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ABSTRACT OF THE DISSERTATION

Novel strategies for the development of protein delivery platforms

By

Jie Ren
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2020

Professor Yunfeng Lu, Chair

Protein are the most dynamic and diverse macromolecules in living organisms, taking part
in almost every biological reaction. While burst progresses have been made in revealing new
pathways mediated by proteins and understanding of protein functions, their clinical applications
are still limited due to the biological barriers that in vivo protein delivery encounters. Although
strategies based on nanoparticles have been introduced to address this problem, failure in
overcoming all the barriers simultaneously could lead to the compromised delivery efficacy.
Therefore, development of delivery platforms that can effectively overcome those biological

barriers comprehensively would help realize their potential into practical applications.

In this dissertation, novel strategies have been developed for protein delivery based on
coacervate nanoreactors or sheddable PMPC conjugated nanocomplexes depending on the target

site of protein therapeutics. This dissertation research consists with two topics outlined below:

il



1. Realize the co-delivery of enzyme cascade to bloodstream. In this part, we combined the
strategy of coacervate complex with in situ polymerization to encapsulate enzyme cascade in a
coacervate nanoreactor with crosslinked zwitterionic shell. Such structure and surface property
enhanced the overall catalytic efficacy, elimination of reaction intermediates, enzymatic stability,
and prolonged circulation time of the enzyme cascade, providing a protein delivery platform for

enzyme replacement therapy.

2. Realize the systemic delivery of intracellularly functional protein to tumor. In this part,
we combined the strategy of “stealth” surface with cell-permeable nanocapsule to construct a
nanocomplex with a PMPC shell. The nanocomplex facilitated overcome the biological barriers
of immune clearance, tumor accumulation and penetration, cellular internalization, and endosomal

escape, displaying an effective tumor inhibition.

Overall, this dissertation utilized various strategies and developed novel protein delivery
platforms for overcoming biological barriers and improving the bioavailability of protein

therapeutics, which broadens their applications.
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Chapter 1 The background information of protein therapeutic delivery

1.1 Protein therapeutics

Proteins are essential for living organisms, mediating almost every biological activity in
nature. It has been reported that there are estimated 1 to 3 billion proteins in the human cell, which
are expressed from 25,000-40,000 different genes in the human genome!'. Proteins catalyze
biochemical reactions, forming receptors, channels, and transporters in the membranes, providing
intracellular and extracellular scaffolding support, and acting as biological signals to trigger
pathways?*. On one hand, the abundancy, diversity, and dynamicity of proteins make the human
body vulnerable to pathogens that defunctionalize or down-regulate functional proteins, leading to
various protein-related diseases®”’. For example, metabolic diseases such as diabetes®® and

lysosomal storage diseases!'®-!!

are caused by the abnormal level of certain signaling proteins or
enzymes. One the other hand, the advantages of proteins over small-molecule drugs endow them
with great potential in clinical applications. First, proteins possess high specificity and efficiency
in biological processes unparalleled by their small-molecule counterparts, leading to less
interference to the irrelevant biological processes and less side effects. Second, the proteins usually
serve as complex set with complementary and synergic functions, which is difficult to be simulated
by small-molecule drugs. Third, most of the protein therapeutics are derived from the human
source, making them well tolerated and elicit less immune response. Those advantages have

directed the pharmaceutic to the development of protein-based therapeutics. The market size of

protein therapeutics has increased to more than 140 billion US dollars by 2016 with 239 peptide-



based drugs and 380 drug variants approved by FDA!2. Meanwhile, over 240 clinical trials on the
newly developed protein therapeutics are ongoing now. In the academic area, more than 20000

articles and patents are published per year.

The protein therapeutics can be classified into three categories based on their functions,
which are enzymes and signaling proteins, targeting proteins, and protein vaccines. Enzymes
perform catalytical functions in biological reactions in the living organism while the signaling
proteins up or down regulate the expression level of enzymes. As for the diseases caused by the
deficiency or abnormality of enzymes or signaling proteins in pathways, the therapeutic proteins
derived from endogenous sources are able to replace their deficient counterparts and restore the

functions in the pathway!3-17

. It has been well exemplified by insulin that can bind to the insulin
receptors on the cell membrane and regulate the glucose metabolism for the treatment of diabetes!'®.
For those diseases caused by the excessive metabolic waste and overwhelming of the

corresponding enzymes, the administration of exogenous enzymes can help boost the metabolic

reaction and accelerate the removal of excessive metabolites.

Targeting proteins are represented by monoclonal antibodies. Most of the therapeutic
antibodies are fused with humanized Fc domains so that they can simulate the human antibody and
minimize the immunogenicity!®. The versatilely engineered Fab domain provides a strong binding
affinity between the antibody and antigen, triggering the subsequent pathways?. By far, various
antibodies have been approved by FDA and employed for the treatment of cancer?!, auto-immune
diseases??, inflammatory diseases??, infectious diseases?* and so forth?>. Antibodies can also serve
as scavengers against the infectious pathogens by binding to the soluble molecule for destruction

because the immune cells can recognize the Fc region, endocytose the attached molecule and break
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down the molecule chemically and enzymatically?®. Especially in oncology, the antigen
recognition sites of immunoglobulin molecules guide the immune system to destroy targeted tumor
cells, as exemplified by trastuzumab. Alternatively, antibodies are able to activate the suppressed
immune cells by blocking the immune check points, as exemplified by PD-1 or PD-L1 inhibitor

Nivolumab?’ and Atezolizumab?®, respectively.

Another type of therapeutic proteins is the vaccine. To develop effective immunity against
foreign organisms or cancer cells, immune cells must be activated. Immune-cell activation is
mediated by antigen-presenting cells, which display specific oligopeptides on the cell membrane
that are derived from proteins found in foreign organisms or cancer cells. In this context, proteins
that can be used as vaccines should be able to stimulate the specific receptors on the surface of
antigen-presenting cells and activate the immune response, as widely demonstrated by
ovalbumin®®. Vaccines can also protect human bodies against infectious diseases or toxins. One

30-31 which was created by producing recombinant

successful example is the hepatitis B vaccine
hepatitis B surface antigen (HBsAg) protein. Vaccines can also be employed for the treatment of
auto-immune diseases. For example, a pregnant woman may occasionally reject a fetus after she
has been immunized against certain antigens carried by a fetus from a previous pregnancy.

Administration of an anti-Rhesus D antigen Ig is able to prevent the sensitization of an Rh-negative

mother at the time of delivery of an Rh-positive neonate’?.

Despite the great potential of proteins as candidates for the treatment of various diseases,
their clinical applications are still very limited due to their undesirable natures. The biological
barrier existing in the human body prevents the protein therapeutics from exerting their functions

in the target sites. In next section, those biological barriers will be introduced for understanding.
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1.2 biological barriers for protein delivery

Once being administrated in vivo, protein therapeutics encounter different physiological
environments, in which they may be removed or disrupted, leading to compromised functions
(Figure 1-1). Proteins in the free form have some unfavorable pharmaceutical properties. First,
some of the protein molecules are so small (< 60 kD) that they are often rapidly eliminated from
the circulation by renal filtration®}. Second, the exogenous proteins are readily to be opsonized and
removed by scavenger cells in the bloodstream or immune organs like liver and spleen®*. Third,
the fragile nature of proteins makes them vulnerable to proteolysis by the proteases®. Fourth, they
cannot spontaneously pass biological barriers such as lipid membranes of cells due to their
impermeable feature*®. Owing to those barriers, the inability of protein therapeutics to reach the
target site and exert their functions has been considered as the most critical limitation for their
clinical applications, which emphasizes the importance of developing appropriate strategies for

protein delivery.
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Figure 1-1 Illustration of biological barriers in the delivery process of protein therapeutics.



1.2.1 mononuclear phagocytic system clearance

Mononuclear phagocytic system (MPS) is a part of the immune system that consists of
phagocytic cells located in reticular connective tissue®’. Those cells are primarily monocytes and
macrophages, which accumulate in lymph nodes and spleen® and sequester the drugs immediately
after systematic administration. Such a process can be divided into two categories: opsonization

and phagocytosis.

Once being injected to the bloodstream, the foreign proteins with amphiphilic and
electrostatic surface induce non-specific interactions including Van Waals, electrostatic, and
hydrophobic interactions with the serum proteins such as complement components,
immunoglobulins, serum albumins, and apolipoproteins in the blood vessel’*#°. In addition,
antibodies can bind to them through specific interactions that recognize the specific antigenic
determinants on the surface of exogenous proteins #!. Such attachment by proteinaceous molecules

to the exogenous proteins in the bloodstream are called opsonization.

Through the opsonization process, the attached proteins provide targets for the specialized
receptors on the membrane of the phagocytic cells, facilitating the subsequent phagocytosis to
digest and remove the injected foreign proteins*?. The phagocytosis results in a fast removal of
administrated protein therapeutics, leading to the short circulation and preventing them from

reaching the target site where they can exert functions®.



1.2.2 Cellular entry and endosomal entrapment

The intracellular milieu is physically segregated from the environment by the plasma
membrane, which is an elastic lipid bilayer embedded with domains of lipids, carbohydrates, and
membrane proteins**. Some small molecules like oxygen and carbon dioxide can penetrate through
the cell membrane via a free diffusion mechanism. While other small molecules like nutrients and
ions can be transported through the membrane by specific transporters. Whereas the lipophilic
nature of the lipid composed membranes restricts the direct cellular entry of most macromolecules

like proteins and genes®.

Even if the protein can be taken up by cells through modification of cellular penetrating
enhancer like TAT or being encapsulated by nanoparticles, the internalization is usually through
the endocytic pathway*®. In such a pathway, the internalized macromolecules or nanoparticles will
be firstly engulfed by vesicles formed by the cell membrane. Subsequently, the vesicles mature
into late endosome and lysosome, in which massive proteases could digest the proteins into small
pieces and deteriorate their functions*’. Moreover, the exocytosis pathway excretes the exosomes

and removes the internalized proteins into extracellular area®®,

Besides those protein therapeutics that target the vascular compartment or extracellular
areas, the intracellular pathways provide great potentials for protein-based therapy. Thus, it is of
vital importance for those protein therapeutics to be effectively internalized by cells and reach the
targets inside cytoplasm or other specific organelles, such as lysosomes, mitochondria or

endoplasmic reticulum.



1.2.3 Protein stability

Proteins are such complicated macromolecules that even a small change in the sequence or
conformation would lead to irreversible deterioration of their activity*’. The majority of proteins
have poor stability and prone to be deactivated when they are encountered with the environments
different from their normal ones like non-neutral pH values®, high temperatures®!, high salt

concentration®?, proteases®* and detergents.

In the bloodstream, physiological temperature (37 °C) and ionic concentration (154 mM)
are usually higher than the conditions that are ideal to preserve the protein structure and activity.
The blood flow in the vessel created shear forces>® while the exogenous proteins are preferably to
form aggregates with the serum proteins. Those conditions collectively could lead to the unfolding

or misfolding of proteins and inactivation of their functions.

In the intracellular space, the conditions are usually harsher than those in the extracellular
area. In the cytoplasm, the intracellular proteins are highly concentrated to create the
macromolecular crowded environment, which could lead to the reduced native state stability of
protein therapeutics due to the intense protein-protein interactions®®. While in the late endosome
and lysosome, excessive proteases as well as the acidic pH value could result in the proteolysis or

hydrolysis of the protein sequences, leading to the fragmentation and dysfunction of proteins®’.

In addition, the harsh conditions in the preparation, handling, storage, and transportation
process of the protein therapeutics such as long-term storage, lyophilization could also destroy the

protein structure and function’s.



Thus, to effectively protect the protein functions against those conditions is one of the most

important requirements for protein delivery.

1.3 Strategies for protein delivery based on nanotechnology

Although last decade has witnessed the great progress in protein engineering to alter the
protein properties and realize their potentials in therapeutic applications, it is still very limited to
use such a technology for protein delivery due to the difficulty in design, modification, and high

cost.

In this context, nanotechnology has become the most promising strategy to overcome the
barriers in the delivery process of protein therapeutics.’® The nanoparticle candidates and loading
methods are illustrated in Figure 1-2. So far, dozens of nanomedicines have already been approved
for clinical use, and many more are under clinical investigation. Nanoparticles that are typically in
the range of 10-150 nm in size have considerable advantages as drug carriers due to their size
effect and versatile surface properties®. Through hydrophobic, electrostatic, or other interactions,
proteins can be encapsulated in or adsorbed onto those nanoparticles such as liposomes, micelles,
nanogels, and inorganic nanomaterials®!. In the delivery process, nanoparticles could: i) protect
proteins from denaturation in biological environment; ii) enhance systemic circulation half-life of
proteins in the bloodstream; iii) control the release behavior; and iv) target diseased tissues, cells,

and intracellular compartments®.
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1.3.1 Strategies to overcome immune clearance

Nowadays, “stealth” that coats the surface of nanoparticle with low-immunogenic
materials has been considered as the consensus strategy in nanoparticle design. Various types of
biocompatible polymers, including PHEMAS®2, PVP%, PEG®, and so forth have been introduced
to construct the nanoparticle shell. Those surface-shielding polymers can prevent the serum protein
adsorption as well as the recognition of the epitopes of proteins by the immune system, and thus
favorably alter their pharmacokinetics by reducing the immunogenicity and prolonging its
circulation time®. Among those polymers, PEG is the most widely used as the decorating polymer

for almost every nanomedicine in the pharmaceutical market and clinical trials.

However, PEG itself can also elicit specific antibodies in vivo, which undermines their

ability to escape from immune clearance and results in the compromised pharmacokinetics. Even



in the cases of commercialized PEGylated therapeutics, the anti-PEG antibody has been found in

around 20% of patients after treatment of multiple injections®.

