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ABSTRACT OF THE DISSERTATION

Protein Nanocapsules Based Protein Carriers for Industrial and Medical

Applications

Jie L1
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2015

Professor Yunfeng Lu, Chair

Proteins play the most dynamic and diverse roles among all the
biomacromolecules in living organisms. With the fast development in
biotechnology, protein gains more and more interests for a wide range of
applications, such as biochemical synthesis, sensing, environmental
protection and medical applications. However, the vulnerable nature of
proteins has hindered their boarder applications. Developing vectors and
stabilizers that help to more effectively deliver protein therapeutics or

stabilize proteins has been an essential theme of the field.
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In this dissertation, novel strategies have been developed for protein delivery
by a method of in-sifu free-radical polymerization or by a self-assembling/
crosslinking approach.  Protein nanocapsules made from the in-situ
polymerization method were also used building blocks to synthesize protein
composites with dramatically enhanced stability. This dissertation research
consist with four topics outlined below:

1. Organophosphorus hydrolase (OPH) nanocapsules were synthesized by
in-situ free-radical polymerization with enhanced activity and stability.
These nanocapsules are highly potent for decontamination, as well as in
vivo detoxification of organophosphorus as prophylactics or antidotes.

2. Protein nanocapsules made by the in-situ polymerization technique were
used as building blocks to synthesize protein-silica composites through a
sol-gel process. The microenvironment around the proteins was
engineered through judicious choices of the polymer monomers and the
silica precursors, enabling the synthesis robust enzyme composites with
high activity for various industry applications.

3. Protein nanocapsules were synthesized by assembling the proteins with
self-crosslinking cell penetrating polymer (SCP). Self-crosslinking by
disulfide-bond formation within the SCP leads to the formation of robust

protein nanocapsules with highly retained activity. These nanocapsules
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were able to be effectively internalized by cells without significant
cytotoxicity, and the protein cargo could be effectively released upon
exposure to glutathione that break down the disulfide bonds.

4. Protein nanocapsules with zwitterionic shells were synthesized by a self-
assembling approach. The zwitterionic shells protected the nanocapsules
from being uptake by macrophages, while such shells could be detached
once exposing to a low pH environment. This approach provides a
suitable platform towards protein therapeutics with prolonged circulation
time with ability of being delivered into the cells.

Overall, this dissertation work provides novel strategies toward better

protein-delivery vectors, as well as composites with better protein stability

and activity, for a broad range of applications.
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Chapter 1 Application of proteins and protein carriers

Every single living cell is made from millions of biomacromolecules. Among them,
proteins have the most dynamic and diverse role of any macromolecule in the body,
catalyzing biochemical reactions, forming receptors and channels in membranes,
providing intracellular and extracellular scaffolding support, and transporting molecules
within a cell or from one organ to another.[1] Human have widely applied proteins,
particularly enzymes, in industries such as food process [2], pharmaceutical manufacture
[3], biofuel production [4] and environment protection [5] due to their high activity and
high specificity. On the other hand, many diseases may result when any one of these
proteins contains mutations or other abnormalities, or is present in an abnormally high or
low concentration and protein therapeutics represent a tremendous opportunity to directly
alleviate these diseases.[1] However, due to the vulnerable nature of proteins, their
application has been limited. Developing methodology to stabilize proteins as well as
improve their activities remains challenging.

1.1 Enzyme immobilization

Enzyme immobilization has been extensively used to improve enzyme’s thermal, solvent
and long-term storage stability. Enzymes were either physically encapsulated within or
chemically conjugated to solid matrices, such as polymers [6-8], silica [9, 10],
organoclays [11] and carbons [12]. Sol-gel entrapment and mesoporous silica loading are
two most widely used approaches. For sol-gel method, traditional way of hydrolysis and
condensation of silica precursor such as tetramethyl orthosilicate (TMOS) and tetraethyl
orthosilicate (TEOS) usually requires strong acid or base catalysis, which greatly

comprise the activity of the native enzyme. The hydrolysis by-product, methanol and



ethanol, also decimate the delicate secondary and tertiary structure of enzyme, resulting
significant decreased activity. Moreover, due to small pore size and non-open-pore
structure, the substrate and product diffusion resistance is larger and most studies showed
lower specific activity than that of the free enzymes in solutions [11], reflecting as
significantly increased K. On the other hand, enzyme leaching from mesoporous silica
and low loading capacities are two major problems when enzyme loading is conducted by
physical adsorption.[12] While covalent immobilization can partially alleviate these
problems by reaction of functional groups on the enzyme with a chemically active
surface, these covalent links may also block the functional groups in the enzyme active
sites or inhibit enzyme conformational mobility, resulting significantly comprised
activity.[13] To endow enzymes with improved stability and accredited activity, novel
strategies need to be further established.

1.2 Protein therapy

With the fast developing biotechnology and recombinant DNA and protein techniques,
protein drugs now can be produced in large quantities.[13] Protein therapeutics represents
a tremendous opportunity to directly alleviate diseases and can be used for treatment of
endocrine and metabolic disorders [14-32], augmenting and blocking pathways [33-44],
detoxification [45-54], vaccine [55-57] and diagnostics [58-60]. At present, more than
130 different proteins or peptides are approved for clinical use by the US Food and Drug
Administration (FDA), and many more are under development.[1]

Protein therapy has several advantages over small-molecule drugs. First, proteins often
serve a highly specific and complex set of functions that cannot be mimicked by simple

chemical compounds and therefore there is less potential for protein therapeutics to



interfere with normal biological processes and cause adverse effects. Second, because the
body naturally produces many of the proteins that are used as therapeutics, these agents
are often well tolerated and are less likely to elicit immune responses. Third, the clinical
development and FDA approval time of protein therapeutics may be faster than that of
small-molecule drugs.[1]

Protein therapy also has advantages over gene therapy. Proteins have previously defined
optimal doses of the individual protein for disease states with well-known biological
effects, while the protein expression level by gene therapies are difficult to predicted.
Also gene therapy may have risk of undesired immune and inflammatory response and
potential oncogenesis related to viral vectors and currently there is no approved human
gene therapy product.[61]

Table 1.1 Protein therapeutics in clinical practice.

