
CCM@ZIF-8 by one-pot loading of curcumin (CCM) inside ZIF-8, which is pH-
responsive and has significantly improved anticancer effects compared with free
CCM (Zheng et al,, 2015). The Doxorubicin (DOX) was loaded into ZIF-8 (Figure
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11) by a one-pot method and obtained DOX@ZIF-8 with very good pH
responsiveness and almost no drug release under normal tissue pH conditions,
while the drug could maintain a stable release for about 10 days in the tumor
microenvironment (Zheng et al., 2016). This system has the advantages of large
loading capacity (20%), controlled release process, easy synthesis, and has
promising for in vivo drug delivery. Ren et al. prepared PAA@ZIF-8 nanocarrier
material to adsorb DOX (Ren et al., 2014). The strong electrostatic interaction
between PAA and DOX gave PAA@ZIF-8 a high drug loading capacity, while ZIF-
8 gave the nanocarrier pH responsiveness. The hollow carrier material ZIF-
8@FA-CHI-5-FAM (Gao et al,, 2016) was produced by Gao et al. to load the
anticancer drug 5-fluorouracil (5-Fu). In addition to ZIF-8, PB@MIL-100 (Wang
et al, 2016) prepared by Wang et al, Z]JU-101 (Yang et al.,, 2016) prepared by
Yang et al, and PCN-221 (Lin et al., 2016) prepared by Lin et al are also pH
responsive.

(2) Redox responsive controlled-release system

Redox reactions are the most important type of biochemistry in living
organisms. The main oxidizing substances in cells mainly include reactive
oxygen species (ROS) (Batandier et al., 2002), such as superoxide anion radicals
(+02), lipid radicals (-OOR), hydrogen peroxide (H202), hydroxyl radicals (-OH),
and reactive nitrogen species (RNS), such as peroxynitrite anion (ONOO-), nitric
oxide (NO). The main reducing substances are divided into enzymes and non-
enzymes, with enzymes represented by glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), glutathione S-transferase (GST), and catalase; non-
enzymes reducing substances mainly contain protein thiols such as thioredoxin
(TRX), small molecule thiols such as glutathione (GSH) (Hwang et al., 1992),
cysteine and homocysteine, reduced nicotinamide adenine dinucleotide
phosphate (NADPH) (Janiszewski et al., 2000), and vitamin C and E (Wu et al,,
2004). GSH is an important reducing agent in living organisms, and the
significant difference in its concentration between tumor cells and normal cells
provides an opportunity to achieve stimuli-responsive drug release within
tumor cells. Therefore, the design of controlled release systems that can respond
to redox signals is important for intracellular transport and release of antitumor
drugs to kill tumor cells.

Many redox stimuli-responsive controlled release systems have been
constructed using the differences in the levels of reducing substances such as
GSH, and the design principles mainly include the disulfide bond breakage
induced by reducing substances and the degradation of blocking materials
(Meng et al,, 2019; Palanikumar et al,, 2015; Wan et al., 2019; Wu et al., 2016;
Yang et al., 2015). Lin et al. used cadmium sulfide (CdS) quantum dots as gated
blockers of mesopores, modified on the surface of MSNs by disulfide bonding to
achieve the blocking of drugs in mesopores and the release of drugs in the
presence of dithiothreitol (DTT) or mercaptoethanol (ME) (Lai et al., 2003). This
system is the first to use a gating system to achieve controlled release of drugs
under stimulation conditions, which is significant and pioneering. Stimulus
response mechanisms through the degradation of blocking agents by reductive
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substances were subsequently developed. Wang et al. used a grafting method to
graft polyethylene glycol (PEG) to MSNs modified with disulfide bonds on the
surface to prepare a drug-controlled release system with PEG polymer as a
gateway and investigated the relationship between graft density and drug
release (Wang et al., 2015).
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Figure 12. Scheme for the preparation of drug-loaded nanoscale coordination polymerss,
and GSH-triggered nanoparticle decomposition and drug release. (Copyright 2017,
American Chemical Society)

Redox-responsive MOFs can also be constructed by introducing disulfide
bonds in the ligand (Jiang et al., 2020; Lei et al., 2018), and a unique GSH sensitive
mode (Mn-SS/DOX@PDA-PEG) was prepared by Zhao et al (Figure 12) (Zhao et
al,, 2017). Modification of DOX-loaded Mn-SS nanoparticles with polydopamine
(PDA) and PEG resulted in the cleavage of the disulfide bond of dithiodiglycolic
acid in the presence of GSH, leading to efficient redox-responsive MOF
degradation and followed by drug release. In practice, the direct construction of
MOFs based on GSH-responsive ligands is inherently difficult, and post-synthetic
surface modification of MOFs provides the possibility to achieve this type of drug
delivery. When exposed to GSH, the linker or coating on the MOF surface will be
destroyed instead of their structure. Liu et al. cross-linked polymers containing
disulfide bonds in situ on the surface of Zr-MOF nanoparticles to enhance
physiological stability and impart GSH-responsive intracellular drug delivery
(Liu et al., 2020). The polymer attached to the surface not only protects MOFs
from decomposition by either phosphate ions or acids, but also prevents leakage
of the loaded cargos. The problem of premature drug release due to poor stability
of conventional Zr-MOF in PBS was solved, and the inhibition of leakage by
blocking MOFs with a cleavable cross-linker opened new prospects for the
development of stimuli-responsive carriers.

(3) Other endogenous stimuli-responsive controlled-release system

Concentration levels of a wide range of small molecules in the body are closely
related to the state of cellular life activity and therefore endogenous small
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molecule-based stimulus-response release systems are developing rapidly.
Diabetes, for example, is a high-risk disease behind cardiovascular disease and
cancer, and the development of glucose-responsive controlled drug release
systems is therefore important for the personalized treatment of diabetes, as
individual blood glucose levels must be tightly controlled to reduce the risk. Zhao
et al. encapsulated glucose oxidase (GOx) and insulin into MOFs structures (Ins-
GOx/ZIF-8) by self-assembly (Duan et al., 2018). When the glucose concentration
increases, it is catalyzed by GOx to produce gluconic acid and oxygen peroxide,
and the acidic environment created by the cascade reaction can degrade the
nanoparticles and releases insulin to lower blood glucose levels.

Adenosine triphosphate (ATP) is another important endogenous biomolecule
involved in a variety of life activities and is therefore also often used to design
stimuli-responsive systems (Chen et al., 2017; Lai et al., 2015).

2.4.2. Exogenous stimulus response

In tumor therapy, in addition to endogenous stimuli such as pH, redox molecules,
biomacromolecules and physiological stimuli specifically generated by the
tumor microenvironment, exogenous stimuli like light, temperature and
magnetic field are also widely used as stimulation signals for smart material
response. Using external physical stimuli as induction factors, the timing and site
of drug release can be conveniently regulated by artificially changing the time
and site of applied stimuli, reducing the toxic side effects of the therapeutic
process on adjacent areas. In addition, with the help of external stimulation
sources, novel treatment methods for tumors can be developed, such as
photothermal therapy (PTT), which refers to the use of photothermal conversion
reagents to convert light energy into heat energy to produce heat to kill tumor
cells and thus treat tumors. It even integrates multifunctional treatment of tumor
in one, which greatly enhances the treatment effect of tumor.
(1) Photo responsive controlled-release system

Light is a stimulus signal that is non-invasive, easily controlled, and has some
penetrating ability to tissues. Photo responsive release is the controlled release
of a drug by light using light as a stimulus signal (He et al.,, 2012; Li et al., 2017;
Weissleder 2001). Photo responsive nano-drug delivery systems often use
photosensitive molecules (e.g., azobenzene (Luo et al,, 2015; Ma et al,, 2015),
coumarin (Lin et al.,, 2010; Yan et al., 2019)) to close the nanopores of porous
nanoparticles, and upon irradiation with specific wavelengths of light (e.g,
ultraviolet, visible, or near-infrared light), the photosensitive molecules undergo
conformational transitions and the nanopores open, thus triggering drug release.
In 2003, Mal et al. attached a light-sensitive coumarin to the outlet of
mesoporous silica MCM-41 pore to form a photochemically controlled molecular
switch (Mal et al., 2003). When the incident light wavelength >350mn,
photodimerization reaction occurs between coumarin molecules and a
cyclobutene dimer is formed to close the pore channel of mesoporous silica;
when high energy incident light of 250nm is used, the dimer is photocleaved, the
coumarin monomer reappears, and the mesoporous silica pore channel opens.
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The system achieved the first light-response controlled release, which laid a
good foundation for the future research of light-controlled release system.

Since UV radiation causes some damage to the normal body and does not
penetrate tissues as well as NIR light, NIR light is often used as a stimuli-
responsive signal to control drug release. There are same nanomaterials with
strong NIR absorption ability, such as gold nanorods and nanoshells, carbon
cores and shells (Kuo et al,, 2010; Park et al,, 2009; Ryplida et al,, 2019; Yao et al,,
2019). When there is NIR light irradiation, these nanomaterials absorb the
energy of NIR light, so that it can be effectively converted into heat energy, and
combining such materials with porous nanoparticles, the drug can be released
from the carrier through the photothermal effect and at the same time can kill
the killing effect to achieve chemo-photothermal synergistic therapy (Botella et
al,, 2009). Yang et al. obtained DOX/Pd@Au@ZIF-8 nanocomposites (Figure 13)
by using MOF to encapsulate both Pd@Au nanoparticles with superior
photothermal conversion and DOX (Yang et al., 2017). The ZIF-8 framework can
be decomposed under acidic conditions to release encapsulated DOX. In addition,
Pd@Au nanoparticles can effectively convert NIR into thermal energy, further
promoting the release of DOX while achieving synergistic chemotherapy on
cancer cells. With the synergistic chemo-photothermal therapeutic properties of
pH and NIR-triggered nanocomposite systems, the door is opened to realize
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Figure 13. Scheme of DOX/Pd@Au@ZIF-8 formation and pH and NIR-triggered chemo-
photothermal synergistic treatment of cancer cells. (Copyright 2017, Royal Society of
Chemistry)
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diverse applications for cancer therapy (Deng et al,, 2019; Li et al., 2018; Zhang
etal,, 2018; Zhu et al., 2016).
(2) Thermal responsive controlled-release system

Thermal stimuli responsive nanocarriers are mainly covalently modified on
the surface of porous nanoparticles by temperature-sensitive polymers or
complementary DNA chains, and their conformational changes at different
temperatures are used to achieve gated switching and drug release. When the
body temperature rises, normal tissues increase blood flow and speed up the
flow rate to improve heat dissipation and reduce the damage to the body, while
tumor tissues have difficulties in heat dissipation due to rapid cell proliferation
and neovascular malformation. Under the same warming conditions, tumor
tissues are generally 4-8°C higher than normal tissues (Hildebrandt et al., 2002;
Issels 2008). According to this feature, local heating of tumor can be used to
induce temperature-sensitive carriers to target tumor. When the ambient
temperature is below the lower critical solubility temperature (LCST) of
temperature-sensitive polymers, the polymeric material is in a water-soluble
dissolved state, and the increase in temperature leads to a decrease in the water-
solubility of the temperature-sensitive polymer and then dissociation. This
phase change behavior is the main principle of thermally responsive drug
delivery systems.