Recently, a novel type of polymer termed as “poly 2-methacryloyloxyethyl
phosphorylcholine” (PMPC) has emerged as one of the most promising “stealth” candidates®’.
This polymer is featured by carrying both positively and negatively charged centers with an overall
neutral charge in each unit, which is defined as “zwitterionic” structure. Due to this unique
structure, water can be attracted and bound extensively to the polymer chain, creating a dense
hydration shell surrounding them®. This hydration layer can effectively reduce non-specific
protein adsorption and therefore confer the surface with “anti-fouling” characters. More
importantly, unlike PEG, no PMPC-specified antibody has been detected in the in vivo tests,
eliminating the possibility of undesired pharmacokinetic performance in multiple injections. Thus,

it could be used as the “stealth” material for the construction of protein encapsulated nanoparticles.

1.3.2 Strategies for intracellular delivery

Nanoparticles have been extensively demonstrated to improve the permeability of proteins
thanks to their optimal size that is within the optimal size range of endocytosis (20-200 nm).
Micelles®®, liposomes, mesoporous silica nanoparticles’?, nanogels’! have been employed to
facilitate the intracellular delivery of proteins. Moreover, modification of positively charged
moieties or specific ligands could further improve the cellular internalization efficiency due to the
electrostatic interactions with the negatively charged cell membrane or the ligand-receptor binding

with the receptors embedding in the membrane’?.
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After being internalized through endocytic pathways, the ability of endosomal escape is a
critical prerequisite for the nanoparticle to deliver the protein to the cytosol target. To achieve this
goal, the strategy of modifying the nanoparticle with secondary or tertiary amino contained groups
that could induce the “proton sponge effect” has been widely used’®. Once being trapped in the
late endosome or lysosome, the amino groups are protonated to absorb free protons in response to
the acidic endosomal or lysosomal environment (pH 4.5-7.0). As the absorbed protons accumulate,
they gradually increase the membrane potential past the equilibrium level. Since this equilibrium
potential is primarily established by chloride diffusion, chloride will then begin to diffuse into the
endosome in an attempt to restore the equilibrium potential which raises the osmotic pressure
further. This causes the endosome to swell and expand until it passes a critical area strain, rupturing

the lipid bilayer membrane and releasing the entrapped nanoparticles into the cytoplasm.

1.3.3 Strategies to protect Protein stability

Encapsulating proteins into nanoparticles confines them into a limited space, in which the
movement of peptide chains is restrained. Such a restriction reduces the possibility of protein
misfolding induced by high temperature, shear forces, lyophilization, long-term storage, and high
salt concentration’. Moreover, the coating shell of the nanoparticle is able to restrict the
accessibility of protease to the encapsulated proteins, thus protecting the proteins from
proteolysis’. Based on this mechanism, micelle, liposome and polymersome entrapping proteins

have been utilized for protein activity protection.

Besides, the crosslinking strategy that packs the proteins within the crosslinked polymeric
network further strengthens the restriction, thus providing better protection of protein activities. In
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this context, nanogels with crosslinked polymeric structure have been utilized to encapsulate
proteins, as represented by nanocapsule that forms by in situ polymerization on the surface of
single protein’®. For example, Jie Li et al. has reported that by wrapping the organophosphorus
hydrolase with polymer network, the enzyme showed remarkable improvement in the stability

against high temperature, organic solvents, proteolysis, free-thaw cycles, and long-term storage’”.

In summary, protein-based therapeutics represent the novel direction of pharmaceutical
development due to their unique advantages. However, the biological barriers hamper the clinical
applications of protein therapeutics, which emphasizes the need to address those barriers. Current
strategies based on conventional nanoparticles usually focus on one or two barriers due to their
structural limitation, whereas the unaddressed barriers lying in the administration process could
lead to the compromised delivery efficacy. Thus, it is of the urgent need to develop novel delivery

strategies for overcoming those barriers systemically and improving the therapeutic outcomes.

1.4 Dissertation objectives and research scope

The objective of my dissertation is to design, construct, and characterize novel types of
nanoparticles, overcoming the biological barriers for protein delivery. Briefly, my dissertation is

dedicated to the following aspects:

(1) Develop nanoreactor based on coacervate core and crosslinked shell structure as a

platform to enable the delivery of enzyme cascade for enzyme replacement therapy.
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(2) Develop sheddable Poly(2-methacryloyloxyethyl phosphorylcholine) conjugated
nanocomplex to enable the systemic delivery of intracellularly functional protein therapeutics for

the treatment of solid tumor.
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Chapter 2 Coacervate-based nanoreactor as a universal platform for

enzyme cascade delivery

2.1 Introduction

Enzyme catalyze every single biochemical reaction in nature. Despite the high efficiency,
selectivity, and specificity that have been extensively proved,’”®3® the sophisticated
compartmentalization endows enzymes with unparalleled complementary functions compared to
their artificial catalytic counterparts. ¥1-%2 In living organisms, enzymes are usually confined in
limited space like cellular organelles to enable the close proximity among one another in the
reaction cascade, affording an enhanced substrate transferring from the upstream enzyme to the
downstream one, thus maximizing the overall reaction efficacy and minimizing the generation of
intermediates.®3-%7 In this context, the malfunction of single enzyme or multiple enzymes in the
pathway leads to severe metabolic disease, such as gout,?® lysosomal storage diseases,® and so
forth. To restore the metabolic pathway and mitigate the diseases, the most straightforward strategy
is enzyme replacement therapy, which is to administrate the corresponding enzymes to replace the
missing or dysfunctional ones.”?

Recently, the newly developed protein engineering technique and the revealing of
metabolic pathways greatly broaden the library of enzymes that possess therapeutic potentials.®-
%5 However, the clinical applications of enzymes are still limited due to their intrinsic drawbacks

and biological barriers. During the synthetic, storage, and administration process, the harsh

96-97 98-99

conditions encountered by enzymes such as high temperature, freeze-thaw process, and
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protease-abundant environment®’- 190-191 Jead to the denaturation of enzyme structure and function
loss. Since the engineered enzymes are usually exogenous proteins that elicit immunogenicity,
their quick clearance by mononuclear phagocytic system results a low circulation time and off-
targeting delivery.!921% Moreover, in the treatment of metabolic diseases that needs to restore the
functions of multiple enzymes in the pathway, administration of single type of enzyme or
separately multiple enzymes usually results in low overall catalytic efficacy and the accumulation
of toxic intermediates that cause severe side effects in the human body.!%-1%7 Therefore, it is critical

to develop optimal delivery systems of therapeutic enzymes for enzyme replacement therapy.

To address those problems, nanoreactors that confine enzyme cascade in a limited space
with a protective shell have been widely developed and studied. Based on the encapsulation

108-111 5

mechanism, they can be categorified into several classes: liposome/polymersome, inorganic

112-114 115-116

nanoparticles, nanocapsules, and coacervate complex.!!”!!® Liposome/polymersome
and inorganic nanoparticle can encapsulate enzymes through hydration or physical adsorption
method, protecting the enzymes from denaturation in harsh conditions.!!*12! Whereas the lack or
low density of hydrophilic moieties on their surface leads to the structural instability and quick
immune clearance.!??1?* Nanocapsules with crosslinked polymer network is constructed by in-situ
polymerization from the surface of enzymes. The polymer network endows the encapsulated
enzyme with enhanced stability and versatile surface properties, greatly improving their
bioavailability.””> 12128 Besides the single enzyme encapsulated nanocapsules, our group have
developed enzyme cascade encapsulated nanocapsules by connecting multiple enzymes through
inhibitor conjugated DNA origami and subsequent polymerization and removal of the DNA

crosslinker.!'® Such a structure enables close proximity among enzymes, improving the catalytic

efficiency of enzyme cascade and minimizing the generation of toxic intermediates. However, the
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high cost and complicated synthetic chemistry of DNA crosslinkers make it difficult to serve as a
universal platform for enzyme delivery. Polyelectrolytes can condense enzyme cascade within the
coacervate core to form enzyme encapsulated coacervate complex, simulating the structure of
organelles in nature. Yet the weak electrostatic interaction between polymers and enzymes are
readily to be screened by the physiological ionic strength, leading to the dissociation of the
coacervate complex and release of the encapsulated enzymes.!?°-13% In addition, the use of organic
solvents or high concentration of free radicals during the encapsulation process inevitably causes
activity loss of enzymes, further compromising their therapeutic outcomes.!3!"13* Due to those
drawbacks of nanoparticles, none of them has been employed for enzyme replacement therapy,

leaving us urgent need to rationally design novel enzyme delivery platforms.

Herein, we combined the strategy of nanocapsule and coacervate complex, constructing a
versatile nanoreactor with enhanced structural and enzymatic stability as well as tunable surface
properties for in vivo delivery of enzyme cascade. As illustrated in Figure 2-1, we first condensed
multiple enzymes with a Polyethylene glycol (PEG) and a-Bromoisobutyryl (BIB) grafted
positively charged polymer polyallylamine (PEG-g-BPAH) into a coacervate complex. Instead of
free radical polymerization employed in conventional synthesis of nanocapsules, we chose single-
electron transfer living radical polymerization (SET LRP) from the pendant initiator BIBB with
monomers, crosslinkers, catalyst and ligand at room temperature, leading to the formation of
polymeric network growing from the initiator in the core. Given the relatively low free radical
concentration, the enzyme activity is expected to be maximumly preserved. Owing to the highly
concentrated enzymes in the core, close proximity amongst multiple enzymes was realized, which
enables the formation of enzyme cascade with complementary effects. Meanwhile, the polymeric

network is able to effectively stabilize the coacervate core as well as the enzymatic activity inside.
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By regulating the monomer type and ratio in polymerization process, we can readily tune the
surface charge of the nanoreactor and thus its in vivo trafficking. Furthermore, we employed
uricase (UOX) and Catalase (Cat) co-encapsulated nanoreactor with anti-fouling 2-
Methacryloyloxyethyl phosphorylcholine (MPC) shell as a model to evaluate its potential of the
novel nanoreactor in therapeutic applications. The nanoreactor could escape from the immune
clearance, prolong the circulation of enzymes in the bloodstream, reduce the blood uric acid level,

and prevent the damage from the toxic intermediate generated in the catalytic process.
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Figure 2-1 The construction procedure of enzyme cascade encapsulated nanoreactors.

2.2 Results and discussion

To verify the construction of multiple enzymes encapsulated nanoreactor, we employed

UOX and Cat as the model enzyme pair. As shown in the dynamic light scattering (DLS)
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measurement (Figure 2-2a), the size distribution peak at several nanometers that represents native
enzymes shifted to around 100 nm after the addition of polymers, implying the condensation of
the enzymes and the formation of the coacervate complex, which is denoted as P(UOX-Cat). We
then conducted SET LRP with MPC as the monomer, N,N'-Methylenebis(acrylamide) (BIS) as
the crosslinker from the initiators conjugated on the polymer chain to generate the UOX and Cat
encapsulated nanoreactor, which is denoted as n(UOX-Cat). The size of P(UOX-Cat) increased to
120 nm after the polymerization, implying that the MPC shell formed surrounding the core and
the formation of the nanoreactor. Since the surface charge determines the in vivo fate of the
nanoparticles, we extended the polymerization to other monomers like neutrally charged
acrylamide (AAM), poly(ethylene glycol) monomethacrylate (PEG) and positively charged 3-
aminopropyl acrylamide (APM) to verify the charge tunability of the nanoreactor shell. The zeta
potential test after the polymerization shows that the surface charge of the nanoreactor was
consistent with the charge of the incorporated monomer (Figure 2-2b). To confirm if the coacervate
core was packed by the network shell, we synthesized the nanoreactor with FITC-labeled enzymes
and challenged it with the strong polyanion heparin. The agarose image (Figure 2-2c¢) illustrates
that the enzymes were released from the nanocomplex upon the competition of heparin while the
nanoreactor retained the payload enzymes, indicating that the coacervate core was strengthened

by the polymer network.

Two main factors that determine the enzyme function are turnover number (Kcat) and Km.
Kcat represents the catalytic rate of enzymes while Km shows the accessibility of substrate to the
active center. It is essential to keep both two factors of the enzymes in the nanoreactors to
maximize the enzyme functions. The harsh conditions due to the introduction of organic solvents,

free radicals, heat and so forth to the synthetic process usually result in a undermined catalytic rate.
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To address this issue, we selected SET LRP at room temperature over other polymerization
methods since the copper ions and generated free radicals that induce damages to the enzyme
structure can be both minimized to maintain the enzyme activity. We synthesized six nanoreactors
with different model enzymes encapsulated. As shown in Figure 2-2d, all the six enzymes retained
more than 80% of their initial Kcat values after the polymerization process, suggesting a desirable
enzyme activity preserved after the construction of nanoreactors. It has been reported in many
nanoreactors, especially those polymersomes, that the diffusion of substrate to the enzymes was
hindered by their shells with poor permeability, leading to a dramatically increased Km value!3*
135, Accordingly, we compared the Km of enzymes before and after the polymerization process.
As shown in Figure 2-2e, the Km of enzymes shows no more than 20% increase after being
encapsulated in the nanoreactor, indicating that the substrates had similar accessibility to the
enzymes in the nanoreactor compared with their counterparts in the bulk phase. With little change
in both Kcat and Km values of enzymes after the encapsulation, we reason that this type of
nanoreactor could preserve the enzyme functions and is able to be used further for encapsulating

a variety of enzymes.