Therapeutic Function Examples of clinical use
Insulin Regulates blood glucose Diabetes mellitus
Factor VIII and IX Coagulation factor Haemophilia

B-Glucocerebrosidase Hydrolyzes Gaucher’s disease
glucocerebroside to glucose

and ceramide

Bevacizumab Humanized mAb that binds Colorectal cancer, non-
all isoforms of VEGF-A small-cell lung cancer
Rituximab Chimeric (human/mouse) Refractory CD 20" B-cell

mADbD that binds CD20

non-Hodgkin’s lymphomas
(NHL) in combination with
chemotherapy




Interferon-a2a

Streptokinase

Recombinant human bone

morphogenic protein 2

Growth hormone

Uricase

Adenosine deaminase

Phenylalanine ammonia
lyase

L-Asparaginase

Immunoregulator

Plasminogen activator

Bone differentiation
regulator

Anabolic and anticatabolic
effector

Metabolizes uric acid

Metabolizes adenosine,
prevents accumulation of
adenosine

Metabolizes phenylalanine

Removing available
asparagine from serum

Hairy cell leukemia, chronic
myelogenous leukemia,
Kaposi’s sarcoma, chronic
hepatitis C infection

Pulmonary embolism, deep
vein thrombosis, arterial
thrombosis or embolism
Spinal fusion surgery, bone
injury repair

Growth failure due to GH
deficiency or chronic renal
insufficiency

Hyperuricemia and gout

Severe combined
immunodeficiency disease

Treatment for
phenylketonuria

Acute lymphocytic
leukemia

Despite these tremendous advances, protein drugs possess several shortcomings that limit
their usefulness, including their susceptibility to destruction by proteolytic enzymes, short
circulating half-life, low solubility, rapid kidney clearance and their propensity to
generate neutralizing antibodies.[62] In addition, most protein drugs must be delivered by
injection, either subcutaneously or intravenously.[62] Use of an appropriate delivery
carrier, which can protect protein drugs from enzymatic degradation, prolong circulation
time and control release, is a promising approach for prolonged retention and biological

activity of the drugs within the body.



1.3 Nanocarriers for protein delivery

Nanocarriers has been developed during the last two decades focusing on improvement of
protein stability. Nanocarriers provide unquestionable advantages as it permits resolving
some of the problems inherent to the therapeutic use of enzymes, as are their low stability,
fast clearance, immunological disorders, allergies associated with the treatments, and the
need for repeated administrations.[63] To date, various vectors have been explored to
facilitate delivery of proteins, such as liposomes, polymers, mesoporous silica particles,
magnetic nanoparticles and carbon nanotubes, and natural vectors such as cell-
penetrating peptides, antibodies and other biomolecules.

1.3.1 Liposome

Liposomes have been used as pharmaceutical carriers during the past 30 years.[64]
Liposomes are nano-sized artificial vesicles, which can be produced from natural or
synthetic phospholipids. Proteins are typically located in the aqueous core, while other
hydrophobic molecules can be dissolved within the bilayers of liposomes.[65] Liposomes
may provide many advantages for protein therapies, including: 1) liposomes are
biocompatible; 2) liposomes can stabilize the encapsulated enzymes; 3) the size, charge
and surface properties of liposomes can be readily turned by introducing desired lipid
moieties such as PEG-conjugated lipids, where PEG stands for poly(ethylene glycol).

A potential problem with liposome-wrapped enzymes, particularly when delivered
intravenously, is the rapid removal from the circulation by the reticuloendothelial
system.[66] To enhance their circulation half life, “stealth liposomes” have been designed
by coating the liposomes with PEG.[67] This could be achieved either by constructing

liposomes using PEG-conjugated lipids (PEG-lipid) or by post-conjugating PEG on the



liposome surface (Figure 1.1). Klibanov et al. first reported the preparation of PEGylated
liposomes, which increased the circulation half life from less than 30 min to 5 h
compared to their liposome counterparts.[68] The prolonged circulation time is attributed
to the large hydrodynamic volume of the PEG chains, which shield around the liposomes
and mask the liposomes from immune and metabolic systems.[69] Based on a similar
mechanism, other hydrophilic polymers were also used to construct long-circulating
liposomes, including poly[N-(2-hydroxypropyl) methacrylamide)] [70], poly-N-
vinylpyrrolidones [71], L-amino-acid based polymers [72], and polyvinyl alcohol [73].
However, conjugating with such polymers often decreases the liposome stability because
conjugation of hydrophilic polymers reduces glass-transition temperature of the
liposomes. To maintain necessary stability for these liposomes, only a limited amount of
polymers could be conjugated, leading to low density of the surface-grafted polymeric

layer, which reduce their effects in prolonging the circulation time of liposomes
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Figure 1.1 Illustration of PEG-liposome.