Currently, the commonly used temperature-sensitive material is poly(N-
isopropylacrylamide) (PNIPAM). At its critical temperature (about 32°C),
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Figure 14. Scheme of thermal-responsive MOF tethering PNIPAM-based controlled drug
release and preparation approach. (Copyright 2015, Royal Society of Chemistry)
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PNIPAM is hydrophilic, and the structural chains are stretched, while above 32°C,
the hydrogen bond between PNIPAM and water molecules is broken and it
exhibits hydrophobicity, causing it to shrink (Halperin et al., 2015). You et al.
used this property to modify the temperature-sensitive polymer PNIPAM on the
surface of MSNs (You et al,, 2008). When the temperature was higher than 38°C,
PNIPAM was spherical and blocked the silica mesopores, which could prevent
the early release of drugs. And when the temperature was below 32°C, PNIPAM
was curled and the fluorescent molecules in the mesopores were released. In
addition, in MOF-based thermoresponsive drug carriers, a thermoresponsive
blocking substance can be modified on the surface of the MOF, whose
conformation changes or dissociates upon stimulation by a heat source (light or
magnetic field), losing the ability to block the release of the loaded drug (Jiang et
al, 2017; Silva et al,, 2019; Wu et al.,, 2018; Wu et al,, 2018). The first MOF
tethering a thermoresponsive polymer was fabricated by Nagata et al. through a
surface-selective post-synthetic modification technique (Nagata et al.,, 2015).
The conformational change of the thermoresponsive polymer grafted onto the
MOFs (Figure 14) by a simple temperature change easily switches the "open"
(low temperature) and "closed" (high temperature) states of the polymer-
modified MOF, thus enabling the release of the guest molecules (e.g., resorufin,
caffeine, and procainamide) entrapped in the smart MOF to be controlled.
(3) Other exogenous stimuli-responsive controlled-release system

Magnetic field response has better tissue penetration compared to light
response, which not only allows for precise driving of the drug-loaded magnetic
nanoparticles to the targeted site to improve treatment efficacy, but also acts as
anon-invasive external stimulus to trigger controlled release of the drug (Kumar
and Mohammad 2011). The magnetically responsive nano-drug delivery system
is based on the combination of superparamagnetic iron oxide nanoparticles with
porous nanomaterials. There are two main forms of binding: a typical core-shell
structure formed by the iron oxide nanoparticles as the core and the porous
materials as the shell; and a conjugation of the iron oxide nanoparticles to the
surface of the porous materials. Due to the superparamagnetic property of iron
oxide, the iron oxide-porous nanoparticles generate heat when exposed to an
oscillating magnetic field, and the increased temperature in the porous materials
can be used to open the capped nano-valve thereby enabling the release of drugs.
Thomas et al. incorporated zinc-doped iron tetroxide (Fez04) nanoparticles into
the structure of MSNs (Thomas et al, 2010). When an AC magnetic field is
administered, the internal heating of the Fe304 particles following magneto-
thermal action will lead to the decomposition of the molecule (PNIPAM) acting
as a valve and induce the release of the drug from the pores. Similarly, Chen et al.
developed a novel Fe;0.@C@MIL-100(Fe) (FCM) nanoparticles for the
simultaneous delivery of dihydroartemisinin (DHA) and Fe(III) ions for cancer
therapy, demonstrating an increased intracellular accumulation of the DHA in
tumors through the presence of Fez0s nanoparticles guided by an external
magnetic field (Wang et al., 2016).
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Ultrasound, which is widely used in clinical applications (imaging, flow
analysis, physiotherapy and tumor ablation), can also be used to stimuli-
responsive drug delivery which enables spatiotemporal controlled drug release
at the targeted site to reduce damage to healthy tissues, and also allows
manipulation of tissue penetration depth by adjusting frequency, duty cycle and
exposure time (Frenkel 2008; Gao et al., 2005). Ultrasound-induced thermal
and/or mechanical effects have been used to trigger the release of drugs from
various nanocarriers. Studies have shown that non-invasive ultrasound can
destabilize nanocarriers, achieve drug release and increase vascular
permeability to enhance the cellular uptake of therapeutic molecules
(Kheirolomoom et al., 2010).

2.4.3. Multiple stimulus responses

In addition to a single stimulus response, the development of multiple stimulus
response signals for the controlled release behavior of the same carrier can
further improve the controlled release of drugs in a specific time and space and
increase the chemotherapeutic effect of anticancer drugs. Simultaneous design
of nanocarriers with multiple stimulus responsiveness can help to integrate
multiple therapeutic modalities for tumors and significantly enhance the
therapeutic effect of tumors. Generally multi-responsive nanocarriers can be
triggered by a combination of two or more stimuli (Kim et al., 2015; Loh et al,,
2012; Luo et al.,, 2019; Wang et al., 2012; Yang et al,, 2014), such as pH and redox
(GSH or ROS) response, pH and temperature response, dual pH response, light
and temperature response, which are more controllable responsive modes. The
responses of these combinations of triggers can occur simultaneously at the
target site or sequentially as the nanocarriers enter the cell. Multi-stimulus
responsive systems are designed by adding some functional nanoparticles or
modifying various functional molecules in addition to molecular switches on the
surface of porous nanocarriers, which can give full play to the characteristics of
different environmentally responsive substances and are important for
achieving specific delivery of drugs. The design of responsive drug delivery
systems will provide a novel strategy for antitumor research. However, multiple
stimuli-responsive drug carriers are more difficult to modify the carrier
structure, more complex to synthesize and more difficult to control the qualities
than single-responsive carriers. It is hoped that such problems will be effectively
solved in the future with the continuous development and interpenetration of
polymeric materials and molecular oncology. In addition, there is still along way
to go for porous nanomaterial-based drug delivery systems to enter the clinical
market, and more evidence on safety and efficacy is yet to be discovered.
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3. Hypothesis and objectives of the work

As a new type of nanocarrier, porous nanomaterials have high specific surface
area, modifiable internal and external surfaces, uniform and adjustable pore
size and unique pore structure, and other physicochemical properties, which
are widely used in the field of controlled release of drug stimulus response, and
their stimulus response mechanisms are diverse. However, various stimuli-
responsive release systems based on porous nanomaterials developed so far
have defects such as high biotoxicity of blocking molecules, insufficient drug
loading capacity, and bioenrichment of carrier materials. Therefore, based on
the scientific issues of further improving the loading capacity of carriers,
reducing the biotoxicity of carrier materials and blocking molecules, exploring
different synthesis methods and developing multifunctional stimuli-
responsive nano-drug carriers, based on an extensive review of the latest
literature reports related to porous nanomaterials and combined with the
research base and conditions in our laboratory, this thesis proposes to carry
out research in the following aspects.

Firstly, we were to utilize the biocompatible MSNs nanoparticles as small
molecule drug delivery carriers, e.g.,, for targeted treatment of antibody-
mediated rejection after kidney transplantation, by developing NIR-induced
photothermal responsive nanoparticles to deliver immunosuppressive drugs
to the allograft organ after transplantation and to reduce local inflammation
and immune infiltration. The MSNs was then used for the encapsulation and
delivery of nucleic acid-like biomolecules for proof-of-concept gene editing
technologies. (Paper I and II)

Furthermore, through post-synthetic modifications, biomimetic
mineralization and microfluidic-assisted synthesis, we were to explore the
encapsulation, protection and delivery of small molecule drugs and
biomacromolecules by MOF-based porous nanomaterials, investigate the
relationship between nanostructures and molecule functions, and stimuli-
responsive cargoes release, ultimately enabling effective delivery of anti-
cancer drugs, CRISPR-Cas9 plasmids and proteins, and the potential for anti-
cancer efficacy and gene therapy based on such nanotechnology. (Paper III, IV
and V)
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4. Materials and methods

In this section, the materials and methods used in the thesis work are
described. The main materials involved in the synthesis of MOFs and MSNs are
discussed in the materials section. The main characterization methods are
discussed in the methods section. More details can be found in the attached
Papers I-1V.

4.1. Materials

All chemicals were purchased from Sigma-Aldrich, ACROS Organics, TCI, Alfa
Aesar, Lumiprobe Corporation, Abcam, Novex or VWR and used without further
purification.

4.2. Fractionation and preparation approaches

4.2.1. Preparation of materials and technics

Plasmid amplification and extraction (IV)

100 pL of plasmid contained E. coli cell solution was spread on the LB agar plates
and incubated overnight at 37°C. A single colony of E. coli cells on the agar plate
was transferred to the 50 mL LB medium and incubated for 8 hours at 37°C with
continuous low speed shaking. Next, Miniprep kit was used to collect purified
plasmids according to their protocol provided with the kit. Plasmid
concentration measurements were performed on a NanoDrop 2000c (Thermo
Fisher Scientific, USA) at 260 nm. The A260/A280 ratio was measured to assess
the purity. Finally, the two plasmids were dissolved in DNase free water and
stored in -20°C for further use.

Fabrication of microfluidic chip (V)

The 3D microfluidic co-flow focusing chip was produced by assembling two
borosilicate glass capillaries (World Precision Instruments Ltd, UK) on a glass
slide. The two glass capillaries, with outer diameter of 1000 and 1100 um, were
named as inner and outer capillaries. Briefly, the end of the inner capillary was
tapered with a magnetic glass microelectrode horizontal needle puller (P-31,
Narishige Co., Ltd, Japan) and polished with sandpaper (Indasa Rhynowet,
Portugal) until the cross-section was flat. The inner tapered capillary was then
put in the outer capillary and coaxially aligned. After fixing them on the glass
slide, one hypodermic needle was placed on the outer capillary and sealed with
transparent epoxy resin.

4.2.2. Synthesis of nano-drug carriers

Synthesis of CuS nanoparticles (I)

40 pL of CTAC was added to 10 mL of CuCl; (13.5 mg, 0.1 mmol) solution and
stirred for 15 min, followed by the addition of 0.1 mL of sodium sulfide (1 M)
solution and stirred for another 15 min at room temperature. The mixture was
then heated to 90 °C and stirred for 15 min, then moved to dry ice and cooled for
10 min, resulting in the formation of CTAC-stabilized CuS (CuS-CTAC)
nanoparticles.
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Preparation of PB (V)

3 g of PVP and 226.7 mg of K3[Fe(CN)¢] were dissolved in 40 mL of water and
stirred until clear. Then 35 pL of concentrated hydrochloric acid was added to
the above solution and stirred for 30 min, followed by heating at 80 °C for 20
hours. The product PB was collected by centrifugation and washed three times
with water and ethanol.

Synthesis of DCA-Ui0-66-NH; (III)

1.0 g of ZrCls (4.2 mmol) and 761.0 mg of H,BDC-NH> (4.2 mmol) were dissolved
in 150 mL of DMF, mixed and transferred to a 250 mL vial. 3.0 mL of
dichloroacetic acid (DCA, 36.0 mmol) was added to the mixture and heated at
120 °C for 24 hours. After cooling to room temperature, the nanoparticles were
collected by centrifugation and washed 3 times with DMF and ethanol.
Preparation of MSNs (II)

24 mL of CTAC (25 wt%) and 0.18 g of TEA were added to 36 mL of water and
stirred at 60 °C for 1 hour. Then 20 mL of TEOS (10 v/v%) in cyclohexene was
carefully added to the above solution under stirring. The reaction was kept at 60
°C with gentle magnetic stirring overnight to obtain the products. After that, the
MSNs were collected by centrifugation and washed several times with ethanol to
remove the residual reactants. To remove the template, the collected products
were extracted with a 0.6 wt% NH4NOs3 ethanol solution at 60 °C for 6 hours each.
Synthesis of CuS@MSN (1)

2 g CTAC (25 wt % solution), 20 mg TEA and 2.5 mL of preprepared CuS-CTAC
were dissolved in 20 mL of water and stirred for 1 hour at room temperature.
Then, 200 uL of TEOS was added to the above solution and stirred in a water bath
at 85-90 °C for another 1 hour. The cooled mixture was collected by
centrifugation and washed with water to remove residual reactants, then
dispersed in 1 wt % NaCl methanol solution and stirred for 24 hours, repeated 3
times to remove the template.