The far larger size of the nanoreactor compared to those of native enzymes provides the
possibility that the multiple enzymes are accommodated in the limited space and located in close
proximity. To demonstrate it, we synthesized the coacervate complex and nanoreactor with FITC
dye label UOX and TAMRA dye labeled Cat co-encapsulated, denoted as P(FUOX-TCat) and
n(FUOX-TCat), respectively. FITC and TAMRA are a pair of fluorescent donor and acceptor. To
achieve a FRET effect, the distance between the two dyes must be less than 10 nm. In the
fluorescent spectra (Figure 2-2f), the FITC peak decreased while the TAMRA peak increased in

both P(FUOX-TCat) and n(FUOX-TCat) compared to those in the FUOX and TCat mixture,
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displaying a clear FRET effect. That implies that UOX and Cat were associated closely in the
coacervate core of the nanoreactor (<10 nm). It has been calculated that the enzymes in the
reaction cascade have the “substrate channeling” effect when the distance between them is less
than 20 nm.'3¢ Thus, we reason that enzyme cascade in the nanoreactor has such an effect,

preventing the diffusion of intermediates to the bulk phase.
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Figure 2-2 Structural characterization of the nanoreactors. (a) Size distribution of UOX, Cat,
P(UOX-Cat), and n(UOX-Cat) measured by dynamic light scattering (DLS) measurement. (b) Zeta
potential of n(UOX-Cat) incorporated with different monomers PEG, MPC, AAM, and APM,
respectively, measured by zeta-sizer. (¢) The agarose gel electrophoresis image of FITC labeled
native UOX, native Cat, P(UOX-Cat), n(UOX-Cat), P(UOX-Cat) mixed with 2% Heparin, and
n(UOX-Cat) mixed with 2% Heparin. Normalized Kcat (d) and (¢) Km values of enzymes UOX,
Cat, AOX, ALDH, GOX, GAL encapsulated in the nanoreactors after the synthetic process

compared with their initial values, respectively. f) the fluorescence spectrum of the mixture of
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native UOX and Cat, P(FUOX-TCat), and n(FUOX-TCat). The UOX was labeled with FITC while

the Cat was labeled by TAMRA. EX: 460 nm; EM: 490-650 nm.

The limitation in intermediate diffusion facilitates the intermediate transferring from the
upstream enzyme to the downstream one in the reaction cascade, improving the overall reaction
efficiency. It can be exemplified by galactosidase (GAL) and glucose oxidase (GOX) enzyme pair.
In the consecutive reaction, the lactose is converted to glucose and galactose by GAL and then the
generated glucose is oxidized by GOX to produce H>O> and glucuronic acid that can be monitored
using the Amplex red assay. As illustrated in Figure 2-3a, the generation rate of the H>O> was
faster in the GAL/GOX co-encapsulated nanoreactors compared to that in the native enzyme
mixture, showing an enhanced overall reaction efficacy. This structure also boosts the elimination
of the generated intermediates. In the UOX/Cat enzyme cascade reaction, the toxic intermediates
H>0, generated from the oxidation of uric acid by UOX can be converted to nontoxic compound
H>0 and O: by Cat. The generation rate of HO> by n(SOD-Cat) remarkably decreased compared
with that in the enzyme mixtures (Figure 2-3b). Such enhanced elimination of intermediates was
further observed in the case of three enzyme co-encapsulated nanoreactors as well. The oxidation
of ethanol by alcohol oxidase (AOX) produces toxic products acetaldehyde and H>O,. By co-
encapsulating with Cat and acetaldehyde dehydrogenase (ALDH), the generation rate of H2O» and
acetaldehyde both reduced significantly compared with those by the native enzyme mixtures,
suggesting that this effect could be further realized in more complicated enzyme cascade systems

(Figure 2-3c, d).
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Figure 2-3 Acceleration of total reaction efficacy and elimination of intermediates. H.O>
generated as a function of time in (a) lactose-glucose reaction cascade catalyzed by Gal/GOX
mixture or n(GAL-GOX), (b) uric acid oxidation reaction catalyzed by UOX, UOX and Cat
mixture, or n(UOX-Cat), (c) ethanol oxidation reaction catalyzed by AOX, AOX/Cat mixture, or
n(AOX-ALDH-Cat). (d) Acetaldehyde concentration generated in ethanol oxidation reaction
catalyzed by AOX, AOX/ALDH/Cat mixture, or n(AOX-ALDH-Cat) after 1 h. Each Enzyme
reaction was performed in buffers containing corresponding substrates at room temperature. The
HRP and Amplex red assay was used to test the H>O» concentration. The MDTH assay was used

to test the acetaldehyde concentration.

The removal of toxic intermediates ameliorates their damage to the cells. First, we

guaranteed the biocompatibility of nanoreactors in AML-12 cells, as demonstrated by around 100%

22



cell viability retained in AML-12 cells incubated with the nanoreactors (Figure 2a, b). Then we
incubated the cells with nanoreactors or enzyme mixtures and the corresponding substrates for 12
h. The cells incubated with UOX/Cat encapsulated nanoreactor retained 90% of their initial
viability whereas the viability of cells incubated with the enzyme mixtures decreased to 50% of
their initial viability (Figure 2-4c). The reduction in cytotoxicity was also observed in the case of
AOX/ALDH/Cat system thanks to the quick elimination of H>O; and acetaldehyde by the
nanoreactor (Figure 2-4d). Such effective protection of the cell viability against the toxic

intermediates renders the nanoreactors potential to be employed as antidotes in in vivo applications.
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Figure 2-4 Reduction in generated intermediates protects the cell viability. Normalized cell

viability of AML-12 cells after treated with mixture of UOX and Cat, and n(UOX-Cat) (a) mixture
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of AOX, ALDH, and Cat, and n(AOX-ALDH-Cat) (b) for 24 h. (c) Normalized cell viability of
AML-12 cells after treated with UOX, mixture of UOX and Cat, and n(UOX-Cat) for 12 h. Cells
treated with PBS was set as blank. Uric acid was added to the cell medium prior to the addition of
enzyme samples with the final concentration of 0.6 mM. (d) Normalized cell viability of AML-12
cells after treated with AOX, mixture of AOX, ALDH and Cat, and n(AOX-ALDH-Cat) for 4 h.
Cells treated with PBS was set as blank. Ethanol was added to the cell medium prior to the addition
of enzyme samples with the final concentration of 0.6 mM. The cell viability assays were

performed by incubating the treated cells with 0.1 mg/mL resazurin for 2 h at 37 °C.

One of the main obstacles that enzyme encapsulated nanoparticles encounter in clinical
applications is their structural instability, which results in the dissociation of the nanoparticle,
release of loaded enzymes and loss of complementary functions. Thus, it is prerequisite for the
nanoreactor to retain its structural stability in physiological environments. We used serum and
acidic buffer to simulate the extracellular and intracellular environment, respectively, and
investigated the structural stability of the nanoreactor by testing its size change with DLS
measurement. The average diameter of the nanoreactor remained around 100 nm while coacervate
complex swollen up to 400 nm after 24 h incubation with the bovine serum (Figure 2-5a). Similarly,
the nanoreactor kept its size unchanged while coacervate complex dissociated at pH value 5.0 after
1 h incubation (Figure 2-5b). With the superior structural stability of nanoreactor in both
extracellular and intracellular mimicking environments, we reason that the encapsulated enzymes

are able to keep associating with one another in vivo.
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Cat) and n(UOX-Cat) incubated with 80% serum at 37 °C. (b) The change of size distribution of
P(AOX-ALDH-Cat) and n(AOX-ALDH-Cat) incubated in buffers with pH value 5.0 and 7.4 at 37

°C for 1 h, respectively.

The fragility of enzymes is another main reason that leads to compromised enzyme
functions in use. From the manufacturing, transportation, and storage to administration and in vivo
trafficking process, enzymes encounter a variety of different conditions that can disrupt their
activity. With the crosslinked topology, the polymer network is capable to restrict the access of
destructive protease to enzymes and avoid the unfolding and misfolding of enzymes, thus
protecting their activities against those harsh conditions. Exemplified by UOX and Cat co-
encapsulated nanoreactor, UOX in the nanoreactor showed more than 90% of its initial activity
after 4-week storage at room temperature while the native UOX and UOX in P(UOX-Cat) lost
more 80% of their initial activity (Figure 2-6a). The enhanced enzymatic stability of UOX in the
nanoreactor was also observed against the proteolysis, lyophilization, and serum incubation,
showing 63%, 71%, 74% of their initial activity, respectively (Figure 2-6b, c, d). Such a capability
of the nanoreactor to protect the enzymatic activity endows the enzymes with robustness to exert

their optimal functions in vivo.
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Figure 2-6 Enhanced enzymatic stability in nanoreactors. Relative UOX activity of native
UOX, P(UOX-Cat), and n(UOX-Cat) as a function of time upon incubation (a) at room
temperature in PBS, (b) with trypsin at the final concentration of 0.025 mg/mL at 37 °C, (c¢) with
80% bovine serum at 37 °C. (d) Relative UOX activity of native UOX, P(UOX-Cat), and n(UOX-
Cat) after each freeze-thaw cycle. The activity of UOX was tested in PBS containing 0.2 mM uric

acid at room temperature.

Based on the robust nanoreactor with complementary enzyme functions confirmed, we
next investigated its performance as a platform for the enzyme replacement therapy using n(UOX-
Cat) as a model. Uric acid is a common metabolite generated from purine metabolism. Since it can
be only excreted through urine in the human body, the balance of uric acid in the bloodstream is
vulnerable to be breached by the abnormally high digestion of purine contained food and the

recession of kidney function, leading to hyperuricemia, subsequent gout, arthritis, disability, and
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even kidney failure.!3’-13° The naturally existing enzyme UOX is able to convert uric acid to
allantoin that is readily excreted with high catalytic efficiency and selectivity.'*° But it is far away
from practical use in the ERT due to its vulnerability to the in vivo environment as well as the
toxicity brought up by the produced H>O;. Herein, based on the UOX and Cat co-encapsulated
nanoreactor with MPC shell, we evaluated the feasibility of this platform as the antidote of uric

acid.

To sustainably clear the metabolite like uric acid in the bloodstream necessitates a
prolonged enzyme activity presenting in the bloodstream. While the exogenous enzymes suffer
from the opsonization and clearance by the immune system, the anti-fouling polymer MPC shell
could provide the capacity of escaping from the opsonization and immune clearance. In this
context, we mimicked the opsonization process by incubating the nanoreactor with bovine serum
at 37 °C for 2 h. After the incubation, the amount of the protein adsorbed onto the nanoreactor was
similar to that in PBS while much lower than those of native proteins and P(UOX-Cat), suggesting
the resistance to opsonization (Figure 2-8a). To simulate the in vivo phagocytotic clearance, we
added the bovine serum pre-incubated samples FUOX and TCat mixure, P(FUOX-TCat), and
n(FUOX-TCat) to the macrophage cell line J744A.1. Cat and UOX fluorescent signals inside the
macrophage were much weaker in the cells treated with n(UOX-Cat) compared to those of native

enzyme mixture or P(UOX-Cat), showing its resistance to phagocytosis (Figure 2-7).
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Figure 2-7 Resistance of n(UOX-Cat) to phagocytosis. Fluorescent images of J774A.1 cells after

incubation with native UOX and Cat mixture, P(UOX-Cat), and n(UOX-Cat) for 4 h.

The ability of n(UOX-Cat) to escape from immune clearance in vivo was further evaluated
by its organ biodistribution in mice. Alexa fluor 647 labeled UOX and n(UOX-Cat) were
intravenously injected to mice (BALB/c), respectively. The organs were taken out and applied to
fluorescent imaging 12 h post-injection. As observed in fluorescent images, strong signals were
observed in the liver and spleen of the mice administrated by native UOX with a relative
fluorescence intensity (RFI) of 12.04x 10° and 4.37 x 107, respectively. Whereas the signals in
the liver and spleen of the mice administrated by n(UOX-Cat) were both weaker with RFI of
7.29x 10?2 and 2.46x 10° comparably, implying its reduced accumulation in RES organs (Figure

2-8c, d).

Given the resistance to the immune clearance and enhanced enzymatic stability, we then
tested the circulating enzyme activity in the bloodstream. The mice (BALB/c) were intravenously

administrated with UOX and Cat mixture, P(UOX-Cat), and n(UOX-Cat), respectively. The
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pharmacokinetic profile (Figure 2-8b) shows that the UOX activity in the serum of the mice
injected with n(UOX-Cat) had a half-life of 21.2 h, which was much longer than those of native

UOX and P(UOX-Cat) (4.0 h and 5.2 h).
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Figure 2-8 Pharmacokinetics and biodistribution of n(UOX-Cat). (a) Normalized Protein
adsorption of native enzyme UOX and Cat mixture, P(UOX-Cat), and n(UOX-Cat) upon 25%
bovine serum incubation for 2 h at 37 °C. The samples were filtered and washed with 200 uL PBS
for 3 times after incubation. The protein concentration was determined by BCA assay. (b)
Pharmacokinetic profiles of mice after intravenous injection of native UOX, P(UOX-Cat) or
n(UOX-Cat). The dosage was 10 U/kg corresponding to the UOX activity. Mean + s.e.m., n = 3.
(c) Ex vivo images of dissected tissues including heart, liver, spleen, lung, and, kidney the mice
administered with n(647UOX-Cat). The mice were perfused with PBS and organs were harvested

12 h post-intravenous injection. (d) The relative fluorescence intensity of Alexa fluor 647 labeled
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native UOX and n(UOX-Cat) in heart, liver, spleen, lung, and kidney of mice (BALB/C) 12 h post-

injection.

With the long-term retainment of the blood enzymatic activity, we then evaluated the
ability of n(UOX-Cat) to reduce the blood uric acid and the generated H>O; in mice. The blood
uric acid level of the mice treated with native and P(UOX-Cat) reduced to around 130 uM 24 h
post-injection and quickly rebounded to the normal level after 72 h. Whereas the blood uric acid
level in the mice upon injection of n(UOX-Cat) declined to around 100 M and kept that level up
to 120 h, suggesting a superior capability of reducing the blood uric acid level by the long-term
circulated nanoreactor in the bloodstream (Figure 2-9a). Furthermore, the in vivo toxicity of
n(UOX—Cat) was investigated by measuring the level of lactate dehydrogenases (LDH) in serum.
The leakage of intracellular LDH to the serum indicates the abnormal cell apoptosis due to the
accumulation of H>O». As shown in Figure 2-9b, the LDH level of mice injected with n(UOX-Cat)
(0.934 U/mL) was close to those treated with PBS (0.814U/mL), which were significantly lower
than those treated with the mixture of n(UOX) and n(Cat) (1.28 U/mL), and n(UOX) (1.59 U/mL).
Thus, the acceleration of blood uric acid degradation as well as the prevention of H>O, damage
provides the potential that the n(UOX-Cat) can be used as the long-term antidote for the treatment

of hyperuricemia.
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Figure 2-9 Uric acid reduction and biocompatibility of n(UOX-Cat). (a) Blood uric acid level
as a function of time in mice after intravenous injection of native UOX, P(UOX-Cat) or n(UOX-
Cat). (b) Blood LDH activity level in mice 24 h after intravenous injection of nUOX, n(UOX) and
n(Cat) mixture, and n(UOX-Cat). mice injected by PBS was used as the control. The dosage of

UOX was 10 U/kg while the Cat was 4000 U/kg. Mean + s.e.m., n = 3.