Because simple preparation and excellent biocompatibility, liposomes have been
extensively explored as delivery carriers for many therapeutic proteins. For example,
cationic liposomes constructed from trifluoroacetylated lipopolyamine (TFADODAPL)
and dioleoyl phosphatidylethanolamine (DOPE) were used to deliver various different
proteins, including antibodies, phycoerythrin, -galactosidase, caspase 3, caspase 8 and
gramzyme B intracellularly.[74] The majority of the internalized proteins were
distributed within the cytosol, indicating successful release of the proteins during
endocytosis. Cationic liposomes containing lipospermine (DOGS) were also used to
deliver anionic proteins such as phycoerythrin and IgGs into the cytoplasm.[75] Uricase
has been successfully encapsulated within liposomes. Studies showed that liposome-
wrapped uricase exhibits more effective management of the uric-acid level than native
uricase in hyperuricemia rat model due to the higher uricolytic activity.[76, 77]
Consistently, L-asparaginase has also been encapsulated into liposomes, resulting in
liposome-wrapped L-asparaginase with prolonged circulating time, abrogation of acute
toxicity and better retained in vivo antitumor activity.[78, 79] However, despite the
improved circulating time and therapeutic effects, the delivery efficiency is still far from
optimal.

To further enhance cell uptake efficiency, cell-penetrating peptides (CPPs) such as TAT
(a cell penetrating peptide derived from HIV virus with sequence of
GRKKRRQRRRPPQ) were conjugated to liposomes. The first example of TAT-
conjugated liposomes was reported by Torchilin et al., where TAT was conjugated to
liposomes with poly(ethyleneglycol) (PEG) spacer.[80] Proteins such as BSA, B-

galactosidase and IgGs were delivered with high efficiency using other CPP-modified



liposomes, such as oligoarginine-modified liposomes.[81] In addition to CPPs,
antibodies,[82-84] folic acid,[85] and transferrin[83, 86] were also conjugated to
liposomes to facilitate their internalization and targeting process. Moreover, to realize
targeted delivery, TAT and antibodies were conjugated to liposomes with short and long
PEG spacers, respectively. Liposomes were able to target the cancer cell surface through
antibody, while TAT were exposed and facilitate internalization after cleavage of long
PEG spacers by acid-liable linker.[87]

1.3.2 Polymers

Due to versatility and easy control of the physiochemical properties, conjugating proteins
with polymer has been broadly adapted for the development of therapeutic purposes. The
polymers may shield the enzymes from undesired interactions with the surrounding,
improve the enzyme stability, reduce immune activation, and prolong the circulation time.
Polymers, particularly cationic polymers can also facilitate protein intracellular delivery.
The protein delivery effects are highly dependent on the physiochemical properties of the
polymers, such as hydrophilicity, chain length, chain architecture (i.e., linear versus
branched) and biocompatibility, which are elaborated in detail below.[88]

1.3.2.1 Poly(ethylene glycol) (PEG)

PEG is the most commonly used polymer for the preparation of polymer-enzyme
conjugates. Covalently attaching PEG to the enzymes, also termed as PEGylation, is
generally achieved by reacting PEG with the reactive motifs of enzymes. Commonly,
PEGylation is achieved through reacting the e-amino groups of lysine residues. This
process often results in the formation of conjugated isomers containing various PEG

chains attached at different sites,[89] and further purification process is required for FDA



approval. To circumvent this limitation, site-specific PEGylation reactions have also been
developed,[90] such as the methods of N-terminal PEGylation and cysteine-specific
PEGylation, where the conjugation is occurred at the N-terminal a-amino groups and the
residue cysteines (or cleaved disulfide bond), respectively.[91-93] Other site-specific
PEGylation methods were also developed, such as conjugating PEG-alkylamine reagent
onto glutamine residues by transglutaminase[91-93] and reacting (sialic acid)-PEG with
the hydroxyl groups of specific serine or threonine of a glycosylated protein.[94] These
site-specific strategies lead to more defined conjugating structure, facilitating their
transition for clinic use.

The shielding effect of PEG is mainly attributed from its hydrogen bonding with water,
although the backbone of the molecule is hydrophobic. When dispersed in aqueous
solution, the PEG chains form hydrogen bonds with the surrounding water
molecules.[95] Such hydrated layers effectively shield the enzymes from their
surrounding, affording the enzymes with improved bioavailability, prolonged circulation
time, and reduced immunogenicity and toxicity. Consistently, PEG with longer chain
length and higher density offers longer circulation life. In addition, PEG chain
architecture also influences the pharmacokinetics of PEGylated enzymes, and branched
PEG generally exhibits longer circulation half life than linear ones with similar molecular
weight.[96] Such shielding layers, however, may block active sites of the PEGylated
enzymes, resulting in reduced or even completely loss of the enzyme activity. Although
the improved pharmacokinetics may compensate the reduced enzyme activity in certain
degree,[97, 98] reduced enzyme activity remains as a main drawback of PEGylation.[90]

PEGylated proteins have been extensively studied for therapeutics to treat metabolism



disorders and intoxication, many of which have been approved for therapeutic use.[99]
Adagen (pegadamase) represents the first enzyme therapeutic approved for inherited
disease,[100] followed by the approval of Oncaspar (pegaspargase),[101] both of which
use PEG succinimidyl succinate as a random PEGylation reagent. Krystexxa, a
PEGylated recombinant uricase was also prepared by random conjugation of PEG p-
nitrophenyl carbonate ester to the lysine residues of uricase.[102] Branched PEG of 40
kDa was coupled to Interferon-a2a to make Pegasys, which only need treatment once a
week for hepatitis C, showing superior efficacy compared with their unpegylated
counterparts.

Other enzymes, such as arginine deiminase (ADI), phenylalanine ammonia-lyase and
organophosphorus hydrolase (OPH), were also conjugated with PEG with significantly
extended residence time of days, in comparison with their native enzyme counterparts
with resident time of hours.[46, 103] However, there are increasing number of reports on
the formation of anti-PEG antibodies when PEGylation therapeutics was used as
intravenous agents.[46, 104] Developing alternative shielding layers that can further
evade the immune system is essential but challenging.