Biomineralisation of ZIF-8 with plasmids (IV)

Different amounts of P1 were dispersed into 2 uL of zinc nitrate solution (67.5
mg-mL-1) and stirred for 5 min, and then added to 8 pL of 2-methyl imidazole
solution (2-MIM, 463.75 mg-mL-1). The mixture was aged for 1 hour, and the
formed P1-ZIF-8 (P1Z) biocomplex was collected by centrifugation and then
washed three times to remove loosely adsorbed plasmids.

In a similar synthetic procedure, P1 was dispersed into 8 pL of 2-MIM solution
and stirred for 5 min, followed by the addition of 2 pL of zinc acetate solution.
The mixture was aged for 1 hour, and the formed ZIF-8-P1 (ZP1) biocomplex was
collected by centrifugation and washed three times to remove the attached
plasmids.

The synthesis of P1P2-ZIF-8 (P1P2Z) nanostructures were performed
similarly. P1 and P2 were mixed (in 1:1 ratio) with 2 pL of zinc nitrate solution
and stirred for 5 min at room temperature before added into 8 uL of 2-MIM
solution slowly. 1 hour later, the final product was obtained after centrifugation,
washed, and dispersed into water.
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Microfluidic-assisted synthesis of PB-EuMOFs (V)

PB-EuMOFs core-shell nanoparticles were prepared at room temperature using
a microfluidic 3D co-flow device. First, PB and Eu3+* were mixed and stirred for 5
min to form a stable solution under electrostatic interaction as the inner phase.
The aqueous GMP solution was used as the outer fluid. The inner and outer fluids
were pumped separately into a microfluidic device, where the inner fluid was
focused by the outer continuous fluid, and the flow rates of the different liquids
were controlled by pumps (PHD 2000, Harvard Apparatus, USA). The formed
EuMOFs particles were coated on the PB, and the obtained products were
collected by centrifugation and washed 3 times with water to remove any
residues. To optimize the physicochemical properties of the prepared core-shell
nanoparticles, the process variables and formulation parameters were evaluated,
such as the total flow rate of inner and outer fluids, the flow ratio between the
inner and outer fluids, and the concentration of PB, Eu3+ and GMP.

4.2.3. Modification & functionalization of nanoparticles

Modification of CuS@MSN (I)

The amino modified CuS@MSN was obtained by adding 1 mL of APTEOS to 20
mL of CuS@MSN (2 mg-mL-1) ethanol solution and reacting for 48 h at room
temperature. CuS@MSN-NH; was collected by centrifugation and washed
several times with ethanol to remove the free APTEOS.

Surface functionalization of MSNs (II)

50 mg MSNs and 50 pL. APTEOS were refluxed overnight in ethanol at 60 °C to
obtain aminated MSNs particles (MSNs-NH;), and the resulting product was
collected by centrifugation and washed twice with ethanol.

NLS conjugation with MSNs (1I)

2 mg (2 umol) of NLS was dissolved in 10 mL of PBS (pH = 6), and then 19.17 mg
of EDC (0.1 mmol) and 17.26 mg mmol NHS (0.15 mmol) were added and stirred
for 30 min to activate the carboxyl group. 20 mg of MSNs-NH; particles were then
added to the NLS mixture and stirred for 2 h to obtain NLS-modified MSNs
particles (MSNs-NLS).

Postsynthetic modification of DCA-Ui0-66-NH; (III)

The amino groups of MOFs reacted with 3,3'-dithiodipropionic anhydrides
(DTDPA) to form carboxylic acid-functionalized DCA-UiO-DTDP. 192.25 mg of
DTDPA (4.0 mmol) was added to the synthesised DCA-Ui0-66-NH; (4.0 mmol of
-NH;) DMF solution and placed at room temperature for 24 hours. DCA-UiO-
DTDP was collected by centrifugation and washed three times with fresh DMF
and ethanol.

Folic acid-targeted modification of DCA-UiO-DTDP (III)

5 mg of DCA-UiO-DTDP was dispersed in MeOH, and then EDC and NHS were
added to activate the carboxyl groups on DCA-UiO-DTDP in the ration of 1:1.2:2.
After 6 hours, 5 mg of aminated FA was added to the solution overnight at room
temperature. DCA-UiO-DTDP-FA were collected by centrifugation and washed
twice with MeOH.
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Preparation of CuS@MSN@PMcN (I)

5mg of poly(N-isopropylacrylamide-co-methacrylic acid) (PNcM) was added to
CuS@MSN-NH; aqueous solution and stirred overnight to coat the polymer on
the nanoparticles by electrostatic interaction. The obtained CuS@MSN@PMcN
was separated by centrifugation and washed with water to remove the free
polymer.

Conjugation of the complement component 4d (C4d) antibody with
CuS@MSN@PMCcN (I)

1.0 mg of CuS@MSN@PMCcN was dispersed in 1 mL of PBS, followed by adding
1.0 mg EDC and 1.0 mg of NHS, 1.0 mg, and mixed for 6 h at room temperature.
Then 20.0 pg of C4d antibody was added to the mixture and stirred at 4 °C for
24h. The suspension was then centrifuged and washed twice with PBS and stored
in the same buffer solution at 4 °C in the dark until use.

Polymer coating with MSNs-NLS (II)

PDDA (1.25 mg-mL-1) and plasmid-loaded MSNs-NLS (P1P2@NPs, 250 pg-mL1)
were mixed in water as inner phase, and ethanol as the outer phase. The two
liquids were injected into the microfluidic device separately, and the flow rates
were controlled by pumps. The hydrophilic polymer was precipitated on the
nanocarrier surface in ethanol to form a uniform layer. The coated nanoparticles
(P1P2@NPs@PDDA) were obtained after centrifugation.

4.3. Characterization methods

4.3.1. Composition and structure analysis

High-performance liquid chromatography

The standard curves, drug loading efficiencies and release profiles were both
determined by an Agilent 1100 HPLC (Agilent Technologies, USA) system
equipped with a Waters Symmetry Shield RP18 Column (4.6x250 mm, 5 mm,
Waters Corporation, USA) and a UV detector. The samples were run at 30 °C and
eluted with a mobile phase of PBS (50 mM, pH=6.0) and acetonitrile at 1.0
mL-min-1.

Fourier-transform infrared spectroscopy

FTIR spectra were recorded on a FTIR spectrophotometer (PerkinElmer
Spectrum Two FT-IR Spectrometer, Waltham, USA). Each sample was recorded
with 64 scans from 4000 to 400 cm-1 with a resolution of 0.5 cm-1. The fingerprint
region was baseline corrected between 1900 and 750 cm-1.

X-ray diffraction (XRD) patterns

The XRD patterns were recorded with a Bruker Discover D8 (Bruker-AXS,
Karlsruhe, Germany), Ni-filtered Cu Ka radiation, operating at 45 kV and a
filament current of 40 mA. The scattering angle (26) of the XRD patterns ranges
from 0 to 80°.

Nuclear magnetic resonance (NMR) analysis

1H spectra of the MOFs were recorded at room temperature with deuterated
sulfuric acid (D25S04) and dimethyl sulfoxide (DMSO-ds) as solvents, using a 500
MHz Bruker AMX 500 instrument equipped with a 5-mm broadband probe with
a gradient field in the Z-direction.
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UV-Vis spectrophotometers

The plasmid purity and drugs concentration analysis were determined a full-
spectrum (190-840 nm), NanoDrop 2000/2000c UV-Vis spectrophotometers
(Thermo Scientific).

Transmission electron microscopy

The TEM images were obtained using a JEM-1400 Plus TEM microscope (JEOL
Ltd., Japan) with a measurement voltage of 80 kV. The samples were sonicated
in solution and coated on a carbon supported copper grid.

Dynamic light scattering (DLS) and zeta-potential

The size distribution and zeta-potential of the obtained nanoparticles were
determined by a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., UK).
The samples were uniformly dispersed by sonication and measured 3 times.
4.3.2. In vitro cell studies

Cell proliferation assay for cytotoxicity

Breast cancer cell line (MDA-MB-231), non-tumorigenic epithelial cell line (MCF-
10A), human osteosarcoma epithelial cells (U20S), human cervical cancer cells
(Hela), human cervical cancer cells introduced with green fluorescence protein
genes (Hela/GFP), C57BL/6 mouse primary kidney glomerular endothelial cells
(mGEnCs) were used to determine the toxicity of nanoparticles. The water-
soluble tetrazolium salt (WST-1) assay was performed according to the
manufacturer’s instructions. Briefly, different cells (5 x 103 cells-well-1) were
seeded onto 96-well plates overnight, and then treated with different
concentration of drugs or nanoparticles for 12/48/72 hours. 10 pul WST-1
reagent was added to each well and the absorbance at 450 nm was measured
after 4 hours incubation using a multi-mode plate reader (Varioskan Flash,
Thermo Fisher Scientific, USA).

Confocal laser scanning microscopy (CLSM)

The cellular endocytosis in different cell lines was observed by CLSM. Different
cells (2 x 105 cells‘well-1) were seeded in confocal dishes overnight and then
incubated by added 2 mL of nanoparticles suspensions. At different time points,
the cells were washed with PBS to remove the free nanoparticles. 4%
paraformaldehyde (2 mL-well-1) was added and incubated for 10 min to fix the
cells, followed by rinsing with PBS. The nuclei were stained with DAPI solution
(20 mg-mL-! in PBS, 1 mL-well-1) for 5 minutes, and washed again with PBS, and
the samples were examined with a Zeiss LSM880 with air scan instrument.
Flow cytometric analysis of cellular uptake

The cellular endocytosis was also studied by flow cytometer. Following the same
procedure as for CLSM, the nanoparticles were added to the cells and incubated.
At different time points, cells were detached, collected by centrifugation, washed,
and resuspended in 500 pL of PBS for fluorescence analysis with BD
LSRFORTESSA.

Optical microscopy

The fluorescence microscopy images of plasmid loaded nanostructures treated
U20S cells or CRISPR-Cas9 RNP treated Hela-GFP cells after different period
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were observed using a AMG Evos optical microscope to check the gene
transfection and expression in vitro.

4.3.3. In vivo evaluation assay

Animal materials

The experimental protocol involving animals was approved by the Research
Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang
University (No. 2019-1231) and performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 80-23). 8-week-old male Balb/c and C57BL/6 mice (weight: 23
+ 2 g) were obtained from the Laboratory Animal Center of Zhejiang University.
Animals had free access to water and standard rodent chow, and were
maintained in a controlled environment (25°C) under a 12 h light/dark cycle.
Evaluation of in vivo toxicity

C57BL/6 mice were received intravenous injection of PBS, methylprednisolone
(MP group), MP-NP, or MP-NP-C4dAb every 3 days for 4 weeks. The dosages of
methylprednisolone in the MP, MP-NP, or MP-NP-C4dAb groups were equivalent
to 1mg/kg. Body weight was monitored weekly. At the end of the 4 weeks, mice
were metabolic cage studies for nephrotoxicity assessment, and sacrificed to
harvesting serum and multi-organs.

In vivo imaging system (IVIS) for targeting

Spectrum imaging was performed using IVIS Lumina LT Series III (Perkin Elmer,
MA, USA) with a Cy5.5 filter set (excitation 675 nm, emission 720 nm, exposure
time 1 s) to obtain Cy5.5 conjugated NP signals. All images were acquired and
analyzed using Living Image version 4.5 software (PerkinElmer) and displayed
in the same fluorescent intensity scale. Fluorescence emission was normalized
to photons per second per centimeter square per steradian.