2.3 Conclusion

In summary, we have demonstrated a design for enzyme encapsulated nanoreactor with
highly preserved enzyme activity, substrate accessibility, and complementary functions in the
cascade reactions. The nanoreactor enables enhanced enzymatic and structural robustness, and
tunable surface properties. UOX and Cat co-encapsulated nanoreactor shows an enhanced blood
circulation and capability of reducing the uric acid level in vivo. Considering the vast library of
enzymes with various functions, such a nanoreactor can be employed as a promising carrier to
deliver enzyme cascade for the treatment of metabolic diseases, broadening the use of enzyme-

based therapies.
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Since different enzymes in the reaction cascade have different turnover numbers, the
overall reaction rate could be highly dependent on the molar ratio of the enzymes in the nanoreactor.
In the future, we will optimize the ratio of the enzymes to reach a maximized overall reaction rate.
Moreover, since all the oxidative enzymes are limited in clinical applications due the toxic
byproducts H20, we plan to extent the application from hyperuricemia to other oxidative enzyme

related diseases with the platform.

2.4 Experimental section

2.4.1 Materials

UOX, Nicotinamide adenine dinucleotide (NAD+), trypsin, and horse radish peroxide
(HRP) were purchased from Calzyme Inc. PAH, 2-Bromoisobutanoic acid N-hydroxysuccinimide
ester (BIB-NHS), GOX, GAL, Cat, ALDH, AOX, AAM, MPC, and 3-methyl-2-benzothiazolinone
hydrazone hydrochloride hydrate (MBTH) were purchased from Sigma Aldrich Inc. CuBr,
Me6TREN, acetaldehyde, 2-mercaptoethanol, ortho-Nitrophenyl-f-galactoside (ONPG), H>O»,
Amplex red and BCA assay kit were purchased from Thermofisher Inc. PEG-NHS was purchased
from Creativepegwork Inc. TAMRA-NHS, FITC-NHS, and Alexa fluor 647-NHS, Hoechst were
purchased from Fluoroprobes Inc. Buffers are prepared following the methods depicted in the
previous work. J774A.1 and AML-12 cells were purchased from American Type Culture
Collection (ATCC). The Dulbecco's Modified Eagle Medium (DMEM) growth medium, trypsin

and Fetal Bovine Serum (FBS) was obtained from Corning.
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2.4.2 Instruments

Uv adsorption, fluorescent intensity and spectra were recorded with a Tecan Infinite 200
PRO plate reader. IH NMR spectra were recorded with a Bruker AV400 broad band FT NMR
spectrometer. The kinetic of H,O» degradation were recorded with a Beckman-Coulter DU730 at
the wavelength of 240 nm. Dynamic light scattering (DLS) studies of the enzyme nanocomplexes
was measured on Zetasizer Nano instrument (Malvern Instruments Ltd., Kingdom). Transmission
electron microscope (TEM) images were obtained on T12 Quick CryoEM and CryoET (FEI). The
fluorescence microscope images were acquired by Leica dmi8 inverted microscope. The Confocal
microscope images were obtained by Confocal SP8-STED/FLIM/FCS. The optical imaging and

quantification were achieved by IVIS Lumina II (Perkin Elmer).

2.4.3 Synthesis of PEG-g-BPAH

100 mg PAH (Mw: 17000) was dissolved into 1 mL HEPES buffer (pH 8.0, 500 mM),
followed by the addition of 100 mg PEG-NHS (Mw: 5000). The mixture was allowed to incubate
at R.T. for 2 h. Then 20 mg BIB-NHS was dissolved into 200 uL DMSO and added in, incubating
at R.T. for another 2 h. The solution was dialyzed against DI water for 24 h to remove the
unconjugated PEG-NHS and BIB-NHS (Mw cutoff: 12KD). The purified polymer solution was
then lyophilized to obtain a white powder, which was re-dissolved into D>O and tested with 'H-

NMR.
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2.4.4 Synthesis of one-enzyme encapsulated coacervate complexes

The one-enzyme encapsulated coacervate complexes were obtained by condensing the
corresponding enzyme with the positively charged polymer. Briefly, the enzyme and PAH-g-
BPEG were both dissolved into HEPES buffer (50 mM, pH 7.4) at the concentration of 1 mg/mL,
respectively. Then the enzyme solution was mixed with polymer solution and incubated at R.T.
for 15 min. The mass ratios of UOX, Cat, AOX, ALDH, GOX, and GAL to the polymer were set
to 5:1, 10:1, 5:1, 2.5:1, 2:1, and 5:1, respectively. Then the uncondensed enzymes were removed
by passing through the DEAE column with HEPES buffer (50 mM, pH 7.4) as the eluent buffer.

The obtained coacervate complexes were stored at 4 °C for further use.

2.4.5 Synthesis of multiple-enzyme cascade encapsulated coacervate complexes

The synthetic protocol of multiple-enzyme cascade encapsulated coacervate complexes
were similar to that of one-enzyme encapsulated ones. Cat and UOX solution were first mixed
with a molar ratio of 1:1, followed by the addition of polymer solution at the mass ratio between
the total enzyme and polymer of 5:1. The mixture was incubated at R.T. for 15 min and purified
with DEAE column. In the case GOX and GAL co-encapsulated coacervate complexes, the molar
ratio between the two enzymes was set to 1:1 while the mass ratio between the total enzyme and
polymer was 2.5:1. In the case of AOX, ALDH, and Cat, the molar ratio among those enzymes

was 1:2.5:1 while the mass ratio between the total enzyme and polymer was set to 5:1.

The fluorescent dye labeled nanoreactors were synthesized followed the same protocol.

The nanoreactor encapsulating FITC labeled UOX, TAMRA labeled Cat was denoted as n(FUOX-
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TCat). The nanoreactor encapsulating FITC labeled AOX and TAMRA labeled Cat was denoted
as n(FAOX-TCat). The nanoreactor encapsulating alexa fluo 647 labeled UOX and Cat was

denoted as n(647UOX-Cat).

2.4.6 Synthesis of enzyme encapsulated nanoreactors

The nanoreactors were constructed through the in situ SET LRP from the BIB initiator
groups in coacervate complexes. The Synthesis of n(SOD-Cat) with MPC shell followed the

procedure below:

To a glass bottle fitted with a magnetic stir bar and a rubber septum, tris[2-
(dimethylamino)ethyl]amine (Me6TREN, 0.11 uM) were charged and the mixture was bubbled
with nitrogen for 10 min. Then 0.055 uM CuBr was added to the glass bottle under a slightly
positive nitrogen atmosphere. The mixture immediately became blue (Cull) and a purple/red
precipitate (Cu0) and was allowed be purged further with nitrogen for 10 min. At the same time,
to another glass bottle fitted with a magnetic stir bar and a rubber septum, 1 mL coacervate
complex solution (0.55 pM EBIB), MPC (1.3 mM), and BIS (0.132 mM) were charged. The
mixture was bubbled with nitrogen for 20 min. After then, the degassed monomer/initiator solution
was transferred through a cannula to the glass bottle with Cu(0)/CuBr2/Me6-TREN catalyst under
nitrogen protection. The glass bottle was sealed and allowed to stir gently at room temperature for
15 min. The polymerization was stopped by exposure in air. The reaction mixture was dialyzed
against EDTA solution (1 mM) for 24 h and subsequent DI water for another 24 h to remove the
catalysts and unreacted monomer and crosslinker. The as-prepared enzyme encapsulated
nanoreactor was stored as a solution at 4 °C for further test.

35



The synthesis of nanoreactors with other enzymes or enzyme cascades followed the similar
procedure with the corresponding enzyme encapsulated coacervate complexes. The synthesis of
nanoreactors with other monomers followed the similar procedure with PEG480 acrylate, AAM,

or APM at the molar ratio between BIB and monomers of 1: 1200, 1:3000, 1:1000, respectively.

2.4.7 Determination of enzyme concentration

The concentration of enzyme was determined by BCA assay. BCA working solution was
prepared by mixing 50 volume of Reagent A and 1 volume of Reagent B together. Standard
enzyme solutions were made with corresponding native enzyme at a series of concentrations (0.05,
0.1, 0.2, 0.5, 1, 2 mg/mL). BCA assays were conducted by mixing 5 puL of standard solutions as
well as the sample solution with 50 uL. BCA working buffer into each plate well respectively. The
well plate was then incubated at room temperature for 6 h. The adsorption at 562 nm of each well
was recorded by the plate reader. The concentration of the sample solutions was calculated by
comparing their absorbance at 562 nm with the standard curve established under the same

condition.

2.4.8 FRET test

The UOX was labeled with FITC dye at the feed ratio of 1:2.5. Briefly, 10 pL 10 mg/mL
UOX solution was added by 100 uL HEPES buffer (pH=8.0, 50 mM) and 0.8 pL 0.1% FITC-NHS
DMSO solution. The mixture was allowed to incubate at room temperature for 2 h, followed by
purification with zeba column. The Cat was labeled with TAMRA dye at the feed ratio of 1:5

following the similar procedure as that of UOX. Then P(FUOX-TCat) and n(FUOX-TCat) were
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synthesized following the procedures same as those of P(UOX-CAT) and n(UOX-Cat),
respectively. The fluorescent spectra of FUOX/TCat mixture, P(FUOX-TCat), and n(FUOX-TCat)
at UOX concentration of 0.005 mg/mL were recorded from 490 nm to 650 nm by plate reader (Ex:

440 nm).

2.4.9 Activity assay of enzymes

The activity of UOX was determined by monitoring the degradation of uric acid in the
oxidation process. 5 pL native UOX or UOX encapsulated nanoreactor was added to 50 pL uric
acid solution (pH = 8.5, 0.1 M borate buffer, uric acid concentration: 0.06 mM). The adsorption at
290 nm was recorded by plate reader at a time interval of 10 s for 10 min. The rates of catalytic
reaction were achieved by plotting the absorption at 290 nm versus time and calculating the

AA290/min from the linear potion of the curve. The Calculation is depicted as below:

Units 11 x AA290/min
mg  1.29 X mg enzyme

The activity of AOX was tested by MBTH assay. Briefly, MBTH and FeCl; were dissolved
in diluted HCl solution (0.1 mol) at the concentration of 8 mg/mL and 10 mg/mL, respectively. 15
uL MBTH solution was mixed with 15 puL. FeClz while 2 pL. AOX sample (0.01 mg/mL) was
mixed with 13 pL ethanol solution (HEPES buffer pH 7.4, 0.2%w/v) and 15 L. MBTH solution.
Both mixtures were incubated at room temperature for 15 min, followed by mixed together and

tested the Uv adsorption at 630 nm by plate reader.
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The activity of Catalase was determined by monitoring the decrease rate of H2O» in the
degradation process. 5 uL. native Catalase or catalase encapsulated nanoreactor (0.02 mg/mL) was
added to 250 pL H>O; solution (pH = 7.4, 0.1 M HEPES buffer, H>O> concentration: 0.03%w/v).
The initial rates of catalytic reaction were achieved by plotting the absorption at 240 nm versus
time for 2 min and calculating the AA240/min from the linear potion of the curve. The Calculation

is depicted as below:

units 51 X AA240/min
mg  44.6 X mg enzyme

The activity of ALDH sample was determined by monitoring the generation rate of NADH
during the catalytic process. The assay buffer was composed by 600 mM KCI, 10 mM 2-
mercaptoethanol, 20 mM NAD+, 0.16 mM acetaldehyde in HEPES buffer (100 mM, pH 8.0). 10
uL 0.25 mg/mL ALDH sample was added to 240 pL assay buffer. The initial rates of catalytic
reaction were achieved by plotting the absorption at 340 nm versus time for 2 min and calculating

the AA340/min from the linear potion of the curve. The Calculation is depicted as below:

units 25 x AA340/min
mg  6.22 X mg enzyme

The activity of GAL sample was determined using ONPG assay. The assay buffer was
prepared by 1 mM MgCl,, 50 mM 2-mercaptoethanol, and 0.6 mg/mL ONPG in HEPES buffer
(100 mM, pH 7.4). 5 uL GAL sample was added to 50 pL assay buffer. The initial rates of catalytic

reaction were achieved by plotting the absorption at 420 nm versus time for 2 min using plate
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reader and calculating the AA420/min from the linear potion of the curve. The Calculation is

depicted as below:

units 11 x AA420/min
mg 4.5 X mg enzyme

The activity of GOX sample was determined by the increasing rate of HO». The assay
buffer was prepared by 10 mg/mL glucose, 0.1 mg/mL Amplex red, and 0.01 mg/mL HRP in
HEPES buffer (100 mM, pH 7.4). 2 uL. GOX sample was added to 50 puL assay buffer and allowed

to incubate at R.T. for 15 min. The fluorescent signal was recorded at 590 nm (Ex: 550 nm).

2.4.10. Kinetic studies of H,O: generation and elimination

The kinetic study of H2O> generation was evaluated with the following procedure. D-
glucose was dissolved in PBS buffer at concentration of 0.1 mg/mL; then 10 pL Amplex red
solution (10% w/v in DMSO) and 2 puL. HRP stock solution (1 mg/mL in PBS) were added to
obtain final concentrations of Amplex red at 0.5 mg/mL and HRP at 1 pg/mL. The working
solution was split into aliquots of 50 puL and added to multiple wells of 96-well plate. The mixture
of native GOX and GAL, or n(GOX-GAL) was then added respectively to the working solution at
a final GAL concentration of 0.1 pg/mL. The fluorescence signal (ex: 540 nm, em: 590 nm) was

recorded by plate reader after 5, 10, 20, 30, 40, and 60 min (3 aliquots per time point).