1.3.2.2 Other hydrophilic polymers

Dextran, a natural and biodegradable polysaccharide, poly(vinylpyrolidone) (PVP) and
poly(N-acryloylmorpholine) (PAcM), two synthetic polymer, are extensively used in
large quantities as a blood expander, and are known for its negligible toxicity, low
immunogenicity and antigenicity.[105-108] Recently, they have also been investigated as
carriers for delivery of drugs and proteins, which are mainly achieved through

conjugating dextran with the therapeutic agents.[109] Similar to PEG, conjugation of
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these hydrophilic polymers endows the therapeutic agents with prolonged circulating
time, increased protein stability and reduced in vivo immunogenicity. For example,
Wileman et al. prepared asparaginase-dextran conjugates with significantly improved
plasma half-life in both immune and non-immune rabbits.[110] Similarly, dextran-
conjugated uricase exhibits significantly prolonged circulation time, which is over ten
times of the native enzyme counterpart (7h vs 0.6h).[111] Carboxypeptidase G2 (CPG),
which can enzymatically deplete an essential nutrient (folate) for the tumor cells, has only
3.1 h plasma half-life. Conjugating CPG with dextran with 40, 70, 110 or 150 kDa
molecular weight results in a plasma half-life of 14.3, 16.3, 17.5 and 45.6 h in normal
mice, respectively.[112] However, it has been reported that intravenous administration of
dextran with high molecular weight may cause life-threatening anaphylaxis.[113] PVP-
conjugated SOD was prepared with increased circulation time, reduced antigenicity and
immunogenicity, and enhanced thermal stability.[114] Similar to PVP, PAcM-uricase
conjugates, for example, exhibit dramatically reduced antigenicity and suppressed
immunogenicity.[115] PVP-Uricase conjugates were also prepared; however, 2-folds
higher of antigenicity than the native uricase was observed.[115] Therefore, more
extensive studies in toxicity, immunogenicity, antigenicity, and clearance mechanism of
these polymer-protein conjugates are required to understand their therapeutic potentials.
1.3.2.3 Block Copolymers

Amphiphilic block copolymers are another class of polymers commonly used as
nanocarriers. Particularly, Pluronic triblock copolymers composed with poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) have been extensively studied due to their

biocompatibility, biodegradability, low toxicity and prolonged circulation time when
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conjugated with proteins.[116, 117] This makes Pluronic copolymers promising carriers
for delivering proteins in vivo. For example, organophosphorus hydrolase (OPH) was
conjugated to Pluoronic F127 (EO;¢)POgEO100), and the resulting conjugates could self-
assemble into a micelle structure with a hydrophobic PPO core and OPH on the surface.
The PPO core can attract hydrophobic OP molecules and the OPH on the surface
facilitates its degradation, showing great promise for treatment of OP intoxication.[118]
Pluronic P85 (EO2PO4EO2) and L81 (EOsPO43EQOs) were also conjugated with
superoxide dismutase (SOD), which could be wused to inhibit intraneuronal
superoxides.[119]

Besides Pluronic triblock copolymers, other block copolymers have also been studied as
nanocarriers for antioxidant treatment. One example is vinyl sulfone (VS)-terminated
block copolymers of poly(propylene sulfide) (PPS) and PEG (PPS-PEG-VS), which
forms micelles with vinyl sulfone groups. SOD could be readily conjugated to the micelle
surface through the Michael-type addition. The conjugated SOD could effectively
eliminate superoxides, while PPS (mainly located within the micelle cores) can scavenge
the toxic hydrogen peroxide produced the SOD-mediated reactions. Such a synergic
effect is also observed in a cascade reactions mediated by SOD and catalase.[120]

1.3.2.4 Cationic polymer

For effective intracellular protein delivery, conjugating proteins to cationic polymeric
delivery vectors is a feasible approach to increase transduction efficacy. In 2005, Futami
et al. first reported conjugates of cationic polyethylenimine (PEI) with protein for
intracellular protein delivery [121]. Enhanced green florescent protein (EGFP)

conjugated with PEI shows significantly higher cell uptake than TAT-EGFP fusion
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proteins. When using similar method to conjugate ribonuclease (RNase), the cytotoxicity
of RNase increased dramatically. Additionally, the cytotoxicity of PEI-RNase was found
to relate to the length of PEI chains, confirming the role of PEI in improving cellular
uptake efficacy. P-catenins were also delivered via conjugation with PEI with high
efficiency and demonstrated by activating the Wnt canonical signaling pathway (a
pathway that contributes to the self-renewal of mouse hematopoietic stem cells).[122]
Such a strategy was also extended to deliver antibodies with the capability to bind
antigens. For example, biotin and antibodies were conjugated to PEI, respectively; after
binding with streptavidin- or protein G-conjugated proteins, the PEI conjugates were
delivered into cells with high efficiency.[123] Cleavable bonds such as disulfide bonds
were also used for conjugation. For example, denatured p53-PEI conjugation can be
delivered into cells and the unfolded proteins could refold to their native form after PEI is
cleaved.[124]