Histological analysis

The fixed tissues were paraffin embedded and cut into 3 um thick sections. The
sections of kidney, heart, liver, spleen, lung, and brain were stained with
hematoxylin and eosin (H&E), periodic acid schiff (PAS), and/or Masson's
trichrome. Liver sections were additionally stained with Oil Red O to show
neutral lipid. Photomicrographs were taken with Leica DM4000 microscopy
(Leica, Frankfurt, Germany) and analyzed using NIH Image ] software.
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5. Results and discussion

5.1. Overview of the thesis work

The overall purpose of this work is to investigate the feasibility of
drug/biomolecule delivery under stimulus responsiveness by using
biocompatible porous materials such as mesoporous silica and metal organic
framework nanoparticles (Figure 15). The in vivo applications of MSNs material-
based drug delivery systems were first examined, followed by using MSNs for the
transportation of proof-of-concept gene editing materials. The MOFs matrix
material was then modified in situ for anticancer drug delivery, in addition to
investigating the MOFs material encapsulate biomolecules for better controlled
gene therapy research with the help of biomineralization and microfluidic
technology.

MOF degradation

Figure 15. Overview of the thesis work.

The specific workflow of the thesis is as follows:

() In vivo kidney allograft endothelial specific scavengers for on-site
inflammation reduction under antibody-mediated rejection.

(II) Effective delivery of the CRISPR-Cas9 system enabled by functionalized
mesoporous silica nanoparticles for GFP-Tagged paxillin knock-in.

(IIT) In situ post-synthetic modification of MOFs to explore their synergistic
enhancement of anticancer ability as tumor-targeted redox-responsive dual
drug carriers.

(IV) Improving the knock-in efficiency of MOFs-encapsulated CRISPR-Cas9
system through controllable embedding structures

(V) Microfluidics-assisted CRISPR-Cas9 RNP encapsulation in NIR-responsive
MOFs for programmable gene editing.
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5.2. MSNs-based porous nanomaterials for bioapplication

(11D

In this section, the different synthetic methods have been used to synthesise
MSNs with varied structures, followed by step-by-step surface modifications and
physicochemical characterisation to obtain the desired nanomaterials for
biological applications. The nanomaterials were then evaluated for their drug
and biomolecule loading and release capabilities on cargo delivery, and
therapeutic efficacy in vitro as well as in vivo.

Specifically, the core-shell structures of CuS@MSN for the delivery of small
molecule immunosuppressive drug (methylprednisolone) and MSNs for the
delivery of biomolecules (CRISPR-Cas9 plasmids) have been synthesized based
on different synthetic approaches, and further functionalised with different
polymers (e.g., thermosensitive polymers PNcM and pH-sensitive PDDA), their
loading and stimuli-responsive release profiles were also carried out. The
biocompatibility of the nanomaterials, such as cytotoxicity and cellular uptake,
was subsequently assessed. The targeting capability and therapeutic efficacy of
drug-loaded MSNs were also investigated in vitro and in vivo. The transfection
expression and gene knock-in of biomolecule-loaded MSNs were also studied in
vitro (Ohlfest et al., 2005). The formulation under study and their respective
purposes have been summarized in Table 1.

Table 1. Overview of the studied formulations for the biomedical applications of MSNs-
based nanomaterials:

Synthesis | Surface Targetin Cargo Stimuli Main
methods modification g g g responsive | purpose
Hard APTEOS
CuS@MSN template PNcM C4d MP NIR Anti-ABMR
P C4dAb
Two- NLS Cell CRISPR-Cas9 Gene
MSNs phase PDDA nucleus Plasmid pH editing

5.2.1. Design and characterization of the MSNs-based nanoparticles

MSNs have hosted guest drugs and biomolecules of various sizes, shapes, and
functions through different synthetic methods and surface functionalisation. The
smart MSNs-based nanocarriers have achieved drug delivery and gene editing
effects by utilising a variety of “stimulus responses” (NIR and pH) and
“gatekeepers” (PNcM and PDDA) construction strategies that enable them to
modulate the release of cargo at targeted locations and for specific time periods.
5.2.1.1. Synthesis and functionalization of MSNs-based nanocarriers

The MSNs carriers used to deliver the CRISPR-Cas9 plasmids were firstly
synthesised by a continuous growth one-pot two-phase layering method using
surfactant CTAC as a template, TEA as a catalyst, TEOS as a silica source and
cyclohexene as an emulsifier (Shen et al., 2014). To achieve stimuli-responsive
release in drug delivery, copper sulfide (CuS) with near-infrared (NIR)
photothermal conversion (Tian et al,, 2011; Tian et al., 2011; Zhou et al.,, 2010)
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was encapsulated in MSNs as a hard template. Since the surfactant CTAC is not
only a capping agent to stabilize CuS nanoparticles but also a gelation agent for
silica, CTAC-activated CuS (CuS-CTAC) embedded MSNs nanoparticles (denoted
as CuS@MSN) were prepared by modulating the reaction conditions. The red
fluorescent dye (Sulfo-Cyanine 5.5 NHS ester, Cy5.5) lablled MSNs and CuS@MSN
(Cy5.5-MSNs and Cy5.5-CuS@MSN) were synthesized in the same way for
intracellular visualization of the particles.

Later amino groups modification has carried out on the surfactant removed
MSNs and CuS@MSN, which was reacted with APTEOS to form MSNS-NH; and
CuS@MSN-NH;. PNcM is a thermosensitive polymer with a relatively low critical
solution temperature (LCST) in the aqueous phase and is used to impart thermo-
responsive properties to CuS@MSN-NH; while avoiding leakage of the loaded
drug from the pores. After loading the MP in the organic phase, since MP is
insoluble in water, MP@CuS@MSN-NH; was transferred to the PNcM aqueous
solution and the PNcM was deposited to encapsulate the drug-loaded CuS@MSN-
NH: by electrostatic interaction (MP@CuS@MSN@PNcM, abbreviated as MP-
NP). The nuclear loaction signal peptide (NLS) was conjugated to the surface of
MSNs-NH; (MSNs-NLS) via a typical amidation to facilitate DNA transfection
(Zhao et al,, 2019). The polyelectrolyte PDDA, which acts as a pH-responsive
gatekeeper molecule, subsequently encapsulated the plasmid-loaded MSNs-NLS
by microfluidic nanoprecipitation. The P1P2Z@MSNs-NLS (P1P2@NPs) and
PDDA were co-mixed, where PDDA was electrostatically adsorbed onto the
nanoparticles and then pumped into the microfluidic inner capillary to
precipitate PIP2@NPs@PDDA in the miscible two phases.
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Figure 16. Characterization of the MSNs nanoparticles. TEM images of prepared
P1@NP@PDDA (A), CuS@MSN (B) and CuS@MSN@PNcM (C). (D) UV-vis absorption and
photothermal images of CuS-CTAC and CuS@MSN. (E) Temperature variation of CuS@MSN

solution versus 808 nm laser irradiation time. (F) The mean hydrodynamic diameters of NP
versus temperature by DLS.
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5.2.1.2. Physicochemical characterization of the synthesized MSNs

The synthesized MSNs-based stimuli-responsive nanoparticles were confirmed
by different techniques to determine their particle size, dispersion, and
morphology. The highly ordered and pore visible core-shell structured
CuS@MSN and polymers encapsulated P1@NP@PDDA and CuS@MSN@PNcM
are shown by TEM (Figure 16A-C). DLS and zeta potential measurements reveal
the degree of monodispersity and surface charge of the MSNs and CuS@MSN
nanoparticles after surface amination and polymer coating. The green CuS@MSN
has a strong absorption peak near 808 nm in the UV-Vis absorption spectrum
(Figure 16D). The quantitative temperature variation with increasing laser
irradiation time for different concentrations of CuS@MSN aqueous solution is
investigated (Figure 16E). The photothermal conversion efficiency (1) of
CuS@MSN after coating is higher than that of CuS-CTAC, making it very superior
as a promising photothermal conversion agent (Liu et al., 2013). DLS measured
(Figure 16F) the temperature-induced changes in the size of the NP
nanoparticles and observed that the average hydrodynamic diameter of the
nanoparticles oscillated in response to the temperature change. The diameter
decreased when heated to 45 °C and returned to its original size when cooled to
35 °C. The temperature-induced size change demonstrates that the material
exhibits controlled MP release using CuS@MSN@PNcM under intermittent 808
nm laser irradiation.

5.2.2. Drug loading and stimuli-responsive release
5.2.2.1. Loading of MP and NIR induced release (1)

The synthesized CuS@MSN with photothermal conversion properties can also
be used for drug delivery. The small molecule immunosuppressive drug MP was
loaded in CuS@MSN and sealed by PNcM (MP-NP). According to the standard
curve, the loading capacity of MP was 326.1 mg-g-! after 24 h of incubation. The
in vitro release profile of MP-NP was investigated in PBS buffer under NIR-
induced temperature changes (Figure 17A). In the ambient temperature without
laser radiation, the loose polymer brush blocked the drug leakage and the
solution concentration remained almost unchanged in the subsequent time,
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Figure 17. Evaluation of the drug release properties. (A) Cumulative release of MP from
MP-NP under various laser irradiation conditions. (B) Release profile of CRISPR-Cas9
plasmids from P1P2Z@NP@PDDA at different pH buffer (37 °C). (C) The mechanism of pH-
responsive plasmids release.
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except for the initial small burst effect caused by the MP adhering to the surface.
In contrast, the sustained rapid release of MP at 45 °C resulting from continuous
NIR irradiation remained consistent with the crumpling of the PNcM brush at
high temperatures. Also, the instantaneous temperature increase inside the
nanoparticles caused by intermittent irradiation of the NIR laser can accelerate
MP release from the NP, which provides a new approach to tailor the drug release
flow rate to achieve the desired therapeutic effect.

5.2.2.2. Loading nucleic acid and pH triggered release (II)

When MSNs-NLS was mixed with two plasmids (P1 and P2, mass ratio=1:1) in
HEPES buffer (pH=6.5) solution and stirred continuously overnight at 4 °C.
MSNs-NLS exhibited a strong positive charge to enhance the packaging on the
negative charged nucleic acids, which was denoted as P1P2@NP@PDDA after
coating by the polyelectrolyte PDDA. The loading capacity of MSNs-NLS on P1
and P2 was 50 pg-mg?! as quantified by UV-Vis, suggesting that the prepared
MSNs-NLS nanoparticles can be an superior carriers for effective integration of
CRISPR-Cas9 plasmids. To verify the nucleic acids release under pH response of
nanocarriers, they were immersed in PBS buffers of different pH values and
detected by UV-Vis spectrophotometry for the change of solution concentration.
The plasmid release shows a time dependence at different pH values (Figure
17B). Under physiological condition, the release is very little and essentially
constant (~10%), demonstrating that the gate state around the mesopore is still
closed due to the electrostatic interaction PDDA and plasmid. In contrast, the
charge reversal of the plasmid due to a decrease in pH led to a conversion from
phosphate ions (-PO4) to protonated moiety (-PO4+H) (Figure 17C), and as the
interaction between the plasmid and PDDA became weaker, the gatekeeper
detached from the outside of PIP2@NPs@PDDA (Yang et al., 2005), resulting in
a rapid release, reaching a maximum of 33% within 35 hours.