The kinetic study of H20O> generation was evaluated following similar procedure. As for
native UOX, the mixture of UOX and Cat, and n(UOX-Cat), the substrate in the working solution

was changed to uric acid at concentration of 0.1 mg/mL. For native AOX, the mixture of AOX
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and Cat, and n(AOX-ALDH-Cat), the substrate in the working solution was changed to ethanol at

concentration of 1 mg/mL.

2.4.11 Study of acetaldehyde elimination

The acetaldehyde elimination was tested by MBTH assay. Briefly, 2 uL native AOX, the
mixture of AOX and ALDH, and n(AOX-ALDH-Cat) (0.01 mg/mL) was mixed with 13 pL
ethanol solution (ALDH assay buffer, 2 mg/mL) and incubated for 1 h at room temperature,
followed by mixing with 15 uLL MBTH solution. Meanwhile, 15 uL. MBTH solution was mixed
with 15 pL FeCls solution. Both mixtures were incubated at R.T. for 15 min, followed by mixed

together and tested the Uv adsorption at 630 nm using the plate reader.

2.4.12. Structural stability test

To evaluate their structural stability in extracellular environment, n(UOX-Cat) and
P(UOX-Cat) were mixed with 80% serum at concentration of 2 mg/mL and incubated at 37 °C,
respectively. The diameter of n(UOX-Cat) and P(UOX-Cat) was tested using DLS measurement
at each time point (0, 1, 2, 4, 8, 12, 24 h). For the structural stability test in intracellular
environment, n(UOX-Cat) and P(UOX-Cat) were added to Acetate buffer (150 mM, pH 5.0) at
concentration of 2 mg/mL and incubated at 37 °C for 1 h, respectively. Then the size distribution

of n(UOX-Cat) and P(UOX-Cat) was tested using DLS measurement.
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2.4.13 Enzymatic stability test of Uricase

The enzymatic stability of native UOX, P(UOX-Cat), and n(UOX-Cat) in serum was
determined following the method below: the samples (0.1 mg/mL, PBS buffer) were added to
bovine serum (volume ratio 1:4) and incubated at 37 °C for certain periods (0, 12, 24, 36, 48, 72,
96, 120, 168, 216 h), followed by being stored in fridge. UOX activity assays were then performed

with these samples to determine the residual activities.

The enzymatic stability of native UOX, P(UOX-Cat), and n(UOX-Cat) against proteolysis
was conducted following method below: the samples (0.1 mg/mL, 10 mM borate buffer, pH 8.0,
10 mM CaClz) were mixed with trypsin stock solution (10 mg/mL) to give the final trypsin
concentration to 0.025 mg/mL. Then the mixtures were incubated at 37 °C for certain periods (0,
5, 10, 20, 30, 40, 60 min), followed by being quenched in ice bath. UOX activity assays were then

performed with these samples to determine the residual activities.

The enzymatic stability of native UOX, P(UOX-Cat), and n(UOX-Cat) upon long storage
at room temperature was conducted following the method below: the samples (0.1 mg/mL, PBS
buffer) were stored at room temperature (around 25 °C) for certain periods (0, 4, 7, 14, 21, 28 days).

UOX activity assays were performed with these samples to determine the residual activities.

The enzymatic stability of native UOX, P(UOX-Cat), and n(UOX-Cat) against freeze-thaw
cycles was conducted following the method below: the samples (0.1 mg/mL, PBS buffer) were
added to micro-tubes. Then the tubes were immersed into liquid nitrogen for 5 min, followed by

thawing in water at room temperature for 5 min. This process was conducted for five cycles for
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each sample. After each cycle, UOX activity assays were performed with these samples to

determine the residual activities.

2.4.14 Protein adsorption test

The relative protein adsorption of each sample was determined following the method below:
20 pL native UOX, P(UOX-Cat), and n(UOX-Cat) (1 mg/mL) were mixed with 40 pL of bovine
serum and incubated at 37°C for 2 h, respectively. 20 uL. PBS buffer was used as the control. After
the incubation, samples were filtered and washed with 60 uL. PBS for 3 times with centrifugal
filtration (molecular weight cut-off, 100 kDa) to remove the unabsorbed serum proteins. After
reconstituting with 60 pL of PBS, the amount of protein adsorbed was determined by measuring
the overall protein concentration of each sample with BCA assay using bovine serum as the

standard.

2.4.15 Cellular internalization study

We select J774.1A cell line as the model immune cell line and used the fluorescent
microscope to evaluate the cellular uptake of FITC-labeled UOX (FUOX) and TAMRA-labeled
Catalase (Tcat) by the cells. Briefly, J774.1A cells were seeded into a 96-well plate (5x10°
cells/well, 100 pL/well) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (normal
level of glucose in medium, with 10% FBS) for a day prior to being exposed to the samples. FUOX
and TCat mixture, P(FUOX-TCat), and n(FUOX-TCat) were first incubated with 80% bovine
serum for 12 h and then added to the cells (the final concentration of FUOX and TCat were set to

0.05 mg/mL and 0.1 mg/mL), respectively. Cells were further incubated for 2 h at 37 °C, followed
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by washing with cold PBS for 3 times to remove the samples. Cellular uptake of each sample was

observed by the fluorescent microscope.

2.4.16 Cellular viability test

Cellular viabilities upon the addition of enzyme samples were tested in AML-12 cell line.
AML-12 cells were seeded into a 96-well plate (1x10* cells/well, 100 pL/well) and cultured in
DMEM medium (normal level of glucose in medium, with 10% FBS) for 24 h, followed by the
addition of native UOX, the mixture of UOX and Cat, n(UOX-Cat), n(AOx-ALDH-Cat), native
AOX, and the mixture of AOX, ALDH, and Cat were added into the wells and further incubated

at 37°C for 12 h, respectively. Cells added by PBS was used as control.

Cellular viabilities upon the uric acid oxidation reaction catalyzed by native UOX, the
mixture of UOX and Cat, or n(UOX-Cat) were tested in AML-12 cell line. AML-12 cells were
seeded into a 96-well plate (1x10* cells/well, 100 uL/well) and cultured in DMEM medium
(normal level of glucose in medium, with 10% FBS) for 24 h, followed by the addition of uric acid
solution to each well (6 mM, 10 pL). Then same amounts (0.5 mg/mL, 10 uL) of native UOX, the
mixture of UOX and Cat, and n(UOX-Cat) were added into the wells and further incubated at 37°C

for 12 h, respectively. Cells added by PBS were used as control.

Cell viabilities in the presence of alcohol oxidation reaction catalyzed by n(AOx-ALDH-
Cat), native AOX, and the mixture of AOX, ALDH, and Cat were tested following a similar

procedure. Ethanol was first added to each well at the final concentration of 0.6 mM. Then the
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samples (10 pg/well) were added to each well and further incubated with the cells for 4 h,

respectively. Cells added by PBS were used as control.

After the incubation, resazurin Aqueous solution (10 pL) was added into each well at the
final concentration of 0.01 mg/mL and further incubated at 37 °C for 2 h. Viable cells reduced
resazurin to resazufin and showed fluorescent reddish color. Quantification of the cell viability
was achieved by measuring the fluorescence intensities with a plate reader (Ex = 545 nm, Em =

585 nm).

2.4.17 Pharmacokinetics study

Pharmacokinetics (PK) profiles of P(UOX-Cat), n(UOX-Cat), and native UOX were
accessed by monitoring the residual UOX activity in plasma after intravenous administration.
Briefly, 9 mice (BALB/c) were divided into 3 groups and intravenously injected with P(UOX-Cat),
n(UOX-Cat), and native UOX via the tail vein, respectively. The injection amount of UOX
samples was set to 10 U/kg. As a negative control, another 3 mice were injected with 100 pL of
PBS. The blood samples (20 uL) were then taken from the tails at 1 h,2 h, 4 h, 8 h, 12 h, 24 h, 36
h, 48 h and 72 h after the injection. The blood samples were centrifuged at 1000 rpm for 5 min to
remove the blood cells. Then the UOX activity in the plasma was measured using a UOX enzyme

activity assay.
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2.4.18 Biodistribution test

Native UOX and n(UOX-Cat) were labeled with Alexa fluor 647 before the administration.
Briefly, 0.1 mL 1 mg/mL UOX and n(UOX-Cat) were mixed with 20 uL. HEPES 8.0 buffer and 1
uL 1% Alexa fluor 647 NHS ester in DMSO and allowed to incubate at R.T. for 2 h in dark,
respectively. Then the mixtures were purified by zeba column and stored at 4 °C. 2 mice (BALB/c)
were intravenously injected with fluorescent labeled UOX and n(UOX-Cat) via the tail vein,
respectively. The injection amount of UOX samples was set to 10 U/kg. After 12 h, the mice were
perfused with cold PBS, followed by the organ collection (heart, liver, spleen, lung, and kidney).
The fluorescent images of each organ were recorded by the organ fluorescent imaging. The relative

fluorescent intensity of each sample in the tumor was determined by ROI tools.

2.4.19 in vivo uric acid degradation

9 mice (BALB/C) were divided into 3 groups, 100 puL of native UOX, P(UOX-nCat) and
n(UOX-Cat) were injected to mice via vein tail at a dosage of 10 U/kg (UOX) body weight,
respectively. The blood samples (20 uL) were then taken from the tails at 1 h, 12 h, 24 h, 48 h, 72
h and 120 h after the injection. The blood samples were centrifuged at 1000 rpm for 5 min to
remove the blood cells, and the concentration of uric acid in the plasma was measured using a uric

acid assay Kkit.
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2.4.20 LDH assay

12 mice (BALB/c) were divided into 4 groups, 100 puL of n(UOX), the mixture of n(UOX)
and n(Cat), and n(UOX-Cat) were injected to mice via vein tail at a dosage of 10 U/kg (UOX) and
4000 U/kg (Cat) body weight, respectively. 100 uL. of PBS was injected to the last group as control.
The blood samples (20 pL) were then taken from the tails at 24 h after the injection. The blood
samples were centrifuged at 1000 rpm for 5 min to remove the blood cells, and the LDH level in

the serum was tested following the procedure described in Bergmeyer’s work.!#!
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Chapter 3 Systemic protein delivery based on sheddable PMPC-

conjugated nanocomplex for the treatment of solid tumor

3.1 Introduction

Cancer has become the second leading death disease since last two decades. Sustainable
interest has been attacked into the development of therapeutics for cancer treatment. The
traditional procedure for cancer therapy mainly includes chemotherapy!'#?, radiotherapy!'#, and
surgery'#. Unfortunately, despite the favorable therapeutic outcome in some patients, the
mortality still remains high while the survival time remains short in most cases. Surgery that
removes the solid tumor is the most common method for cancer treatment. Whereas the removal
is usually uncertain and incomplete, which leads to tumor relapse'#>. Chemotherapy initially elicits
good responses, the resistance to the chemical agents emerges during a long-term treatment!#S,
Moreover, the chemotoxicity of chemotherapeutics and radiotoxicity of radiotherapy usually result
in severe damage to normal cells and side effects'*’. Recently, to overcome the drawbacks of
conventional therapies, researchers turn their spotlight onto the protein-based therapeutics. The
sophisticated functions, specific recognition of targeting receptors, and high relevance to various
pathways endows the protein therapeutics with high specificity, efficiency, and biocompatibility
compared to their small-molecule counterparts.!*®15 Those advantages provoke increasing
interest in the development of novel protein therapeutics for the treatment of cancer. Ever since
rituximab became the first approved monoclonal antibody for the treatment of low-grade B cell

lymphoma in 1997'%!, protein therapeutics have dominated the new direction of tumor therapy.
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According to the targeting sites where they exert functions, protein therapeutics are
divided into two categories: extracellularly and intracellular functional proteins. Represented by
antibodies and cytokines, extracellularly functional proteins can target the overexpressed receptors
on the tumor cell, triggering certain pathways, and recruiting immune-mediated cell killing to
inhibit tumor growth.!3*13* Despite their high binding efficiency, those extracellular functional
proteins themselves lack cell killing mechanism, usually leading to the incomplete elimination of
cancer cells, especially in the case of solid tumor.!>>-!%8 In addition, their targeting sites are limited
to overexpressed receptors on the tumor cells, which results in incompetence for those cancer types
that are lack of neo-antigens, exemplified by triple-negative breast cancer.!>-1%° In the contrast,
the extracellularly functional proteins, represented by toxins and apoptosis-related proteins, have
been widely demonstrated to possess potent capability of cell killing.!®!-162 Meanwhile, the vast
library of cancer-related intracellular pathways greatly broadens the spectrum of druggable targets,
making them desirable alternatives or adjuvant drugs for current cancer therapeutics. However,
despite their pharmaceutical potentials, none of the extracellularly functional proteins has been

employed in practical applications or even clinical trials due to the challenges in systemic delivery.

Besides the biological barriers including proteolytic environment and MPS clearance that
extracellular functional proteins encounter upon the administration, the delivery of intracellularly

163-164  cellular

functional proteins is also hampered by their poor tumor penetration,
internalization,'®> and endosomal escape.!® To escape from the immune clearance, antifouling
polymers such as PEG and PMPC have long been introduced to stealth the surface of proteins,
which can prolong the circulation time and accelerate the tumor accumulation.!®”-18 Whereas non-

antifouling surfaces like positively charged polymers are employed to enhance the cell

permeability of proteins, thus improving the cellular internalization by tumor cells.!®*-'’ Moreover,
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to overcome other barriers like tumor penetration and endosomal escape demands surface
properties of nanoparticles different from those depicted above.!”!"1”? The incompatibility among
those feathers results in failure to address all the barriers simultaneously, which leads to
compromised delivery efficiency. In this context, it is essential to rationally design dynamic

delivery platform to adapt to different environments underlying in the in vivo trafficking process.