1.3.2.5 Self-assembly of block copolymers with proteins

Self-assembly of block copolymers with proteins provide another approach for successful
intracellular delivery of proteins. Protein denaturation is relatively small compared with
covalent conjugation and the complexes are readily to dissociate once uptake by cells.
Typically, one section of the polymer chain complexes with the protein through
electrostatic interactions, hydrophobic interactions or other noncovalent interactions
while the other hydrophilic section of the polymer helps to stabilize the assembly
structure in the solutions. Particularly, the formation of protein-polymer complexes with
copolymers containing a cationic block and a PEG block is of the greatest interest. The

cationic block effectively binds with anionic proteins via electrostatic interaction, while
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the PEG block forms an exterior hydration layer that stabilizes the complexed structure.
For example, Kim et al. synthesized polylysine-co-poly(ethylene glycol) (PLL-PEG)
block copolymer with folic acid linked to the end of the PEG chains. Assembling of such
copolymer with anionic proteins resulted in highly effective protein delivery
carriers.[125] Similarly, cationic proteins can be complexed with anionic copolymers.
Typically, amine groups on cationic block copolymers can be modified with citraconic or
cis-aconitic groups, which bear negative charged, but can be degraded in acidic
endosomal environment upon endocytosis to release the cationic protein cargos.[126,
127] Such molecular modification provides enough flexibility to enable the formation of
complexes with all kinds of proteins. The introduction of hydrophobic moieties into the
block copolymers can further regulate the structure and increase the stability and uptake
efficacy of the protein-polymer complex. For example, cationic cholesteryl group-bearing
pullulans (CHPNH2) were assembled with proteins, resulting in monodispersed
nanoparticles with more effective internalization than cationic liposomes and a protein
transduction domain (PTD) based carrier even in the presence of serum.[128]

In addition to the non-specific assemblies mediated by electrostatic force or hydrophobic
interactions, more specific affinity bindings were also utilized to form protein-polymer
complexes. For example, glutathione modified PEI could bind with glutathione S-
transferase-fused proteins and induce cellular uptake in mammalian cells. However, its

application in vivo is still limited due to size effect, possible immunogenicity.[129]
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Figure 1.2 Illustration of noncovalent polymeric delivery systems.[123]

Overall, noncovalent polymeric delivery systems provide a facile strategy for
intracellular protein delivery. However, the stability of the assembled complexes is often
quite low. In fact, the complexes may be rapidly dissociated by dilution or competitive
binding by serum proteins,[ 130] while strong interactions between polymers and proteins
may alter the protein structures.[131]

1.3.3 Inorganic system

Besides liposome and polymer based delivery system, inorganic nanomaterials, including
mesoporous silica, carbon nanotubes and magnetic nanoparticles (MNP) have also been
explored for protein delivery, though to a less extent.

Gold nanoparticles (GNPs) are of interest for protein delivery due to their bioinertness,
low toxicity, cellular imaging ability,[132-136] and easy synthesis and

functionalization.[137, 138] The first intracellular delivery of proteins using GNPs was
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reported by Tkachenko et al.[139]. CPP-modified BSA was absorbed onto GNP surface
and delivered into cytoplasm. In addition, conjugating nuclear localization signals onto
BSA led to its delivery into the nuclei. Similarly, B-galactosidase was adsorbed onto the
peptide-coated GNPs with diameter of 2.5 nm and delivered into various cell lines was
observed without significant toxicity to cells.[140]

Mesoporous silica prepared through co-assembly of silicates and surfactant has recently
been explored as potential nanocarriers for bioactive molecules due to their unique
properties, such as high surface area, large pore volume, tunable pore size, and
convenient surface functionalization.[141-144] Delivery of cytochrome c was first
achieved by loading proteins into MCM-41-type mesoporous silica with an average pore
diameter around 5.2 nm.[145] The cytochrome c¢ maintained its function after being
delivered into the cytoplasm of human cervical cancer cells (HeLa) and being released
under physiological conditions.

Carbon nanotubes (CNTs) have been extensively explored for a large spectrum of
applications; their biological applications have started to emerge in recent years.[146] For
example, single walled carbon nanotubes (SWNT) have been recently shown to shuttle
various molecular cargos inside living cells including proteins, short peptides, and
nucleic acids.[147-154] The first SWNT protein delivery system was reported by Kam et
al.[147]. It was found that SWNT-streptavidin conjugates were internalized by human
promyelocytic leukemia (HL60) cells and human T cells (Jurkat) via endocytosis. Later
on, it was also found that SWNTSs are genetic intracellular transporters of various types of
proteins (<80 kDa), including streptavidin, protein A, BSA, and cytochrome c,

noncovalently and nonspecifically bound to nanotube sidewalls.[148] Various
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mammalian cell lines, including HeLLa, NIH-3T3 fibroblast, HL.60, and Jurkat cells, were
tested and a wide applicability was demonstrated. The internalization mechanism was
verified as energy-dependent endocytosis. Further studies suggested that clathrin-
dependent endocytosis is the pathway for the uptake of various SWNT-protein conjugates.
[97] These results provide the first proof of concept of in vitro biological functionality
and activity of proteins delivered by SWNT molecular transporters.

1.4 Responsive protein delivery

Stimuli-triggered release is an appealing and promising approach for protein delivery and
has made protein delivery with both spatiotemporal- and dosage-controlled manners
possible.[155] Both physiological and external stimuli have been extensively explored for
controlling delivery of proteins, such as pH, redox potential, or enzymatic activities and
external stimuli such as temperature, light, magnetic field or ultrasound.[155]

Table 2.2 Summary of recently reported stimuli-responsive nanomaterials for

protein delivery.[156]
Stimulus Nanomaterials Model protein/peptide
pH PIC micelles Cytochrome C, IgG
Cross-linked PDEAEMA-core/PAEMA- OVA protein
shell particles
Polyaspartamide nanocapsules BSA
Single-protein nanocapsules EGFP, HRP, BSA, SOD
and Caspase 3
Aldehyde-displaying silica nanoparticles Arginase, GFP
PAAD/PGA hydrogels Insulin
Redox Single-protein nanocapsules Caspase 3
Protein nanocapsules MBP-APO
Enzyme Crosslinked nano matrix EGFP, Caspase 3, BSA and
Kif4
Protein nanocapsules BSA, VEGF
Gelipo TRAIL
Temperature  Chitosan-PEG copolymer based hydrogels BSA
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PNIPAAM hydrogels Insulin, BSA