5.2.3. Cellular interactions

In this section, the cytotoxicity and biocompatibility of the biomaterials used, the
targeting capability of nanoparticles on lesion cells, the effective endocytosis of
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Figure 18. The cytotoxicity effects of nanoparticles. (A) The viability of mGEnCs after
incubated with different concentrations of free MP, MP-NP, and MP-NP. (B) U20S cells
viability after cultured with various concentration of P1P2@NPs@PDDA.
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nanoparticles, the expression and editing of loaded genes, and the therapeutic
effects of delivered drugs are all investigated.
5.2.3.1. Cytotoxicity assay (I, II)

The cytotoxicity of MP-loaded NPs (MP-NP and MP-NP+Laser) and
P1P2@NPs@PDDA was investigated by WST-1 assay on different cell lines to
evaluate the cytocompatibility of the drug/biomolecule delivery system (Figure
18A). Even after incubation with high concentrations of free MP at 200 pg-mL-1,
70 % of mouse primary kidney glomerular endothelial cells (mGEnCs) were still
viable. The MP-NP system exhibited similar toxicity of MP to mGEnCs after 24
hours of incubation without irradiation. With increasing drug concentration, the
cytotoxic effect of MP-NP under NIR irradiation was slightly enhanced compared
to MP-NP, which may be due to the excess concentration of MP suddenly released
from NIR-induced NP. The cell viability of human bone osteosarcoma epithelial
cells (U20S) incubated with P1P2@NPs@PDDA for 48 hours with different
concentrations of nanovihecals did not change significantly compared with the
control (Figure 18B). The results indicated that the above two delivery systems
were safe and biocompatible.

5.2.3.2. Intracellular targeting and therapeutics assay (I)

Specific inflammatory cell recognition is essential to achieve in vivo vascular
endothelial targeting and drug therapeutic efficacy, and C4d-positive mGEnCs
cells after complement activation were used for targeting studies of C4dAb-
conjugated NPs (Figure 19A). A strong red signal was observed in C4d+ cells co-
incubated with Cy5.5-NP-C4dAb (FITC-C4dAb), but no Cy5.5 signal was
observed in cells co-incubated with Cy5.5-NP, indicating that the nanoparticles
with C4d antibody bind exclusively to positive cells. Subsequent Transwell
assays of lymphocyte invasion to endothelial monolayers were used to assess the
in vitro therapeutic effect of drugs released in stimulus response (Figure 19B). A
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Figure 19. In vitro targeting and treatment efficacy assessment. (A) CLSM of mGEnCs
following immunofluorescence staining and nanoparticle targeting. (B) Transwell
migration assay of lymphocytes across mGEnCs monolayer. (C) A statistical graph of
migrating lymphocytes on mGEnCs monolayer. ***P < 0.001 vs Blank. ### P < 0.001 vs

Positive. VVVP < 0.001 vs MP. §§§P < 0.001 vs MP-NP. (J[JP < 0.01, P < 0.001 vs MP-
NP-C4dAb.
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dramatic reduction in migrating inflammatory cells was clearly observed after
MP administration compared to the positive group, indicating a strong anti-
inflammatory effect of MP on lymphocytes. Nanoparticles loaded with equal
amounts of MP drug (MP-NP and MP-NP-C4dAb) in both groups showed no
immunosuppressive effect due to negligible drug release (Figure 19C). On the
contrary, the infiltration of lymphocytes was significantly inhibited in both
groups under NIR irradiation, which demonstrated the excellent therapeutic
effect of the drug with precise laser-controlled release

5.2.3.3. Cellular uptake, gene expression and editing (II)

For effective genetic editing, the nucleic acid-loaded nanoparticles need to be
effectively endocytosed by the target cells. CLSM and flow cytometry evaluated
the wuptake of two Cy5.5-labeled nanoparticles (P1P2@NPs and
P1P2@NPs@PDDA) with U20S cells incubated for different periods of time. The
red fluorescence of PIP2@NPs@PDDA gradually increased with time (Figure
20A), compared to the lower level of fluorescent signal in P1P2@NPs-treated
cells. Flow cytometry analysis obtained results consistent with CLSM (Figure
20B). The quantitative assay showed that the cells treated with P1@NPs@PDDA
had a higher endocytosis efficiency, which may be due to the positively charged
PDDA layer coated on the surface of the nanocarriers.

The capacity of nanovectors to deliver CRISPR-Cas9 plasmids was assessed
by monitoring the expression of the loaded plasmids in the targeted cells. P1
fused with GFP sequences (Ran et al, 2013) and P1 loaded nanoparticles
(P1@NPs@PDDA) were incubated with U20S cells, respectively, and tracked for
green fluorescence signal after transfection for 2, 4, 6 and 7 days. (Figure 20C) a
clear GFP signal could be detected by fluorescence microscopy in a portion of
U20S cells treated with P1@NPs@PDDA for 2 days. In comparison, no
fluorescence was observed in the free P1-treated U20S cells, suggesting the
feasibility of using the devised delivery approach for plasmid transfection.
Subsequently, the number of GFP-positive cells decreased drastically as the
plasmids were diluted with cell division. Only a low expressed signal could be
observed at 4 and 6 days of treatment, , while the GFP signal almost disappeared
after 7 days.

To verify the gene editing efficiency of nanovectors, the ability of PXN knock-
in was investigated in vitro. In this assay, U20S cells were transfected with
equimolar ratios of P1 and P2 loaded nanovectors. P1 expresses sgRNA targeting
the PXN coding region and Cas9 protein to creat double-stranded breaks (DSBs).
The PXN sequence encoding GFP in P2 is inserted into the target site via the HDR
pathway to repair the DSBs and the knock-in results can be detected by
fluorescence microscopy. After 7 days of P1P2@NPs@PDDA treatment,
significant GFP fluorescence could be observed in U20S cells (Figure 20D). To
examine GFP localized to the appropriate structure of paxillin, co-localization of
focal adhesion and immunofluorescence of fibronectin staining was explored.
The plated fibronectin can bind to paxillin in U20S cells, displaying a dotted
distribution of bright green fluorescence at localized focal adhesion sites. When
the cells were incubated with monoclonal paxillin antibody and Alexa
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Figure 20. Cellular endocytosis, transfection, expression and gene editing
assessment. (A) CLSM and (B) flow cytometry for cell endocytosis of the plasmids loaded
nanocarriers with and without PDDA. (C) Fluorescence microscopy images of U20S cells
treated with P1@NPs@PDDA (50 ug/mlL) after 2-7days incubation. (D) Fluorescence
microscopy, confocal image and immunofluorescent analysis of U20S cells treated with

P1P2@NPs@PDDA after 7 days incubation.

42



Fluor@647-conjugated goat anti-rabbit IgG, a clear co-localization of different
fluorescent signals was observed. Altogether, the results confirm that the GFP-
coded pacxillin sequence has been inserted into the appropriate location in the
targeted cells, demonstrating the efficient gene editing capability of the CRISPR-
Cas9 system based on functionalized MSNs nanovectors.

5.2.4. In vivo bio-distribution and pharmacodynamics studies

Following thorough in vitro studies, the nanoparticles used were further
validated in in vivo studies for more clinically relevant applications. The targeting
ability of the nanoparticles, the therapeutic ability of the released drugs in
stimulus response and the toxicity of the nanoparticles over a long-term
circulation were investigated.

5.2.4.1. In vivo vascular endothelium targeting (I)

In vivo endothelial targeting imaging was performed in mice receiving allogeneic
kidney transplants after Cy5.5-NP-C4dAb injection to show the C4d targeting
and biodistribution (Figure 21A). Accumulation of Cy5.5-NP-C4dAb could be
clearly detected in the transplanted kidney, but not in the native kidney.
Immunofluorescence results showed a clear C4d+ (C4d-FITC) signal on the
vascular endothelial luminal side in allograft kidneys with endothelial injury and

(A) (B)

Cy5.5-NP-C4dAb FITC-C4dAb Cy5.5-NP-C4dAb Merge

Iso-KT
Isograft

Isograft native

Allo-KT

Q

Allograft

Allograft native

imaging of nanoparticles distribution in Isograft, Allograft and native kidney. (B) Confocal
images of sectioned Isograft and Allograft following nanoparticle targeting and
immunofluorescence staining. (C) TEM images of NP-C4dAb (red arrows) nanoparticles in
the renal vascular endothelium.
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complement activation, and a good co-localization of Cy5.5-NP-C4dAb and C4d-
FITC signals demonstrates the in vivo specific vascular targeting of NP-C4dAb
(Figure 21B). In addition, NP-C4dAb nanoparticles were found in TEM of frozen
sections of allografts within a vascular lumen region(Figure 21C), suggesting that
C4dAb-coated nanoparticles enter the endothelium through a target-mediated
process.

5.2.4.2. In vivo therapeutics assay (1)
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Figure 22. In vivo immunosuppression, allograft function evaluation and leukocytes
apoptotic profile. (A) PAS staining of paraffin tissue and CD45 immunostaining of frozen
tissue showing the extent of inflammatory infiltration. (B) Quantitative analysis of CD45+
cells by flow cytometry. (C) Levels of pro-inflammation factors in the graft. (D) Albuminuria
in urine, creatinine (Cr) and blood urea nitrogen (BUN) levels in the graft blood. (E)
Characterization of leukocyte apoptosis in graft tissue and PBMC using pure MP and MP-
NP-C4dAb with/without Laser. P <0.05, **P <0.01, **P <0.001, ***P <0.0001 vs Isograft. #P
<0.05, #*P <0.01, ###P <0.001, #*##P <0.0001 vs Control. "P <0.05, ""P <0.01, """P <0.001,
rrrvp <0.0001 vs MP. - P <0.05, *-P <0.01, "“-P <0.001, P <0.0001 vs MP-NP-C4dAb.
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The in vivo drug release and therapeutic effect of MP-loaded nanoparticles as
inflammation inhibitors under NIR irradiation were analyzed by histopathology,
immunohistochemistry and flow cytometry (Figure 22A and B). Paraffin sections
(PAS stained) and frozen sections (anti-CD45 stained) after allografting showed
that lymphocytes burst in glomeruli, capillaries and interstitium, and more than
half of the cells were CD45-positive (CD45+) in flow cytometry. The number of
infiltrating inflammatory cells was significantly reduced after MP
administration. The MP-NP-C4dAb group had a weak anti-inflammatory effect,
with focal severe and diffuse interstitial inflammation and glomerulitis in the
sections. In contrast, the drug was released in the laser-activated MP-NP-C4dAb
group, resulting in a reduction of CD45+ to the same level as in the Isograft, and
very little inflammation could be seen in the sections.

In MP and MP-NP-C4dAb+laser treated Allograft, the expression of major pro-
inflammatory cytokines (IL-6, IL-10, IL-12p70, TNF, IFN-y and MCP-1, Figure
22C) (Chu 2013; Cranford et al., 2016; O'Neill and Hidalgo 2021; Steensberg et
al,, 2003; Tait Wojno et al., 2019; Takada et al., 2010) was lowest in kidney
lysates and blood serum, indicating reduced endothelium activation, substantial
recruitment and ABMR-related NK infiltration as well as a decrease in overall
inflammation. Elevated levels of renal function markers (albuminuria, serum
creatinine (Cr) and blood urea nitrogen (BUN), Figure 22D) in transplanted mice
suggest that ABMR after Allo-KT caused impairment. After treatment with MP
and MP-NP-C4dAb+laser, the indicators were comparable to those of the Iso-KT
group and renal function was restored due to reduced inflammation.