Our group has previously demonstrated a novel strategy for intracellular protein delivery
based on nanocapsule technology’®. By wrapping the protein with a positively charged and
degradable polymer network via in situ polymerization, we obtained the single protein
encapsulated nanocapsule. The positively charged surface and sub-30 nm size facilitate the cellular
uptake of the protein by tumor cells!’3. Moreover, the amino group contained polymer shell helps
the nanocapsule escape from endosome and lysosome through proton sponge effect and reach the
cytoplasm after the internalization!”*. Subsequently, the degradable crosslinker incorporated in the
polymer network decomposes in response to the intracellular stimuli, leading to the release of
protein cargos into the cytoplasm, in which the protein eventually reaches the targeting site through
intracellular trafficking!”>. Exemplified by caspase-3 and P53 that can trigger the apoptosis
pathway intracellularly, we have proved that such novel delivery system is able to deliver
functional protein and killing the tumor cells effectively in vitro. However, despite the
breakthrough in the intracellular delivery, this system didn’t address the problem of immune
clearance and tumor accumulation in systemic delivery, which undermines its potential in practical

applications.

To address this problem, we developed a novel nanoparticle for systemic delivery of

intracellularly functional proteins based on the nanocapsule with sheddable Poly (2-
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methacryloyloxyethyl phosphorylcholine) (PMPC) shell (Figure 3-1). We first synthesized
positively charged nanocapsule with redox-responsive crosslinker incorporated. Then we
conjugated the anti-fouling polymer PMPC onto the surface of the nanocapsule via an acidic-
responsive linker. The conjugated PMPC formed a dense hydration layer surrounding the
nanocapsule, endowing it with the ability of long circulation and reduced immunogenicity, as was
widely reported. Once leaking into the tumor site through enhanced permeability and retention
effect (EPR), the PMPC shell assisted the tumor penetration of the nanoparticle. Meanwhile, the
linker connecting PMPC and nanocapsule broke down responding to the slightly acidic tumor
environment (pH 6.4-7.2), exposed the positively charged surface, accelerating the cellular
internalization by tumor cells. After being internalized through endocytosis, the nanocapsule could
escape from the endosome and lysosome, release the protein into the cytoplasm, as demonstrated
by previous work. In this work, we investigated the long circulation, tumor accumulation, tumor
penetration, dynamic cellular internalization, and endosome escape of the nanoparticle with BSA
as the model protein while the tumor inhibition and therapeutic outcome with ribosomal inhibitor

saporin (SAP) as the model toxin.
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Figure 3-1 Illustration of sheddable PMPC conjugated nanocomplex that enables prolonged
circulation, tumor accumulation, tissue penetration, cellular internalization, and tumor

inhibition for the delivery of protein therapeutics to tumor.

3.2 Results and discussion

The construction process of nanocapsules and nanocomplexes is illustrated in Figure 3-1.
We first synthesized positively charged BSA nanocapsules as described in the previous work’s.
The positively charged nanocapsule denoted as nBSA(+) was obtained by in situ polymerization
with AAM and N-(3-Aminopropyl)methacrylamide (APM) as monomers, and N,N'-
Bis(acryloyl)cystamine (CYSC) as the redox-degradable crosslinker (molar ratio of BSA, AAM,
APM and CYSC is 1:4500:500:500), in which the monomer APM provided the positive charge.
Then we modified the surface of nBSA(+) with Dibenzocyclooctyne (DBCO) and subsequently
conjugated it with PMPC-ketal-Azide via click chemistry to obtain sheddable PMPC nanocomplex,
which were denoted as PMPC-D-nBSA. While non-sheddable nanocomplex PMPC-ND-nBSA
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was synthesize following a similar procedure with PMPC-Azide to serve as a control. Moreover,
to investigate the stealth effect of zwitterionic polymer shell, we also synthesized non-zwitterionic
BSA nanocapsule with a neutral surface charge as a negative control. The neutrally charged
nanocapsule denoted as nBSA(o) was obtained following a similar procedure with the addition of
negatively charged monomer acrylic acid (AA) to neutralize the positive charge from APM (molar
ratio among BSA, AAM, APM, AA and CYSC is 1:4500:500:500:500). The successful
construction of nanocapsules and nanocomplexes were confirmed by the size distribution and zeta
potential test. As shown in the DLS result (Figure 3-2a), the diameter of nBSA(0) and nBSA(+)
were both around 20 nm compared to 5 nm of native protein BSA, implying the formation of BSA
encapsulated nanocapsules. While the nanocomplex PMPC-D-nBSA and PMPC-ND-nBSA both
showed diameters that were around 10 nm larger than those of nanocapsules, suggesting the
conjugation of PMPC chains onto the surface. The size distribution and spherical morphology of
nanocapsule and nanocomplex were also observed in TEM figures (Figure 3-2e and f). As shown
in Figure 3-2b, the zeta potential of native BSA was -5 mV while those of nBSA(+) and nBSA(0)
were 6 mV and 0.5 mV, respectively, which demonstrated their positively and neutrally charged
surface. After PMPC conjugation, both PMPC-ND-nBSA and PMPC-D-nBSA showed zeta
potential of nearly 0 mV, suggesting the charge screening by the zwitterionic polymer. The surface
charge was also confirmed by the agarose electrophoresis. As shown in Figure 3-2d, native BSA
migrated toward positive direction while nBSA(+) moved to the negative direction, suggesting
negative and positive surface charges, respectively. While nBSA(o), PMPC-ND-nBSA, and

PMPC-D-nBSA all stayed in the well in electric field, showing neutral surface charges.

Once being intravenously administrated, nanoparticles are opsonized by serum proteins,

which leads to the phagocytosis and immune clearance. Therefore, it is of prerequisite for the
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nanoparticles to be capable of escaping the opsonization. To simulate the opsonization process,
we incubated each sample with bovine serum at 37 °C, followed by filtering and testing the amount
of adsorbed serum protein using BCA assay. The same volume of PBS was also incubated with
bovine serum as the control. As shown in Figure 3-2c, more than 25% of bovine serum protein
adsorbed to nBSA(+) and nBSA(o) after 2 h incubation while less than 15% of bovine serum
protein absorbed onto both PMPC-D-nBSA and PMPC-ND-nBSA, which was nearly consistent
with that of PBS. This result implied that the anti-fouling PMPC shell was able to render

nanoparticles resistance to protein adsorption whereas the neutral charge exclusively was not

sufficient to provide such resistance.
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Figure 3-2 Structural characterization of nanocapsules and nanocomplexes. Size distribution
(a), zeta potential (b), normalized protein adsorption (c), and agarose electrophoresis (d) of BSA,
nBSA(0), nBSA(+), PMPC-ND-nBSA, and PMPC-D-nBSA. TEM images of nBSA(+) (e) and

PMPC-D-nBSA (f)

With the resistance to opsonization, we then evaluated if the PMPC conjugated
nanocapsule could escape from phagocytosis using macrophage cell line J774A.1 as the model.
The nanocapsules and nanocomplexes were labeled with TAMRA dye and then incubated with
J774A.1 cell for 2 h, respectively. As observed via fluorescent microscope (Figure 3-3), the
fluorescent intensities in the cells incubated with PMPC-ND-nBSA and PMPC-D-nBSA were
consistent, which were both much weaker than those in the cells incubated with nBSA(+) and
nBSA(o). This suggests that the PMPC shell is able to prevent the internalization of
nanocomplexes by macrophage. Based on the resistance of nanocomplexes to protein adsorption
and phagocytosis in vitro, we reason that the PMPC conjugated nanocomplex is capable of

escaping from opsonization and phagocytosis in vivo.
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Figure 3-3 The cellular internalization of nanocapsules and nanocomplexes. CLSM images of
J774A.1 cells incubated with nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA for 2 h.

BSA was labeled with TAMRA fluorescent dye. The nucleus was labeled with DAPI.

The PMPC shell provides the nanocomplex with resistance to phagocytosis whereas such
resistance also prevents their cellular uptake by tumor cells, leading to the failure of intracellular
delivery. The pH-responsive ketal linker that connects the PMPC chain and nanocapsule has been
demonstrated to be able to be broken down in response to the acidic tumor microenvironment,
leading to the release of PMPC chains from the surface. To investigate the release rate of PMPC
polymer, we dialyzed PMPC-ND-nBSA and PMPC-D-nBSA against buffers with pH value 7.4

and 6.5 at 37 °C, respectively. The amount of released PMPC polymer was determined by 'H NMR
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with an internal standard. As illustrated in Figure 3-3b, PMPC-D-nBSA released 18% of the
conjugated PMPC polymer at pH value 7.4 while 75% at pH value 6.5, suggesting a remarkable
increase in the release rate in the acidic environment. The detachment of PMPC chain recovers the
positive surface charge of the nanocapsule, as demonstrated by the zeta potential test. The zeta
potential of PMPC-D-nBSA increased from 0 mV to 4.7mV at pH value 6.5 while it only increased
to 1.2 mV at pH value 7.4 (Figure 3-3c). Thus, we reason that the recovered positive charge can
facilitate the cellular internalization of PMPC-D-nBSA in the tumor tissue. To verify it, we
incubated TAMRA labeled PMPC-D-nBSA in pH 7.4 and 6.5 buffer at 37 °C for 48 h and then
incubated them with 4T1 tumor cells, respectively. TAMRA labeled PMPC-D-nBSA was added
directly to the cells without pre-incubation in the buffers served as the control. As observed in the
fluorescent images (Figure 3-3a), the fluorescent intensity of PMPC-D-nBSA pre-incubated at pH
value 7.4 for 48 hin 4T1 cell was almost identical to that without pre-incubation, which was much
weaker than that pre-incubated at pH value 6.5 for 48 h. Such enhanced cellular internalization by
tumor cells after the degradation of ketal linkers combined with the resistance to phagocytosis
before the degradation suggests that PMPC-D-nBSA could prevent the immune clearance while

penetrate into tumor cells in response to the acidic tumor environment.
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Figure 3-4 Enhanced cellular uptake of PMPC-D-nBSA in response to acidic stimuli. (a)
CLSM images of 4T1 cells incubated with PMPC-D-nBSA, and PMPC-D-nBSA pre-incubated in
PBS (pH 7.4) and PBS (pH 6.5) for 48 h. BSA was labeled with TAMRA fluorescent dye while
the nucleus was labeled by DAPI. (b) The released PMPC polymer at different time points from
the shell of PMPC-D-nBSA incubated in PBS (pH 7.4 and 6.5) at 37 °C, respectively. (c) The
change of zeta potential at different time points of PMPC-D-nBSA incubated in PBS (pH 7.4 and

6.5) at 37 °C, respectively.

After being endocytosized by tumor cells, it is critical for the nanoparticle to escape from
the endosomal organelles. Due to the protonation of amino groups on the surface in response to
the acidic endosomal environment, the internalized PMPC-D-nBSA could disrupt the endosome
and lysosome, leading to the leakage to cytosol. We incubated TAMRA labeled PMPC-D-nBSA

that had pre-incubated in pH value 6.5 buffer at 37 °C for 48 h with 4T1 tumor cells for 2 h or 12
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h, followed by medium removal, washing, and staining the nucleus with Hoechst and the late
endosome and lysosome with lysotracker deep red. The intracellular trafficking of the internalized
PMPC-D-nBSA was then investigated by monitoring the colocalization between TAMRA and
deep red fluorescent signals. After 2 h incubation, the overlap of PMPC-D-nBSA (red) with deep
red (green) was at 90% colocalization, suggesting that the nanocomplex was endocytosized and
trapped into endosomes. Whereas the degree of colocalization of decreased to 40% after 12 h
incubation, indicating that the majority of the nanocomplexes had been escaped from the late

endosome or lysosome and delivered into the cytosol (Figure 3-5).

2h

12h

Figure 3-5 The intracellular trafficking of PMPC-D-nBSA. The CLSM images of 4T1 cells
incubated with PMPC-D-nBSA for 2 h and 12 h, respectively. PMPC-D-nBSA was pre-incubated
in PBS (pH 6.5) for 48 h prior to the addition to the cells. BSA was labeled with TAMRA while

the lysosome and late endosome were labeled with lysotracker deep red.
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Another obstacle that hampers the nanoparticle-based protein delivery is the tumor tissue
penetration. It has been widely discussed by previous publications, yet no consensus conclusion
has been reached. Some argued that the positive charge could facilitate tissue penetration through
the electrostatic interactions between the nanoparticle and negatively charged tumor cell
membrane. While others suggested that the neutral charge surface could reduce the adsorption of
extracellular protein as well as the internalization by the periphery tumor cells, by which the tissue
penetration could be enhanced. In this work, we assume that the anti-fouling surface could follow
the second mechanism and enhance the tissue penetration due to its stronger resistance to the
protein adsorption and cellular internalization compared to the non-zwitterionic counterparts. To
demonstrated it, we simulated the tumor extracellular environment by culturing EGFP expressed
MDA-MB-231 tumor cells with 50% extracellular matrix (ECM) in microchannels for 12 h.
TAMRA labeled nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA were then added to
each well on one side of the channel, respectively, followed by incubation at 37 °C for further 12
h. As observed in Figure 3-6a, the diffusion distances of nBSA(o) and nBSA(+) in the
microchannel were almost consistent, which were much shorter than those of PMPC-ND-nBSA
and PMPC-D-nBSA. Qualified by plotting the profile of distance vs fluorescence (Figure 3-6b),
the relative fluorescent intensity of nBSA(0) and nBSA(+) decayed to less than 5% of the initial
intensity at the distance of 4 mm while those of PMPC-D-nBSA and PMPC-ND-nBSA remained
around 10% at the distance of 10 mm. Those results suggest an enhanced penetration in the tumor
extracellular matrix that is facilitated by the zwitterionic shell. Furthermore, we investigated the
3D tumor penetration of the nanoparticles using a tumor spheroid model. As observed in CLSM
(Figure 3-6¢), the fluorescent signals of PMPC-ND-nBSA and PMPC-D-nBSA almost uniformly

dispersed throughout the whole spheroid while those of nBSA(+) and nBSA(0) were trapped in
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the peripherical area of the spheroid after 12 h incubation. Those results indicate an improved 3D

tumor penetration of PMPC conjugated nanocomplexes over the non-conjugated nanocapsules.
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Figure 3-6 in vitro tissue penetration of nanocapsules and nanocomplexes. (a) Representative
fluorescent images of TAMRA labeled nanocapsule diffusion distance in the channel with EGFP
expressed MB-MDA-231 cells in 50% tumor extracellular matrix for 24 h. The scale bar represents
500 pm. (b) The normalized fluorescent intensity profile upon distance of nanocapsules in the
channel. (c) CLSM images of the optical slices through the centers of 4T1 tumor spheroid co-
incubated with nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA for 24 h. Scale bars =