PNIPAAM-grafted PPCL films BSA

Light Amphiphilic TiO, nanotubular-structured HRP
nanocarrier
TiO; nanoparticles Hemoglobin
Lipid based nanoparticles GFP, luciferase
Silica-coated gold nanorods OVA

Magnetic AMMHs BSA

force Fatty acid calcium salt Antioxidant enzymes, SOD

and catalase

Ab-MNPs DR4

Ultrasound PLGA nano-network Insulin

1.4.1 pH responsive systems

Physiological pH gradient is the most explored responsive trigger to design nanosystems
for controlled drug delivery to target locations, including intracellular compartments or
extracellular microenvironments associated with certain pathological situations, such as
cancer or inflammation.[157-159] There are two main strategies to utilize the pH stimuli:
one relies on the charge or hydrophobicity change of polymers in response to the pH
variation[160]; the other involves the cleavage of acid-sensitive bond, such as hydrazone,
oxime, acetal or ester.[161-164]

Extensive studies have been focus on the charge reversible response for protein delivery,
which relies on polymer swelling and charge repulsion. For example, chitosan swelling
induced on amino-group protonation (pK,~6.3) leads to the release of encapsulated
tumor necrosis factor alpha (TNFa) in the local acidic environment of tumor tissues.[158]
PH triggered delivery of proteins into ischemic areas was achieved with piperidine- and
imidazole-modified PEG—poly(B-amino ester) micelles.[159] An intracellular protein

delivery strategy based on charge-conversional polyionic complex (PIC) micelles were
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developed by Kataoka group.[127, 165] Proteins were encapsulated in micelle structure
by electrostatic interaction between diblock copolymers with counterions which can
remained stable at physiological pH (pH 7.4) and rapidly disintegrating at pH 5.5 based
on a charge-conversional principle. Both Cytochrome C and IgG were controlled released
into the cytoplasm of human hepatoma cell line. Hu ef al. utilized pH-responsive cross-
linked PDEAEMA-core/PAEMA-shell particles for intracellular delivery of membrane-
impermeable macromolecules, including ova protein, influenza A, and siRNA.[166] The
cationic shell could complex with negative charged cargos while the cross-linked
poly(diethylaminoethyl methacrylate) (PDEAEMA) core were shown to elicit highly
efficient endolysosomal disruption to release the cargos into the cytosol, showing
dramatically lowered the dose of antigen required to elicit naive CD8" T-cell.

Acid liable linker is another commonly used for pH-stimuli nanosystem design. For
example, Wu et al. loaded aldehyde displaying silica nanoparticles with protein cargos by
acid liable imine bond formation[167]. Arginase and EGFP were successfully escaped the
lysosomes and released into cytosol of HepG2, HeLa and 1929 cells through lysosomal
acidity-mediated hydrolysis, where arginase efficiently induced autophagy of the host
cells.

Recently the combination use of both acid liable bond as well as charge responsive
swelling has been studied. Gu et al. utilized layer-by-layer assembly of PADH (tertiary
amine and hydrazide grafted polyaspartamide) and PACA (carboxyl and aldehyde grafted
polyaspartamide) on amino-functionalized silica spheres loaded with BSA to prepare
biodegradable shell cross-linked nanocapsules for protein delivery[168]. PADH and

PACA were assembled through electrostatic interaction and crosslinked via hydrazone
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formation. BSA release rate increased significantly as pH dropped from the physiological
pH to acidic pH, which result from the degradation of hydrazone bond and electrostatic
repulsion of charged polymers.

1.4.2 Redox potentials responsive systems

Glutathione (GSH) is a tripeptide found at a level that is 2 to 3 orders higher
(approximately 2—10 mM) in the cytosol than in the extracellular fluids (approximately
2-20 uM)[169]. Disulfide bond, which is degradable in the presence of high reduction
potential but remains stable under low reduction potential, is very promising to create
stable proteins carriers extracellularly but release proteins in the cytosol. Utilizing this
reversible characteristic of thiol-disulfide chemistry, disulfide bonds can be incorporated
into either the polymer backbone or the crosslinkers in order to design redox-responsive
nanomaterials[155].

The thiolated heparin Pluronic F127 conjugate (DHP) was developed to self-assembled
and oxidized to form a disulfide-crosslinked nanogel network to encapsulate RNase A.
The crosslinked nanogels exhibited augmentable release responding to the GSH
concentration and significantly higher cytotoxicity than non-crosslinked nanogel.[170]
Zhao et al. reported the preparation of redox-responsive single-protein nanocapsules for
intracellular protein delivery. Caspase 3[171] and apoptin[172] were non-covalently
encapsulated into a positively charge polymeric shell crosslinked by disulfide linkers,
which could be released in the cytoplasm and induce apoptosis in various cell lines.