The systemic effects of the drug on circulating lymphocytes were
subsequently assessed by flow cytometry measurement of leukocyte apoptosis
in grafts and PBMC (Figure 22E). Effective inhibition of ABMR was seen in the
MP group, but also triggered significant side effect of systemic lymphocytopenia.
In contrast, in the MP-NP-C4dAb+laser group, the exposure of MP to circulating
lymphocytes was greatly eliminated due to the targeting effect of the C4dAb
coating that allowed the nanoparticles to be enriched at the inflammatory site of
the graft, while the drug release was later precisely controlled by laser
irradiation, and the therapeutic effect was concentrated only at the allograft site
suffering from ABMR, with a significant increase in lymphatic apoptosis at this
site only. Thus, these data suggest that MP-NP-C4dAb+laser exhibits an excellent
therapeutic effect on inflammatory infiltrates in Allo-KT mice, while effectively
reducing systemic side effects.
5.2.4.3. In vivo long-term toxicity evaluation (I)

To evaluate the in vivo long-term toxicity of drug-loaded nanoparticles, (Figure
23A) there was no obvious sign of weakness, spontaneous death and significant
weight gain or loss observed in mice injected with PBS, MP, MP-NP and MP-NP-
C4dAb within 28 days, indicating that all mice continued to mature without
apparent toxic effects. Meanwhile, serum biochemical assays (especially kidney
and liver function) after 28 days quantitatively assessed the potential toxicity of
nanoparticles to mice. The levels of kidney function indicators including Cr and
BUN in the treated groups were similar to those in the control mice(Figure 23B).
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Figure 23. Long-term circulating toxicity test in vivo. (A) Changes in body weight of
C57BL/6 mice treated with PBS (control group), MP, MP-NP and MP-NP-C4dAb (treatment
groups) at various time points. (B) Serum biochemical analysis, including creatinine (Cr),
blood urea nitrogen (BUN), triglyceride (TG) and total cholesterol (TC) levels in the blood
were determined. (C) Liver sections from each group of mice stained with Oil Red 0. "P<0.05,
"P<0.01 vs Control, #P<0.05, ##P<0.01, ###P<0.001, ####P<(0.0001 vs MP.

Liver function indicators including triglyceride (TG) and total cholesterol (TC)
levels were increased in mice due to MP induction, while drug-loaded
nanoparticles attenuated the effect of MP on liver function in a dose-dependent
manner to a range comparable to control mice, which is consistent with the
results of oil red O special staining with an obvious remission of liver steatosis
(Figure 23C). These results suggest that NP injection did not induce significant
toxicity and that it has a strong clinical potential.
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5.3. MOFs-based porous nanomaterials for bioapplication
(11, IV & V)

Although the feasibility of MSNs-based biomolecular delivery for medical
applications has been demonstrated in the previous section, the established pore
and channels of MSNs showed low efficiency for delivering biomacromolecules,
so we have shifted our attention to the novel MOFs-based porous nanomaterial.

Firstly, the MOFs materials were used to encapsulate and stimulate the
responsive release (redox, pH and photothermal) of small molecules and
biomolecules such as nucleic acids and proteins through post-synthetic
modifications (PSM) (Tanabe and Cohen 2011; Wang and Cohen 2009),
biomimetic mineralisation (Chen etal., 2020; Lian et al,, 2017; Liang et al., 2015),
and microfluidic-assisted (Liu et al., 2017; Wang et al., 2019) synthesis methods.
We then have evaluated the biocompatibility of the nanomaterials at the cellular
level, including cytotoxicity, cellular uptake and endo/lysosome escape capacity.
The therapeutic effect of the dual drug-loaded MOFs on tumour cells was
investigated. The efficiency of transfection expression and gene knock-in of
nucleic acid-loaded MOFs in cells were studied. The efficiency of gene editing of
CRISPR-Cas9 RNP-loaded MOFs material was also assessed. The synthesis,
functionalisation and respective aims of the MOFs-based materials are
summarised in Table 2.

Table 2. Overview of the studied formulations for the biomedical applications of MOFs-
based nanomaterials:

Surface Loading Stimuli- Main
MOFs L Cargo .
modification method responsive | purpose

-Anhydride acid | DCA

Ui0-66-NH, Immersion Redox Anti-cancer
-FA-NH, 5-FU
ZIF-8 CRISPB-Cas9 Mineralization | pH Gene knock-in
Plasmid
PB@Eu- CRISPR-Cas9 . . -,
MOFs RNP Microfluidics | NIR Gene editing

5.3.1. Design and characterization of the MOFs-based nanoparticles

When MOFs are used as drug carriers, their organic components are more
focused on subsequent post-synthetic modifications, which are covalently linked
by a variety of organic reactions to provide new chemical functions for the
loading and grafting of drug molecules. Through rational PSM, MOFs drug
carriers can enable intra-tumour cell drug delivery and potentially stimulus
responsive drug release. Subsequently, we investigated a wide range of
biomolecules, including nucleic acids and proteins, which can potently trigger
the formation of MOFs and control the morphology of the resulting porous
crystals through a biomimetic mineralisation process under physiological
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conditions. In addition, we introduced microfluidics to assist biomineralization
and impart the material with the ability to stimulus responsiveness.
5.3.1.1. Synthesis and modification of MSNs-based nanoparticles

Conventional synthesis (I1I)

Dichloroacetic acid (DCA) is a pyruvate dehydrogenase kinase inhibitor (Heshe
et al, 2011) (overexpressed in cancer cells), and to realise its synergistic
enhancement of anticancer effects with the subsequently loaded drugs, DCA-
doped MOFs (DCA-UiO-66-NH;) was synthesized by a solvothermal method.
Two-step covalent modification of DCA-UiO-66-NH, was performed later by
using previously synthesized dithionic anhydride (DTDPA) (Liu et al., 2014) and
ammoniated folate (NH2-FA) (Lee et al., 2003) to obtain DCA-UiO-DTDP-FA
which has redox stimulus responsive gatekeeper to avoid drug leakage, and
active targeting ability to cancer cells.

Biomineralization synthesis (IV)

The cyclic, double stranded P1 plasmid (P1) was used as a model molecule
for biomineralization. For the specific procedure, a certain amount of P1
(0.5-3 pg) was dispersed in a metal ion solution and then added to an
organic ligand solution to form P1-ZIF-8 (P1Z) nanostructures. Or the
plasmid was distributed in an organic linker solution and then metal ions
were added to form ZIF-8-P1 (ZP1) nanostructures. Biomineralization,
which occurs by natural processes, is mainly the enrichment of
biomolecules (amino acids, peptides and more complex biological entities)
for inorganic cations (e.g., Ca2* and Zn2+) to form seed biominerals (Hwang
et al,, 2013; Trzaskowski et al.,, 2008; Wang et al,, 2013). When P1 was
added to Zn2+ solution, plasmids with rich phosphate groups agglomerate
Zn?+ and promote the formation of P1Z complexes. But the nucleation rate
of ZP1 nanoparticles is much slower due to the coordination competition
effect between the plasmid and 2-MIM ligand.

Microfluidics synthesis (V)

Prussian blue (PB) nanocubes were prepared by a modified single precursor
method (Wang et al,, 2016) and used as hard templates for the biomineralization
of MOFs. PB and Eu3* were mixed and injected into the inner channel of a 3D
microfluidic co-flow focusing device, and guanosine monophosphate (GMP, 10
mM) was pumped into the outer tube. The two fluids were blended at the orifice
of the tap capillary to achieve the assembly of Eu3+ and GMP (Duan et al., 2017).
Due to the growth of EuMOFs on PB hard templates, core-shell structures
(PB@EuMOFs) were prepared in the interphase of both solutions.

5.3.1.2. Physicochemical characterization of the synthesized MOFs

As observed by TEM, the surface of DCA-Ui0-66-NH; underwent a stepwise
reaction with anhydride acid (DCA-UiO-DTDP) and folic acid (DCA-UiO-DTDP-FA)
without any significant change in the morphology of the nanoparticles (Figure
24A). The PXRD patterns (Figure 24B) match well with the simulated patterns
and the crystallinity does not show any difference, indicating the integrity of
their framework after covalent modification. FT-IR (Figure 24C) demonstrates
the characterization of the carboxylic acid in the synthesized DCA-UiO-66-NH;

48



(©)

A DCA-UiO-DTDP-FA
A A A -
Q

A ~—— DCA-UiO-DTDP
-
—— DCA-Ui0-66-NH,

A
—— DCA-Ui0-66-NH, ~—— DCA-UiO-DTDP-NH-FA
—— Ui0-66-NH,

— Simulated UiO-66-NH, = DCA-UiO-DTDP
1 —DCA ——FANH,

Intensity (a.u.)
Transmittance (%)
Transmittance (%)

5 10 15 20 25 30 35 40 45 S0 4000 3000 2000 1000 4000 3000 2000 1000
26 (Degrees) ‘Wavenumber (cm™) ‘Wavenumber (em™)

Figure 24. Characterization of the MOFs nanoparticles. (A) TEM images and (B) XRD
patterns of DCA-Ui0-66-NHz, DCA-UiO-DTDP and DCA-UiO-DTDP-FA nanopatrticles. (C) FT-
IR spectra of DCA-Ui0-66-NHz, UiO-66-NHz and DCA. (D) FT-IR spectra of DCA-UiO-66-
DTDP-FA, DCA-Ui0-66-DTDP and FA-NH:. (E) TEM images of the morphologies P1Z and
ZP1 nanopatrticles. (F) 3D-CLSM images of the plasmid distribution (green fluorescence) in
P1Z and ZP1.

with DCA connected to the Zre unit. The absorption peak of FA contributes
strongly to the FT-IR spectrum of DCA-UiO-DTDP-FA (Figure 24D), suggesting
the success of folate binding.

The evolution of the embedding structure of the composite was studied by
TEM (Figure 24E). In the P1Z system, the morphology of the nanoparticles
changed from uniformly rhombohedral dodecahedron to irregular polyhedron
with spiky surfaces up to decussation, as the amount of plasmid increased. The
morphology of ZP1 nanoparticles remains homogeneous rhombohedral
dodecahedron with only a slight increase in size. DAPI-labeled P1, ZIF-8
precursor and Cy5.5 were mixed, and the same encapsulation step was
performed to determine the distribution of P1 in ZIF-8. CLSM images (Figure 24F)
displayed that P1 was homogeneously dispersed in P1Z structure, while heavily
aggregated in ZP1 nanoparticles.
5.3.1.3. Stability of biomolecules after encapsulation
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The protection of the carrier from the degradation of the contained biomolecules
(plasmids and Cas9/sgRNA RNP) is a key issue in gene delivery. The stability of
P1 to degradation by the restriction enzyme Eco32I (EcoRV) was investigated by
gel electrophoresis in both structures. After EcoRV treatment, P1 was collected
from ZP1 and P1Z disintegrates, with 82.3% of intact P1 in P1Z, which was
superior to ZP1 (64.5%), showing better protection of the P1Z structure. To
prove that the encapsulated plasmids were fully functional, the plasmid released
from P1Z and ZP1 can transfect cells and show fluorescence by using the
packaged plasmids for transfection (Figure 25A). This implies that the plasmids
were not damaged in any way during encapsulation and do not negatively affect
functional activity. DSF was used to determine the protection of Cas9 protein by
MOFs and unfolding/denaturation results by measuring the ratio of fluorescence
at 330 nm and 350 versus temperature (Figure 25B). The thermal stability of
proteins is usually described by the thermal unfolding transition midpoint Tm
(°C). The native RNP produced a distinct and stable melting point at 45 °C, which
disappeared completely after treatment with trypsin and SDS for 5 min at room

P1 from ZP1 P1 from P1Z
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Figure 25. Protection evaluation of biomolecular activity contained in nanocarriers.
(A) Fluorescence microscopy images of cells transfected with free P1, P1 released from ZP1
and P1Z structures, scale bar:1000 um. (B) Typical nanoDSF thermal unfolding curves of
pure Cas9 protein, Cas9 protein released from microfluidic-prepared and bulk-prepared
PB@RNP-EuMOFs. Tm points were shown as vertical dotted lines.

50



temperature. In comparison, the released RNP of PB@RNP-EuMOFs composites
after the same treatment maintained almost the same temperature as the free
RNP, indicating that the MOFs scaffolds are shielded against different harsh
environments.