100 pm.
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Having confirmed the features of PMPC conjugated nanocomplexes in vitro, we then
investigated their in vivo behavior. To study their circulation in the blood stream, we intravenously
injected the TAMRA labeled nanocapsules and nanocomplexes to the mice (BALB/c). By testing
the fluorescent intensity in the blood samples taken at each time point, the pharmacokinetic profiles
were plotted. As illustrated in Figure 3-7a, the half-lives of PMPC-ND-nBSA and PMPC-D-nBSA
were 30.6 h and 24.2 h, respectively, which were much longer than those of nBSA(0) and nBSA(+)
(4.5 h and 3.6 h). That indicates a long-term circulation of nanocomplexes due to the anti-fouling
PMPC shell, which provides a better opportunity for the nanocomplexes to leak from the blood
vessel to the tumor site via the EPR effect. We next investigated the tumor accumulation of
nanocapsules and nanocomplexes using live fluorescent imaging and organ imaging. The samples
were labeled with Alexa fluor 647 dye and then intravenously injected to the mice (BALB/c). As
shown in the live imaging and its quantified result (Figure 3-7b, d), PMPC-ND-nBSA and PMPC-
D-nBSA both showed remarkable relative fluorescent intensity in tumors 6 h post-injection with
mean fluorescent intensity of 11.9x10° and 9.8x10°, which increased to 15.2x10° and 14.7x10° 72
h post-injection, respectively. Whereas the nanocapsules showed negligible fluorescent intensity
in tumors compared with those showed by nanocomplexes. Moreover, as shown in the organ
fluorescent imaging and its quantified result 72 h post-injection (Figure 3-7 c, ), the nanocapsules
showed much lower mean fluorescent intensities in the tumor than those in the liver and spleen
while the nanocapsules showed consistent mean fluorescent intensities in the liver compared to
those in the liver. Those results indicate that the PMPC conjugation could effectively reduce the

clearance of nanocomplexes in the liver while boost their accumulation in the tumor.
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Figure 3-7 In vivo trafficking of nanocapsules and nanocomplexes. (a) Pharmacokinetics
profile of nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA. The nanocapsules were
labeled with TAMRA before being intravenously injected to mice (BALB/c). (b) Live imaging of
nanocapsules in mice (BALB/c) at different time points after the intravenous injection. From left
to right are nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA. (c) Organ fluorescent
imaging of heart, liver, spleen, lung, and kidney 72 h after intravenous injection of nBSA(+),
nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA. (d) Relative fluorescence intensity of samples
in the tumor of mice injected by nBSA(+), nBSA(o0), PMPC-ND-nBSA, and PMPC-D-nBSA upon
different times.(e) Relative fluorescence intensity of samples in liver, tumor. spleen of mice

injected by nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA 72 h after the injection.
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Given the ability to overcome those delivery barriers of PMPC conjugated nanocomplex,
we next employed SAP as a ribosomal inactivating toxin to investigate its ability to deliver
intracellularly functional protein for tumor inhibition. First, we synthesized sheddable PMPC
conjugated SAP nanocomplex PMPC-D-nSAP and assessed the release of SAP in response to
intracellular stimuli. Due to the disruption of disulfide bonds by glutathione (GSH), the
nanocomplex released 75% of encapsulated SAP after incubation with 10 mM GSH for 72 h while
that in PBS released less than 10%, reasoning an effective SAP release to the cytoplasm (Figure
3-8a). Then we evaluated the in vitro cytotoxicity of SAP nanocapsules and nanocomplexes in
4T1 tumor cells. As shown in Figure 3-8b, PMPC-D-nSAP that was pre-incubated in pH 6.5 buffer
for 48 h displayed a tumor cell inhibition of 74%, which was slightly lower than that displayed by
nSAP. Whereas native SAP and PMPC-D-nSAP that was pre-incubated in pH 7.4 buffer showed
less than 20% of tumor cell inhibition, implying that PMPC-D-nSAP could exert tumor growth

suppression upon the retention in the tumor tissue.
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Figure 3-8 Tumor cell inhibition by nanocapsules and nanocomplexes. (a) Cumulative release
of SAP from the PMPC-D-nSAP in 10 mM GSH at 37 °C. PBS was used as the control. (b) The
growth inhibition of 4T1 cells incubated with different concentrations of native SAP, nSAP,

PMPC-D-nSAP pre-incubated in pH values 7.4 and 6.5 for 48 h, respectively.
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Accordingly, we next investigated its in vivo therapeutic outcome by intravenously
injecting native SAP, PMPC-ND-nSAP, and PMPC-D-nSAP to the 4T1 tumor bearing mice. PBS
was injected as the negative control. As presented in Figure 3-8a, PBS, native SAP, and PMPC-
ND-nBSA groups exhibited rapid increases in average tumor volume, which reached
approximately 975 + 59, 827 + 27, and 839 + 36 mm?® at the endpoint on day 15, respectively. In
the contrast, PMPC-D-nSAP exhibited a remarkable suppression tumor growth with the average
tumor volume up to 369 + 18 mm? at the end of the treatment period compared with other groups.
As illustrated in Figure 3-8b, the body weight of mice in each group showed little change after 15-
day period treatment, suggesting no severe side effect upon the administration of SAP samples. In
addition, survival time was recorded after the treatment by SAP samples. As shown in Figs. 3-9 ¢
and d, the mice in the groups treated with PMPC-D-nSAP revealed a significantly improved
survival half-life (27 days) than those of the PBS, native SAP and PMC-D-nBSA groups (16, 17,
and 17 days, respectively). Those results suggest that PMPC-D-nSAP is able to effectively

suppress the tumor growth in vivo with negligible side effects.
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Figure 3-9 In vivo tumor suppression by PMPC-D-nSAP. (a) tumor volume, (b) body weight,
(c) survival rate and (d) Body weight of 4T1 tumor-bearing mice administered with PBS, native
SAP, PMPC-D-nBSA, and PMPC-D-nSAP by intravenous injection. The dosage of SAP was set

to 0.6 mg/kg.

3.3 Conclusion and Prospects

We developed a novel protein delivery platform based on sheddable PMPC conjugated
nanocomplex. With the Aid of PMPC shell, the nanocomplex is capable to escape from the
immune clearance, prolong its circulation time, improve the tumor accumulation and penetration.
In response to the acidic tumor microenvironment, the sheddable PMPC shell can be detached
from the nanocomplex, which recovers its positive surface charge and enhances the internalization

by tumor cells. Once being internalized by tumor cells, the amino group enables the endosomal
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escape while the degradation of crosslinker enables the release of the protein. With ribosomal
inactivating protein SAP as a model protein, we demonstrated that this novel type of nanocomplex

has a great potential as a systemic protein delivery for tumor therapy.

In the future, based on the enhanced tumor penetration by PMPC shell, we plan to investigate the
tissue penetration of nanoparticles with PMPC shell in healthy mice, which could be potentially
used to solve the problem of anti-virus drug penetration in tissues. Moreover, we plan to conjugate
certain ligands to the surface of nanocomplex to investigate if the active targeting could further

enhance delivery efficacy.

3.4 Experimental section

3.4.1 Materials

SAP, BSA, AAM, MPC, Hexamine, 2,2-Bis(aminoethoxy)propane, Ethylenediamine, and
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid were purchased from Sigma Aldrich Inc.
N,N*-Bis(acryloyl)cystamine (CYSC), Tetramethylethylenediamine (TEMED), and 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide(NHS), and
4,4'-Azobis(4-cyanovaleric acid were purchased from Thermofisher Inc. APM was purchased
from Monomerpolymer Inc. Azide-NHS and DBCO-NHS was purchased from Click Chemistry
Tools. TAMRA-NHS, FITC-NHS, and Alexa fluor 647-NHS, DAPI were purchased from
Fluoroprobes Inc. Buffers are prepared following the methods depicted in the previous work.

J774A.1 and 4T1 cells were purchased from American Type Culture Collection (ATCC). The

66



Dulbecco's Modified Eagle Medium (DMEM) growth medium, trypsin and Fetal Bovine Serum

(FBS) was obtained from Corning.

3.4.2 Instruments

Uv adsorption, fluorescent intensity and spectra were recorded with a Tecan Infinite 200
PRO plate reader. '"H NMR spectra were recorded with a Bruker AV400 broad band FT NMR
spectrometer. Dynamic light scattering (DLS) studies of the enzyme nanocomplexes was measured
on Zetasizer Nano instrument (Malvern Instruments Ltd., Kingdom). Transmission electron
microscope (TEM) images were obtained on T12 Quick CryoEM and CryoET (FEI). The
fluorescence microscope images were acquired by Leica dmi8 inverted microscope. The Confocal
microscope images were obtained by Confocal SP8-STED/FLIM/FCS. The optical imaging and

quantification were achieved by IVIS Lumina II (Perkin Elmer).

3.4.3 Synthesis of PMPC-ketal-Azide and PMPC-Azide

The typical protocols of PMPC polymers synthesis using RAFT polymerization are given
as below. Briefly, monomer MPC (295 g, 10 mmol) was mixed with 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid (27.9 mg, 0.1 mmol) and initiator 4,4’-Azobis(4-
cyanovaleric acid) (14 mg, 0.05 mmol) and dissolved into 10 mL anhydrous methanol. The mixture
was degassed by nitrogen for 30 min, followed by polymerization at 65 °C for 6 h. After the
reaction, the reaction mixture was poured into excess THF and washed for twice, followed by
drying in vacuum to obtain PMPC polymer. The degree of polymerization was determined to be

90 measured by 'H NMR.
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Then we selected a two-step reaction with hexamine and MPC in one-pot to remove the
phenyl groups of the chain transfer group on the terminal. Briefly, 2 g as-prepared PMPC90 (0.075
mM) was dissolved into 10 mL methanol, followed by the addition of 75 mg hexamine (0.75 mM),
45 mg MPC monomer (0.15 mM), and 2 mg 4,4'-Azobis(4-cyanovaleric acid) (0.0075 mM). The
mixture was purged with nitrogen for 30 min, followed by incubation at 65 °C for 1 h. End-group
removed PMPC90 was obtained by precipitation and wash by excess THF and subsequently dried

1n vacuum.

To convert the end-group of PMPC from carboxyl group to azide group, we designed a
two-step process. First, the carboxyl groups are coupled with diamine to be transferred to the
primary amine groups (PMPC-NH>). As for the synthesis of PMPC-Azide, 1.6 g PMPC polymer
(0.06 mM) was dissolved in 10 mL DI water, followed by addition of 120 mg EDC (0.6 mM) and
28 mg NHS (0.24 mM) in 500 uL pH 5.0 MES buffer. The mixture was stirred at 4 °C for 1 h to
activate the carboxyl end-groups, after which 36 mg Ethylenediamine (0.6 mM) was added in. The
reaction was allowed to last for 24 h. Then the mixture was dialyzed against DI water for 24 h to
obtain the PMPC-NH; solution. Next, the amine group was coupled with azide-NHS to be
eventually converted to maleimide group (PMPC-azide). Briefly, 10 mL PB buffer (pH 8.0)
contained 1.6 g PMPC-NH: was added with 20 mg azide-NHS (0.06 mM). The coupling reaction
was allowed to last for 2 h at room temperature. Then the unreacted azide-NHS was removed by
Sephadex G25 column to obtain the final product. The synthesis of PMPC-ketal-azide followed a

similar procedure as described above with changing diamine to 2,2-Bis(aminoethoxy)propane.
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3.4.4 Synthesis of nanocapsule nBSA(+) and nBSA(0), and nSAP

The synthesis of nanocapsule nBSA(+) and nBSA(o0) followed the procedure described in
the previous work. For the synthesis of nBSA(+), 1 mg/mL BSA solution was added by 10% w/v
APM, AAM, TEMED dissolved in water, and 5% w/v CYSC in DMSO. The mixture was vortexed
for 10 s, followed by the addition of 10% APS to initiate the in situ polymerization. The feed molar
ratio of BSA, APM, AAM, CYSC, TEMED, and APS were set to 1: 500: 4500: 500: 500: 500.
The polymerization process was allowed to last for 2 h at 4 °C. Then the mixture was purified by
DEAE column and subsequent dialysis against DI water for 24 h. The synthesis procedure of
nBSA(0) was similar to that of nBSA(0). The feed molar ratio of BSA, APM, AA, AAM, CYSC,
TEMED, and APS were set to 1: 500: 500: 4500: 500: 500: 500. As for the synthesis of nSAP, the
BSA was changed to SAP with the feed ratio of SAP, APM, AAM, CYSC, TEMED, and APS
setting to 1: 1000: 9500: 1000: 500: 500. The size, zeta potential and morphology of as-obtained
nanocapsules were tested by DLS measurement, zeta-sizer and TEM, respectively. Then they were

stored in the fridge for further test.

3.4.5 Synthesis of nanocomplex PMPC-D-nBSA, PMPC-ND-nBSA, and PMPC-D-nSAP

The Synthesis of nanocomplexes were conducted by conjugating PMPC polymer to the
nanocapsules via click chemistry. Briefly, I mg/mL nanocapsule solution was mixed with 50
mg/mL PMPC polymer solution. The feed weight ratio of polymer to nanocapsule was set to 20:
1. HEPES buffer (500 mM, pH 7.4) was added in to adjust the pH to 7.4. The reaction was allowed
to last for 24 h at 4 °C, followed by dialysis against DI water for 48 h at 4 °C to remove the
unconjugated PMPC polymer (molecular weight cut-off, 100 kDa). The size, zeta potential and
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morphology of as-obtained nanocomplexes were tested by DLS measurement, zeta-sizer and TEM,

respectively. Then they were stored in the fridge for further test.