The redox-responsive system can further be applied for oral protein and peptide delivery.
Zheng et al. designed and synthesized redox-responsive silica capsules adopting the

layer-by-layer technique with thiolated poly(L-aspartic acid) and thiolated chitosan for
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transmucosal delivery of proteins and peptides, showing high insulin loading efficiency
and regulated release according to GSH level, which is promising for oral insulin
delivery.[173]

However, Mylotrag, a redox-responsive anti-CD33 antibody-linked drug developed by
Celltech and approved by the Food and Drug Administration of the United States for
acute myelogenous leukemia, failed to confirm benefits to patients and was withdrawn
from the market. This illustrates the difficulties of drug-release control by a specific
redox molecular mechanism in a complex biological environment.[157]

1.4.3 Enzymatic responsive systems

The altered expression profile of specific enzymes (such as proteases, phospholipases or
glycosidases) observed in pathological conditions, such as cancer or inflammation, can be
exploited to achieve enzyme-mediated protein release at desired biological target.[157]
Compared with delivery approaches utilizing other internal or external stimuli, the
enzyme-based approach represents an elegant biocompatible method of both high
sensitivity and selectivity.[174]

Biswas et al. designed protein nanocapsule crosslinked by bisacrylated peptides with a
specific sensitivity towards furin,[175] a ubiquitous intracellular protease expressed in
many mammalian cells and overexpressed at tumor site. Both cytosolic and nuclear
proteins, such as EGFP, Caspase 3, BSA and the transcription factor KIf4, were able to
be delivered in active forms to different of cell lines. Wen et al. developed an
metalloproteinases (MMP)-responsive delivery platform with controlled-releasing
capability of vascular endothelial growth factor (VEGF).[176] Since matrix

metalloproteinases (MMP)[177]and serine proteases, such as plasmin[178, 179], are
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generally upregulated in diseased or injured tissues, they can be potentially chosen as the
enzyme trigger for controlled release of growth factors in tissue engineering applications.
Aimetti et al. designed a PEG hydrogel system with human neutrophil elastase (HNE)
sensitive peptide crosslinkers synthesized via thiol-ene photopolymerization rendering
the gel degradable at sites of inflammation. The controlled delivery of a model protein,
BSA, based on this PEG hydrogel system was demonstrated. Thornton et al.
functionalized poly (ethylene glycol acrylamide) (PEGA) hydrogel particles with peptide
actuators that will release either cationic or anionic fragment, resulting in charge-induced
swelling and cargo release upon exposure to the target enzyme (thermolysin).[180]

Jiang et al. recently reported co-delivery of tumor necrosis factor-related apoptosis
inducing ligand (TRAIL) and Doxorubicin (Dox) based on Gelipo nanoparticles with
assemble of CPP modified Dox loaded liposome, TRAIL protein and hyaluronic acid
(HA).[156] The overexpressed hyaluronidase (HAase) in tumor area, promoted the
degradation of the HA shell and released the encapsulated TRAIL for induced tumor
apoptosis. The exposed liposome core could subsequently enter the tumor cell for Dox
release with the aid of CPP, exhibiting a notable enhanced effect on tumor inhibition was
observed after TRAIL/Dox-Gelipo treatment.

1.4.4 Thermo responsive systems

Thermoresponsive delivery is among the most investigated stimuli-responsive strategies,
and has been widely explored in oncology.[157] Thermoresponsive systems are generally
liposomes, or polymer micelles or nanoparticles (usually poly(N-isopropyl acrylamide),
PNIPAM) that exhibit a lower critical solution temperature.[157] A nonlinear sharp

change in the balance of hydrophilic and hydrophobic moieties with temperature triggers
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the release of the cargos following a variation in the surrounding temperature. Ideally,
thermosensitive nanocarriers should retain their load at body temperature (~37 °C), and
rapidly release the cargo within a locally heated tumor (~40—42 °C).[157]

The most used protein loading strategy is to utilize the equilibrium swelling of a hydrogel
in a protein-containing solution. Bhattarai et al. reported a PEG grafted chitosan
copolymer designed for injectable thermo reversible hydrogel for sustained BSA
release.[181] Compared with natural polymers, synthetic polymers display more potential
in the development of thermal responsive protein delivery system. The most extensively
studied synthetic polymer which displays a thermo responsive character in biomedical
applications is poly(N-isopropylacrylamide) (PNIPAM), due to the fact that its LCST is
32 °C, therefore suitable forin situ gelling.[182] Wu and co-workers studied the
interactions between proteins and PNIPAM hydrogels using insulin and BSA as model.
The release of the protein was not complete as a result of the strong interaction between
the polymer and the cargo protein.[183] Hu et al. grafted the porous polycaprolactone
(PPCL) surface with ATRP initiator for subsequent surface initiated ATRP of
NIPAM.[184] The resultant PNIPAM-grafted PPCL films exhibit potentials for
controlled protein delivery using BSA as a model protein.

1.4.5 Photo responsive systems

Owing to their non-invasiveness and the possibility of remote spatiotemporal control, a
large variety of photoresponsive systems has been engineered in the past few years to
achieve on-demand drug release in response to illumination of a specific wavelength in

the ultraviolet, visible or near-infrared (NIR) regions.[157]
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TiO, have superior photocatalytic properties and biocompatibility; therefore, they are
considered suitable nanocarriers for light-triggered protein delivery.[185, 186] Song et al.
prepared TiO, nanotubes capped with hydrophobic octadecylphosphonic acid (OPDA)
for protein delivery.[187]

Horseradish peroxidase (HRP) was demonstrated to be released by UV induced chain
scission of attached organic monolayers according to the intensity of the UV light.
However, most proteins were not endurable to UV irradiation.[188] Residues such as
tryptophan, tyrosine, phenylalanine, and cysteine/cysteine will undergo photoinduced
oxidation, and thus are the primary targets of photodegradation in proteins.[189] Thus,
Visible light is more desired for protein delivery purpose. Luo and co-workers developed
a visible light responsive protein delivery system based on coordination of 3, 4-
dihydroxyl benzoic acid (DB) to TiO; nanoparticles and further grafted with hemoglobin
(Hb).[190] Hb could be released with retained activity upon illumination by visible
light via cleavage of the coordination bonds between DB and TiO, surfaces.