5.3.2. Drug loading and stimuli-responsive release

The loading capacity of postsynthetic surface-modified MOFs for anticancer
drugs, the encapsulation ability of biomineralized MOFs for nucleic acid-like
biomolecules, and the packaging capacity of microfluidic-assisted MOFs
mineralisation for proteins were evaluated. The cargoes release of these
materials was investigated under different stimuli (redox, pH and NIR)
responsiveness.

5.3.2.1. Anticancer drug loading and GSH induced release (III)

The anticancer drug 5-FU can synergize with DCA in the MOFs structure to
enhance cytotoxicity and reduce drug resistance in cancer cells, which was used
to assess the drug loading and release behavior of DCA-UiO-DTDP-FA. The
loading efficiency of DCA-UiO-DTDP-FA on 5-FU was determined to be 31.6 wt %
after 24 h according to the standard curve of 5-FU. DCA-UiO-DTDPA
nanoparticles have redox-responsive disulfide bonds on surface, which then
conjugated with NH;-FA to avoid the leakage of the loaded drug. The
overexpressed GSH in cancer cells can form intracellular redox buffers (Saito et
al,, 2003) and attack the thiolate moiety, breaking the existing disulfide bonds.
Dithiothreitol which mimics the reduction of GSH, was used to study the release
behavior of 5-FU in 5-FU-DCA-UiO-DTDP-FA nanoparticles. (Figure 26A) In the
presence of 10 mM DTT, approximately 80% of drug was released after 24 h due
to the high concentrations of DTT cleaving more disulfide bonds. In contrast, the
control group without DTT released a limited amount of drug in 24 hours. The
above results have important implications for the postsynthetic modification of
anticancer drug delivery systems based on redox-responsive MOFs
nanoparticles.

5.3.2.2. Nucleic acid loading and pH triggered release (IV)

Effective loading and release of plasmids by the vector is an important
factor to achieve gene therapy. The encapsulation of both P1Z and ZP1
nanoparticles was determined by measuring the concentration of P1 in the
solution after encapsulation by UV-Vis absorption spectroscopy. The
loading capacity of P1 in two embedding modes was investigated, and the
maximum package capacity of P1 was 2.0 pg in P1Z and 1.2 pg in ZP1,
respectively. In addition, the pH-responsive release behavior of the two
nanoparticles was determined by dispersing them in PBS solutions with
different pH values (Figure 26B). The P1Z and ZP1 nanostructures were
stable in PBS (pH=7.4) with no significant release of P1 (<10%). In
simulated endo/lysosomes (pH=5.5), 52% of P1 was released from the ZP1
nanostructures after 48 hours. Due to the rapid nucleation of P1Z
nanoparticles, which are more pH dependent, the burst release is
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Figure 26. Stimuli-responsive release experiments for loaded drugs and
biomolecules. (A) Release efficiency of 5-FU from 5-FU-DCA-UiO-DTDP-FA. (B) Cumulative
release of P1 from P1Z and ZP1 nanostructures at different pH value. (C) Mophology of
PB@EuMOFs after different temperature treatment: 25 °C, 37 °C and 42 °C detected by
TEM. (D) Cumulative release profile of RNP from PB@RNP-EuMOFs under different
temperature within 50 h. (E) NIR-triggered cumulative release profile of RNP from
PB@RNP-EuMOFs at different temperature and different time points in grey boxes.

negligible within 12 h and reaches 40% after 48 h. These results indicate
that P1Z-based nanovectors have an efficient pH-responsive release, which
is a more desirable property for gene delivery and transfection.
5.3.2.3. CRISPR-Cas9 RNP loading and NIR activated release (V)

CRISPR-Cas9 ribonucleoprotein (RNP) was encapsulated by a microfluidic co-
flow focusing device during MOFs nucleation of PB@EuMOFs core-shell
structure. Eu3+ and PB were mixed as fluid 1 due to electrostatic interaction, RNP
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was mixed with ligand GMP as fluid 2, and the concentration of each precursor
(PB:Eu:GMP:Cas9) was 1:2:2:0.5. After centrifugation and washing, RNP-
encapsulated PB@EuMOFs (PB@RNP-EuMOFs) were obtained. By
encapsulating RNP with Cy5.5-labeled Cas9 protein, the loading efficiency and
capacity of RNP were calculated to be 60% and 1.3 mg/g, respectively, based on
the UV-Vis absorption of Cy5.5 before and after encapsulation.

Subsequently, the degradation of MOFs shells was investigated by modulating
the photothermal conversion of PB to achieve effective RNP release. The TEM
images of PB@RNP-EuMOFs treated at different temperatures (25 °C, 37 °C and
42 °C, Figure 26C) showed that there was no structural degradation at 25 °C,
while the morphology of the EuMOFs shells underwent a relatively obvious
collapse from 37 °C to 42 °C. The cumulative RNP release curves at different
temperatures showed corresponding thermo-responsive release properties
(Figure 26D), with the increase in temperature from 25 to 42 °C, the RNP release
rate increased from 16% to 55% after 50 h. Then, the release behavior of RNP
under NIR-induced photothermal responsive was explored by irradiating
solutions at different temperatures with 808 nm (Figure 26E). The RNP release
curves of two solutions under laser stimulation showed that explosive release
occurred when the PB@RNP-EuMOFs solution irradiated for 2 min at 25 °C and
1 min at 37 °C up to a maximum temperature of 42 °C. The final release capacity
increased sharply from 4% to 8% in 25 °C and 5% to 11% in 37 °C within 5 h,
indicating that the photothermal conversion effect of PB@EuMOFs can
accurately trigger the release of RNP.

5.3.3. Cellular interactions

In this section, the biocompatibility of MOFs nanomaterials carrying different
cargoes, endocytosis after targeting modifications of nanoparticles, cellular
uptake and lysosomal escape of biomolecule-loaded nanoparticles, anticancer
therapeutic efficacy after drug release, intracellular transfection and knock-In of
plasmids, and gene editing of CRISPR-Cas9 RNP have been investigated.

5.3.3.1. Cytotoxicity assay (III, IV & V)

The biocompatibility and cytotoxicity of nanomaterials for delivery of anticancer
drugs and biomolecules were evaluated using the WST-1 assay. The effects of
nanocarriers (DCA-UiO-DTDP and DCA-UiO-DTDP-FA, P1Z and P1P2Z and
PB@EuMOFs) on cell proliferation (MDA-MB-231 and MCF-10A cells, U20S cells,
Hela and Hela/GFP cells) were measured. Various concentrations of DCA-UiO-
DTDP and DCA-UiO-DTDP-FA incubated with MDA-MB-231 cancer cells showed
no toxicity for up to 500 pg-mL-1 (Figure 27A), and cell viability was maintained
at 80%, with no effect on the proliferation of normal MCF-10A cells despite the
active targeting ability of DCA-UiO-DTDP-FA. At different concentrations of P1Z
and P1P2Z, there was no significant change in U20S cell survival compared to
the control based on the amount of P1 (up to 2000 ng-mL-1). PB@EuMOFs
exhibited low cytotoxicity in both Hela and Hela/GFP cells (Figure 27B), with
over 90% cell survival even at high particle concentrations of 200 pg-mL-L.
Meanwhile, PB@EuMOFs showed high cell viability (>60%) in both cell lines
after three cycles of laser irradiation. These results suggest that the pre-prepared
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Figure 27. Cytotoxicity evaluation by cell proliferation assay. (A) MDA-MB-231 cancer
cell and MCF-10A cells cultured with different concentrations of DCA-UiO-DTDP and DCA-
UiO-DTDP-FA nanoparticles for 72 hours. (B) Cell viability of Hela and Hela/GFP cells
treated with different concentration of PB@EuMOFs and laser irradiation (808 nm, 2 W-cm-
2) after 48 h incubation.

PB@EuMOFs are a safe nanocarrier even at high concentrations and under laser
irradiation.
5.3.3.2. Cellular uptake (III, IV & V)

The endocytosis of Cy5.5-labeled DCA-UiO-DTDP-FA and DCA-UiO-DTDP by
MDA-MB-231 cancer cells exhibited significant differences in CLSM images at 16
hours (Figure 28A), with stronger red fluorescence observed in the cytoplasm
and nucleus of the DCA-UiO-DTDP-FA group, indicating that more aminated-FA
modified nanoparticles particles were endocytosed by MDA-MB-231 cells. In
contrast, MCF-10 normal cells showed no difference in endocytosis of the two
types of nanoparticles, indicating that the prepared nanoparticles were
effectively internalized through receptor-mediated approach to cancer cell
targeting. The endocytosis of the cell lines to be gene-edited (U20S and Hela/GFP
cells) to nanomaterials used for delivery of biomolecules showed time-
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dependence from CLSM and flow cytometry results (Figure 28B and C), which
confirmed that plasmid-ZIF and PB@EuMOFs can efficiently penetrate cells,
which is a necessary condition for genetic materials.

(A) DCA-UiO-DTDP-FA DCA-UiO-DTDP

DAPI Sulfo-Cy5.5 Overlay DAPI Sulfo-Cy5.5 Overlay

(3}

(B

1h

Count Count Count Count

Negative Control

Count

..
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Figure 28. Cellular uptake and intracellular distribution of nanoparticles. (A)
Confocal images of MDA-MB-231 cancer cells incubated with DCA-UiO-DTDP-FA and DCA-
UiO-DTDP for different time period, scale bar: 20 um. (B) CLMS and (C) flow cytometry
analysis of P1Z nanocarriers incubated with U20S cells after 1, 2, 4 and 6 hours, scale bar:
50 um. The nanoparticles were both labeled with Cy5.5.
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5.3.3.3. Cellular endo/lysosome escape (1V, V)

To determine the endo/lysosomal escape capacity of nanocarriers, the co-
localization of red fluorescence of nanocarriers (Cy5.5 labeled) and green
fluorescence of endo/lysosomes (LysoTracker@Green) was recorded by
CLSM within 6 h (Figure 29A) and the overlap of fluorescence was
quantified according to the Pearson correlation coefficient (PCC). The
results showed that over time, most of the nanoparticles excellently
escaped from the endo/lysosomes within 6 h via the proton sponge effect,
avoiding the degradation of biomolecules in cellular transmembrane
transport. The effect of laser irradiation on the endo/lysosomal escape
process of PB@EuMOFs nanoparticles was also investigated (Figure 29B
and C). 808 nm laser irradiation resulted in a more uniform distribution of
red fluorescence, suggesting that the photothermal conversion effect of
PB@EuMOFs could promote their ability to escape from endo/lysosomes.

(A) DAPI Cy5.5 Lysotraker Merge

without

Figure 29. Endo/lysosomal escape efficiency of nanoparticles. (A) CLSM images of
U20S cells after incubation with P1Z (red) for different time period, scale bar:50 um. (B)
CLSM and (C) Person’s R value calculated by Image] of PB@EuMOFs treated Hela cells after
1, 2 and 4 h incubation. Statistical analysis was determined using T-test (***P<0.001,
**P<0.01, *P<0.05), scale bar: 20 um. Endosomes were stained with Lysotracker Green
(green) and nanoparticles were both labeled with Cy5.5 (red).

5.3.3.4. Cellular therapeutics (III)

Concerning the synergistic enhancement of cytotoxicity for anticancer effects,
although the combination of DCA and 5-FU did enhance free 5-FU toxicity, the 5-
FU-DCA-UiO-DTDP-FA sample was more poisonous to MDA-MB-231 cancer cells

56



(Figure 30). This may be due to the more effective cellular internalization of
nanoparticles with FA conjugation. For MCF-10A cells, these nanoparticles
showed limited cytotoxicity, which proves that it is more selective for cancer
cells than normal cells.
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Figure 30. Synergistic enhancement of anti-cancer effects. The cell viabilities of MDA-
MB-231 cancer cells and MCF-10A normal cells cultured with different concentration of 5-
FU, 5-FU+DCA, and 5-FU-DCA-UiO-DTDP-FA.