3.4.6 Agarose gel electrophoresis

First, native BSA, nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA were
conjugated by TAMRA fluorescent dye. 1 mg/mL samples were added by 1% w/v TAMRA-NHS
in DMSO with the feed molar ratio of 1:10. The pH value of the mixture was adjusted to 8.0 using
HEPES buffer (500 mM pH 8.0). The reaction was allowed to incubate at 4 °C for 12 h, followed
by purification using sephadex G-25 column to remove the unconjugated fluorescent dye. Then
the TAMRA labeled samples was added to the agarose gel to run the electrophoresis at 120 mV

for 12 min. The result was recorded by photography upon UV light (Ex: 365 nm).

3.4.7 Protein adsorption

The relative protein adsorption of each sample was determined following the method below:
40 uL. nBSA(+), nBSA(o0), PMPC-ND-nBSA, and PMPC-D-nBSA (1 mg/mL) were mixed with
20 pL of bovine serum and incubated at 37°C for 30 min, respectively. 40 uL. PBS was used as the
control. After incubation, samples were filtered and washed with 60 uL. PBS for 3 times with
centrifugal filtration (molecular weight cut-off, 100 kDa) to remove the unabsorbed serum proteins.
After reconstituting with 60 puL of PBS, the amount of protein adsorbed was determined by
measuring the overall protein concentration of each sample with BCA assay using mice serum as

the standard.
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3.4.8 Cellular internalization by macrophage

We selected J774.1A cell as the model immune cell line using the fluorescent microscope
to evaluate the cellular uptake of TAMRA labeled nBSA(+), nBSA(0), PMPC-ND-nBSA, and
PMPC-D-nBSA by the macrophage. Briefly, J774.1A cells were seeded into a 96-well plate
(5% 103 cells/well) and cultured in DMEM (normal level of glucose in medium, with 10% FBS and
100 pg/mL streptomycin and 100 U/mL penicillin) at 37 °C with 98% humidity and 5% CO; for
24 h prior to exposure to the samples. After the addition of 10 pL each sample (0.1 mg/mL
corresponding to protein concentration) to the culturing medium respectively, cells were further
incubated for 2 h at 37 °C. Then the cells were washed by cold PBS for 3 times to remove the

samples. Cellular uptake of each sample was observed by the fluorescent microscope.

3.4.9 Detachment of PMPC polymer and surface charge recovery

The detachment of PMPC polymer from the nanocomplexes was determined by monitoring
the release of PMPC chain at different pH values. Briefly, 500 pL PMPC-ND-nBSA and PMPC-
D-nBSA were dialysis against 10 mL pH 7.4 and 6.5 PBS buffer at 37 °C, respectively (molecular
weight cut-off, 100 kDa). 1 mL of release medium was withdrawn at each time point (0 h, 6 h, 12h,
24 h, 36 h, and 48 h), followed by lyophilization. The freeze-dried polymer was re-dissolved to
deuterium and applied to '"H NMR with an internal standard to determine the amount of PMPC

polymer released.

To evaluate the recovery of surface charge, 500 uL PMPC-ND-nBSA and PMPC-D-nBSA

were incubated in pH 6.5 and 7.4 HEPES buffer (25 mM) at 37 °C, respectively. At each pre-
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determined time point (6 h, 12h, 24 h, 36 h, and 48 h), the samples were taken and applied to zeta

potential measurement to determine their surface charges.

3.4.10 Cellular internalization by tumor cells

We selected 4T1 cell as the model tumor cell line using the fluorescent microscope to
evaluate the cellular uptake of TAMRA labeled PMPC-D-nBSA by the tumor cells. Briefly, 4T1
cells were seeded into a 96-well plate (5x 103 cells/well) and cultured in DMEM (normal level of
glucose in medium, with 10% FBS and 100 pg/mL streptomycin and 100 U/mL penicillin) at 37
°C with 98% humidity and 5% CO- for 24 h prior to exposure to the samples. The samples were
as-obtained PMPC-D-nBSA, PMPC-D-nBSA pre-incubated at pH 7.4 for 48 h, and PMPC-D-
nBSA pre-incubated at pH 6.5 for 48 h. After the addition of 10 puL each sample (0.1 mg/mL
corresponding to protein concentration) to the culturing medium, respectively, cells were further
incubated for 2 h at 37 °C. Then the cells were washed by cold PBS for 3 times to remove the

samples. Cellular uptake of each sample was observed by the fluorescent microscope.

3.4.11 Intracellular trafficking of PMPC-D-nBSA

4T1 cells were seeded on the CLSM cover glass and cultured in DMEM (normal level of
glucose in medium, with 10% FBS and 100 pg/mL streptomycin and 100 U/mL penicillin) at 37
°C with 98% humidity and 5% CO, for 24 h prior to exposure to the samples (5%10° cell/well).
TAMRA labeled PMPC-D-nBSA was pre-incubated in pH 6.5 PBS buffer at 37 °C for 48 h,
followed by being added to the 4T1 cells at the final concentration of 0.05 mg/mL and incubated

for 2 h and 12 h, respectively. The medium was replaced by fresh medium after the incubation.
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The nucleus, late endosome and lysosome were stained by Hoechst and lysotracker deepred,

respectively. Then the endosomal escape of PMPC-D-nBSA was observed by CLSM.

3.4.12 Nanoparticle diffusion in microchannels

EGFP expressed MDA-MB-231 cells were cultured in DMEM (normal level of glucose in
medium, with 10% FBS and 100 pg/mL streptomycin and 100 U/mL penicillin) at 37 °C with 98%
humidity and 5% CO: for 24 h. Then the cells were trypsinized, collected and mixed with tumor
extracellular matrix at the volume ratio of 1:1 on ice (2.5x10%*/mL). 50 uL cell suspension was
injected to each channel, followed by incubation at 37 °C with 98% humidity and 5% CO- for 4 h.
35 uL nBSA(+), nBSA(o0), PMPC-ND-nBSA, PMPC-D-nBSA (0.1 mg/mL) were then added to
the well on one side of each channel. The microchannel was allowed to incubate at 37 °C for 12 h,
followed by being observed using fluorescent microscope to determine the nanoparticle diffusion
in the channels. The histogram profiles of fluorescent signal in TAMRA channel (red) were then

plotted using FIJI software.

3.4.13 Nanoparticle penetration in 3D tumor spheroid

3D tumor spheroid was cultured following the procedure below: 96 well-plate was added
by 20 ul 1.5% agarose in DMEM in each well, followed by incubation at roome temperature for
2 h with an adhesive cover to obtain the agarose coated well-plate. EGFP expressed MDA-MB-
231 cells were then cultured in DMEM (normal level of glucose in medium, with 10% FBS and
100 pg/mL streptomycin and 100 U/mL penicillin) at 37 °C with 98% humidity and 5% CO; for

24 h. The cells were trypsinized, collected and resuspended in the DMEM. Then 150 pL of the cell
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suspension was added to each agarose coated well (5x 103 cells/well). The well-plate was allowed
to be incubated at 37 °C for 4 days to obtain the tumor spheroid. Then TAMRA labeled nBSA(+),
nBSA(o), PMPC-ND-nBSA and PMPC-D-nBSA were added to each well at the final
concentration of 0.1 mg/mL and incubated at 37 °C for 12 h. After the incubation, the spheroids
were pipetted out and washed with cold PBS for 3 times, followed by being pipetted onto the
CLSM cover glass and sealed. The sample penetration in 3D tumor spheroid was observed using
CLSM. The histogram profiles of fluorescent signal in TAMRA channel (red) were then plotted

using FIJI software.

3.4.14 PharmacoKkinetics

Pharmacokinetics profiles of nanoparticles were accessed by monitoring the fluorescent
intensity of TAMRA in plasma after intravenous administration. Briefly, 12 mice (BALB/C) were
divided into 4 groups and intravenously injected with 150 uL TAMRA labeled nBSA(+), nBSA(0),
PMPC-ND-nBSA, and PMPC-D-nBSA via the tail vein, respectively. The injection dosage of
samples was set to 2.5 mg/kg. As a negative control, another 3 mice were injected with 150 puL of
PBS. The blood samples (20 uL) were then taken from the tails at 1 h,2 h, 4 h, 8 h, 12 h, 24 h, 36
h, 48 h, 72 h, 96 h, and 120 h post injection. The blood samples were centrifuged at 1000 rpm for
5 min to remove the blood cells, and the fluorescent intensity of TAMRA in the plasma was
measured using plate reader (n=3). The analysis of the PK data was achieved by fitting the data
using a one-phase exponential decay model with the constraints of YO < 0.1 (maximum BSA
concentration cannot be higher than 0.1 mg/mL) and Plateau = 0.005354 (the mean background

value from the negative control).
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3.4.15 Biodistributions

The nanoparticle samples were labeled with Alexa fluor 647 before the administration.
Briefly, 0.5 mL 1 mg/mL nBSA(+), nBSA(0), PMPC-ND-nBSA, and PMPC-D-nBSA were mixed
with 20 uL HEPES 8.0 buffer and 1 pL 1% Alexa fluor 647 NHS ester in DMSO and allowed to
incubate at 4 °C for 12 h in dark, respectively. Then the mixtures were purified by sephadex G-25

column and stored at 4 °C

For in vivo biodistribution studies, tumor xenografted mice were achieved by
subcutaneously injecting 5x10° 4T1 cells suspended in 100 uL of PBS/ECM (3/1, v/v) into the

mice (BALB/c). The mice were fed for 14 days for the tumor growth.

Then 4 tumor bearing mice were intravenously injected with fluorescence labeled samples
via the tail vein, respectively. The injection amount of each samples was set to 2.5 mg/kg. PBS
was injected to the mouse as a control. At different time points (6 h, 12 h, 24 h, 36 h, 48 h, 72 h),
the mice were applied to small animal live imaging to observe the tumor accumulation. The relative
fluorescent intensity of each sample in the tumor was determined by ROI tools compared with that
in the tumor injected by PBS (n=3). The mice were then perfused with PBS, followed by organs
collection 72 h post injection. The fluorescent images of heart, liver, spleen, lung, and kidney were
recorded by the organ fluorescent imaging. The relative fluorescent intensity of each organ was

determined by ROI tools compared with that in the tumor injected by PBS (n=3)
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3.4.16 SAP release test

SAP was labeled with TAMRA dye prior to the synthesis of PMPC-D-SAP. Cumulative
SAP release from PMPC-D-nSAP was obtained by testing the fluorescent intensity of TAMRA
labeled SAP. Briefly, 0.1 mL TAMRA labeled PMPC-D-nSAP (1 mg/mL) was added to dialysis
tubing (Molecular weight cutoff: 100 kD) and dialyzed against 20 mL PBS or PBS with 10 mM
GSH at 37 °C. At each time point (0, 6, 12, 24, 48, 72 h), 1 mL of the release medium was taken
while 1 mL fresh medium was supplied in. The fluorescent intensity of each aliquot was then
recorded by plate reader (Ex: 550 nm, Em: 585 nm). The release experiment was repeated
following the same procedure for another 2 times. Then the cumulative release profiles were
plotted by the fluorescent intensity of release SAP at each time point normalized to the initial

intensity (n=3).

3.4.17 Tumor cell growth inhibition test

Tumor cell growth inhibition by the SAP encapsulated nanoparticles was tested in 4T1 cell
line. 4T1 cells were seeded to 96 well-plate in DMEM (normal level of glucose in medium, with
10% FBS and 100 pg/mL streptomycin and 100 U/mL penicillin) at 37 °C with 98% humidity and
5% CO; for 24 h (1x10*per well). Native SAP, nSAP, PMPC-ND-nSAP, and PMPC-D-SAP were
pre-incubated in pH 6.5 buffer at 37 °C for 48 h and then added to each well, respectively. The
final concentration gradient of each sample was set to 0.1, 0.5, 2, 8, 32, and 128 nM/mL (n=6).
The cells were allowed to incubate with each sample for 72 h. Then resazurin (20 pL) was added

into each well at the final concentration of 0.1 mg/mL and further incubated for 2 h. Quantification
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of the cell viability was achieved by measuring the fluorescence intensities with a plate reader (Ex

=545 nm, Em = 585 nm).

3.4.18 In vivo anti-tumor activity

12 tumor bearing mice were divide into 4 groups (tumor volume approximately 50 mm?).
The mice were intravenously injected by PBS, native SAP, PMPC-D-nBSA, and PMPC-D-nSAP,
respectively. The dosage of SAP was set to 0.6 mg/kg. The tumor volume. and body weight were
recorded at different time points post-injection (4, 5, 6,7, 8,9, 10,11, 12, 13, 14, 15 h). Long-term
survival was assessed with daily follow-up and individual sacrifice upon evidence of morbid

disease progression.
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Chapter 4 Conclusion

Protein therapeutics are considered to be advantageous over other types of therapeutics due
to their high specificity, high efficiency and low side effect. However, the therapeutic applications
of proteins are limited due to their fragile, immunogenic, and cell-impermeable natures and
biological barriers in the delivery process. Although various strategies based on nanotechnology
have been reported to alter the protein nature and overcome the biological barriers, those strategies
usually focus on one or two biological barriers, thus leading to the undesirable protein delivery
efficiency. Accordingly, it is still urgent to develop novel platforms to meet the requirements of

protein delivery.

Our group has reported different strategies based on protein nanocapsule to overcome the
biological barriers for the delivery of proteins. By rationally combining those strategies, I
developed coacervate nanoreactors and sheddable PMPC conjugated nanocomplex for the delivery

of proteins that target different sites.

As for the enzyme delivery to the blood stream, I developed the UOX/Cat enzyme cascade
co-encapsulated coacervate nanoreactor with zwitterionic shell to enable a high structural and
enzymatic stability, prolonged blood circulation time, effective reduction of uric acid level, and
low side effect. As demonstrated, the enzyme cascade co-encapsulated nanoreactors can serve as

a versatile platform for enzyme replacement therapy.

As for the systemic delivery of protein to the tumor cells, I developed sheddable PMPC

conjugated nanocomplex to enable a prolonged circulation, tumor accumulation and penetration,
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cellular internalization, endosomal escape and tumor inhibition. As proved, the novel type of
nanocomplex can serve as platform to delivery functional proteins to the tumor cell for tumor

therapy.

As summary, my research establishes novel designs to construct nanocarriers for protein

delivery to achieve efficient delivery across various biological barriers.
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