5.3.3.5. Cellular transfection and gene editing (IV, V)

To evaluate the ability of the MOFs nanovectors for CRISPR-Cas9
biomolecules delivery, the loaded plasmid expression in targeted cancer
cells was studied. Fluorescence microscopy recorded the expression of
green fluorescence in U20S cells after incubation with P1Z for 2, 4, 6 and 7
days (Figure 31A). A clear bulk GFP signal was seen in cells after 2 days,
indicating that plasmid transfection using the designed delivery platform
is feasible and the transfection efficiency is comparable to that of
commercial Lipofectamine-2000, but P1Z has the great advantage of low
cost and easy preparation.

To verify the gene editing efficiency of this nanovector, PXN knock-in
assays were investigated in vitro, and whole cell lysates from edited cells
were analyzed by Western blotting after U20S cells were transfected with
P1P2Z for 96 and 120 hours (Figure 31B) (Stubb et al.,, 2019; Stubb et al,,
2020). The immunoblotting with an antibody against the endogenous
Paxillin protein yielded products with the expected molecular weight of
untagged and EGFP-tagged proteins. The expression of the fused EGFP-
Paxillin protein increased progressively after knock-in and repair,
demonstrating that the EGFP-Paxillin sequence in P2 was well integrated
into the DSB of the endogenous Paxillin cleaved by the P1-transfected
Cas9/sgRNA RNP and successfully expressed. The immunofluorescence
results of focal adhesion and fibronectin staining (Figure 31C)
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Figure 31. Transfection, expression and knock-in assessment ofloaded biomolecules.
(A) Fluorescence microscopy images of cells incubated with P1Z after 2, 4, 6, and 7 days to
determine the in vitro transfection, scale bar: 1000 um. (B) Western blotting analysis of
EGFP-Paxillin protein expression. (C) CLSM immunofluorescent analysis of P1P2Z-treated
U20S cells, scale bar: 5 um.

demonstrate that the plasmid-ZIF nanostructures are both reliable and
specialized for delivery of the CRISPR-Cas9 editing system.

The gene editing ability of the CRISPR-Cas9 RNP nanovectors was
assessed by targeting DNA cleavage and NHE]-induced repair. sgRNA
targeting of the coding region of green fluorescent protein (GFP) in
Hela/GFP cells resulted in the shift of the reading frame, which prevented
the expression of GFP (Hansen-Bruhn et al., 2018). When PB@RNP-
EuMOFs were incubated with Hela/GFP cells (Figure 32A), there was no
significant change in GFP fluorescence, while the fluorescence intensity
decreased by 40% after laser irradiation, indicating a photothermal
responsive controlled release of CRISPR-Cas9 RNP. Fluorescence
microscopy images also confirmed the quenching of GFP signal upon
incubation of PB@RNP-EuMOFs and laser irradiation (Figure 32B).
Subsequently, different times of laser irradiation were performed in
Hela/GFP cells after treatment with PB@RNP-EuMOFs and the editing
efficiency of GFP was compared after 48 h of incubation. The fluorescence
intensity of GFP significantly decreased with increasing number of
irradiations, and the results verified that the photothermal conversion
effect of PB@EuMOFs can trigger controlled gene editing in vitro.
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Figure 32. GFP gene editing efficiency assay. (A) flow cytometry and (B) fluorescence
microscopy of PB@RNP-EuMOFs in Hela/GFP cells under the condition with and without
laser irritation. (C) PB@RNP-EuMOFs-mediated photo control of GFP editing efficiency
detected by flow cytometry. The transfection, irradiation and gene-eiditng processes were
illustrated and the laser irradiation time should be controlled temperature does not exceed
42 C

59



6. Concluding and future remarks

6.1. Summary of the thesis

In this thesis, a series of functionalized bio-endogenous and non-invasive
exogenous stimuli-responsive drug/biomolecular-controlled release systems
were designed and constructed based on two inorganic nanomaterials,
mesoporous silica and metal-organic frameworks, to address the scientific issues
of improving the loading capacity and targeted delivery of porous nanocarriers,
the efficiency of gene editing tools, and reducing the biotoxicity of blocking
molecules, and their performance was systematically investigated. The specific
research results are as follows:

As one of the basic materials in this thesis, MSNs was combined with a
photothermal conversion agent and surface engineered for allograft kidney
endothelial antigen region targeting and in situ immune system inhibition
therapy. The cytotoxicity studies evaluated the cytocompatibility of this drug
delivery system and showed that the photothermal process had a negligible
effect on cell viability and controlled drug release without exacerbating
inflammation and tissue damage. The specificity and significantly increased
allogeneic endothelial targeting of NP conjugated to C4d antibodies in vitro and
in vivo was further validated by non-invasive in vivo imaging, biodistribution and
histological studies. After accumulation of nanoparticles in the injured
endothelium, remote NIR light onto the allograft triggered the release of drugs
that induce the apoptosis of inflammation recruited lymphocytes, while reducing
the pro-inflammatory cytokines in the ABMR attacked graft. It also preserved the
innate immunity with a significantly limited dysfunction effect on the circulating
lymphocytes and have a significant impact on their bench-to-bedside translation.

Subsequently, the functionalized MSNs were used to deliver biological
macromolecules and verified that the loaded CRISPR-Cas9 plasmids enable
intracellular knock-in of specific genes through stimuli-responsive release.
Porous MSNs can efficiently load CRISPR-Cas9 plasmids, and microfluidic-based
polymer (PDDA) coatings can effectively avoid payload leakage in nanocarriers.
The pH-induced degradation of PDDA promotes rapid endo/lysosomal escape
and plasmids release from the nanovectors, successfully knocking GFP-tagged
paxillin into the U20S cell genome. However, the lack of effective protection of
the loaded biomolecules due to the freely accessible pores and adsorptive
loading mechanism of MSNs, as well as the increased biotoxicity of the polymers
used to block the pores, lead to inefficient physiological functions of
biomolecules, and require the development of new nano-delivery vehicles.

As a novel nanocarrier, MOFs were first investigated for endogenous stimuli-
responsive anticancer drug delivery. During the synthesis of MOFs, a small
molecule drug DCA was inserted into the defective site in situ, which could not
only regulate the particle size to promote endocytosis, but also further synergize
with another loaded 5-fluorouracil to enhance cytotoxicity, thus constructing a
MOFs-based dual drug delivery system. The postsynthetic modification of MOFs
with acid anhydride and folic acid in sequence experimentally demonstrated that
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the internally and externally modified MOF nanoparticles were effective in
targeted delivery to cancer cells, redox-responsive dual drugs-controlled release,
and synergistically enhanced anticancer effects. The combination of in situ and
post-synthetic modification methods of MOFs is a strategy worth further
exploration and has great potential to overcome issues with drug resistance and
poor efficacy.

For delivery of biomolecules, plasmids were encapsulated in MOFs by
biomimetic mineralization to tailor controllable nanostructures with plasmid
modulation, and the significance of MOFs structures for maintaining the
physiological functions of the loaded biomolecules was also explored. It was
found that biomolecules can be well distributed throughout the mineralized
nanostructures, and the CRISPR-Cas9 plasmid-MOFs system exhibits good
loading, proper protection against enzymatic degradation, better cellular
endocytosis and efficient endo/lysosome escape properties, and pH-responsive
controlled release of the plasmid making it outstanding for gene knock-in.
Compared to MSN-based delivery, this method not only provides a fast, facile,
and low-cost way to load gene editing tools into controlled nanostructures for
efficient intracellular transfection, but also reveals the potential of MOF-based
non-viral vectors in various gene therapies.

While wusing MOFs for protein delivery, a microfluidic-assisted
biomineralization strategy for MOFs was constructed and applied for efficient
CRISPR-Cas9 RNP delivery and NIR-responsive remote control gene editing. The
thermo-responsive degraded EuMOFs were coated on the photothermal
conversion template PB by adjusting the microfluidic parameters to encapsulate
RNP during the crystallization of MOFs. Due to the combination of microfluidics
and MOF-based biomineralization, the RNP encapsulated nanocarrier particles
were more uniform in size, with higher encapsulation efficiency and better
protection of RNP than traditional bulk nanoprecipitation method. Under NIR
laser irradiation, the heat induced by PB conversion can trigger the degradation
of MOFs, thus promoting endosomal escape and RNP controlled release, which
successfully downregulated the expression of target GFP genes in vitro. The
gene-editing activity can be programmed by modulating the exposure time,
which shows higher editing efficiency and provides a useful tool for precise
biomedical therapies based on CRISPR-Cas9 gene editing.

In conclusion, this thesis constructs several stimuli-responsive MSNs and
MOFs nano-drug delivery carriers to achieve controlled release of antitumor
drugs, immunosuppressive agents and bioactive macromolecules by exploiting
the features of the tumor microenvironment and the stimulation of external light
sources, achieving enhanced therapeutic effects in tumors, suppression of
rejection after kidney transplantation, and efficiency of gene editing, paving the
way for the application of porous materials in the biomedical field.

6.2. Future remarks
6.2.1. Drug delivery for ABMR inhibition
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Besides targeting the blocking of immune attack at site of allograft, the most
popular treatment for ABMR is the inhibition of DSA secretion with antibodies
or drugs, which lack selectivity and often cause systemic immunodeficiency. T
follicular helper (Tfh) cells play a pivotal role in antibody-secreting plasma
cells (PC) differentiation from B cell via germinal center selection. Tacrolimus
(Tac) is the most widely used immunosuppressive drug after transplantation
globally, and the administration need to be under close monitoring to avoid
toxicities, rejection, and infection. The precise targeted delivery of Tac into
CDA4+ helper T cells by porous nanorobotics can reduce multiple side effects of
long-term Tac uptake and achieve powerful humoral rejection suppression
after kidney transplantation via decreasing naive CD4+ activation into effect
Tfh cells and PC differentiation. This study provides a potential therapeutic
strategy with more specific and controlled drug delivery against even
refractory humoral rejection and reveals the possibility of clinical translation.
6.2.2. Targeted delivery of biomolecules

Although biomineralization has been extensively studied in inorganic systems,
the concept is only starting to be applied to MOFs. This thesis demonstrates
that the biomimetic mineralization of MOFs forms a porous nanoshell that
encapsulates biomolecules, provides unprecedented protection, and maintains
biological activity. In addition, the encapsulated biomolecules can be released
by pH changes in the physiological environment. However, this thesis is limited
to investigating the relationship between MOFs structures and biomolecular
functions. The subsequent in vivo validation experiments will need to enhance
the targeting capability of the developed nanocarriers. Therefore, further work
is required to demonstrate the feasibility of other MOFs such as HKUST-1 and
ZIF-90, highlighting the versatility of this biomimetic mineralization approach,
while engineering the surface of the nanomaterials for the targeted delivery of
loaded biomolecules.

6.2.3. mRNA-MOFs mineralization nanosystem

The successful commercialization of Moderna and Pfizer/BioNTech Covid-19
vaccines has led to new insights into the use of lipid nanoparticles for mRNA
delivery as a nanotechnology-based delivery platform. However, this mRNA-
lipid nanoparticles are susceptible to degradation in the physiological
environment before reaching the target tissue due to stability issues, and lead to
premature nucleic acid leakage, while having to be stored at low temperatures.
In contrast, inorganic nanocarriers formed by MOFs biomineralization can
provide very effective protection for sensitive encapsulated molecules, allowing
for long periods of room temperature storage without deactivation, reducing
storage and transportation costs while allowing for targeted and controlled
release. More mineralized mRNA-MOFs nanosystems will be explored in the
future, such as for activating the tumor suppressor PTEN by delivered mRNA to
enhance antitumor immunity in preclinical models.
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