Instead of directly delivering proteins, Schroeder et al. developed UV controlling protein
synthesis machinery based on lipid vesicle filled with amino acids, ribosomes, and
plasmid caged with a UV labile cage. Active luciferase production triggered by UV were
demonstrated in vivo by mice bioluminescence imaging, which opens new door for
sustained delivery of proteins in vivo.

Near-infrared light (NIR) is gaining more and more attention due to its deeper tissue
penetration, lower scattering properties and minimal harm to tissues compared with UV-
Vis light making NIR-responsive systems extremely promising for clinical

applications.[157] Tang et al. synthesized silica-coated gold nanorods and applied them
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onto the skin surface for photothermal response to facilitate transdermal protein
delivery.[191] Both a continuous-wave laser (CW-laser) and a pulsed laser enhanced the
chicken ovalbumin delivery across the stratum corneum, providing an alternative
approach for transdermal protein delivery and vaccination.

Although promising from a conceptual point of view, the safety and/or biodegradability
of the typical materials used in light-responsive nanoparticles for drug-delivery
applications (Au—Ag, gold nanorods, TiO,, azobenzene and o-nitro benzyl derivatives) is
still questionable. Finding biocompatible photosensitive materials will therefore be a
critical part in the potential clinical translation of these systems.[157]

1.4.6 Magnetic responsive systems

Magnetically guided delivery has great potential since the response can be precisely
triggered at target site and significantly lower off-target interactions.[155] Thermal
response can also be created when an alternating magnetic field is applied. Furthermore,
magnetic nanoparticles can be used for MRI imaging. Thus, associate diagnostics and
therapy can be incorporated within a single system (the so-called theranostic
approach).[192] Therefore, magnetically responsive systems allow for diversity in the
drug-delivery applications.

Magnetic nanoparticles are capable of targeting specific sites to kill tumors under the
guidance of a magnetic field. Thus, designing nanovehicles based on magnetic
nanoparticles is a rather appealing approach in designing controlled protein delivery
systems. Huang et al. prepared mesoporous magnetic hollow nanoparticles (MMHs)
using polystyrene (PS) as templates and subsequently removed for BSA loading.[193]

The amino functionalized MMHs (AMMHs) were efficient in protein loading and
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capable of transporting BSA into the cells and releasing the protein cargo into cytosol and
nucleus. Chorny et al. successfully loaded SOD and catalase into calcium oleate-based
MNP by controlled aggregation/precipitation method which exhibited a strong magnetic
response to release their cargo protein in plasma.[194] The combination of magnetic
guidance can be promising for targeted removal of antioxidant in the circulation to
protect endothelial cells from oxidative damage. Teodor et al. obtained L-asparaginase
entrapped biocompatible hydrogel-magnetic nanoparticles by co-precipitation with
hyaluronic acid and chitosan [195], which have potential application for antitumor
therapy by asparagine clearance. Yoshimoto et al. prepared magnetic urokinase by
conjugation of urokinase with magnetite through a PEG linker.[195] The magnetic
urokinase can be selectively delivered to fibrin clot by magnetic force in continuously
circulating plasma and exerts fibrinolytic activity without degrading fibrinogen,
providing a novel view for thrombosis therapy[196]. Cho ef al. developed a magnetic
switch by conjugation of death receptor 4 (DR4) monoclonal antibodies to magnetic
nanoparticles for the control of apoptosis signaling via a specific antigen—antibody
interaction.[197] The magnetic switch turns ‘ON’ when applying a magnetic field to
aggregate magnetic nanoparticle conjugated DR4s, promoting apoptosis in vivo in
zebrafish with 3.5-fold morphological alteration in the tail region after applying a 0.50 T
magnetic field for 24 h.

However, efforts to identify the best magnetic and irradiation technologies are needed for
adequate focusing and deep penetration into the tissues to reach the diseased area with
sufficient strength.[157]

1.4.7 Ultrasound responsive systems
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Ultrasounds represent an effective method for attaining spatiotemporal control of drug
release at the desired site, thus preventing harmful side effects to healthy tissues. The use
of ultrasounds is also appealing because of their non-invasiveness, the absence of
ionizing radiations, and the facile regulation of tissue penetration depth by tuning
frequency, duty cycles and time of exposure.[157]

However, the report on ultrasounds triggered protein delivery is limited. Recently, Jin et
al. reported a novel ultrasound-triggered insulin delivery system based on injectable
polymeric nano-network.[198] Insulin loaded PLGA was encapsulated in either
positively charged chitosan or negatively charged alginate and subsequently formed
nano-network, which shows an ultrasound-triggered pulsatile insulin release profile
mainly attributed to cavitation induced by focused ultrasound system (FUS). The FUS
treatment on diabetic mice could perform for 10 days with similar releasing profile,
indicating the potential for sustained long-term insulin delivery.

1.5 Protein nanocapsules

Recently, Lu group has developed a novel encapsulation method, where a thin polymer
network is formed in situ around a single protein or protein complex, leading to the
formation of protein nanocapsules containing a protein core and a thin polymer shell
(Figure 1.3). Such nanocapsule platform has been used for both systemic and intracellular
delivery of proteins.[54, 199-201] The synthesis of the protein nanocapsule involves two
steps. Proteins were first conjugated with amine-reactive acrylate molecules to attach
polymerizable groups onto the proteins. In-situ polymerization is then initiated in
aqueous solution, yielding a thin polymer shell around each of the protein molecule with

several advantages: 1) the crosslinked polymer shells offer enhanced stability against
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proteolysis and non-physiological environments; while the shells are so thin (nanometer
scale) allowing effectively transport of small-size molecular substrates crossing the
shells. 2) The physicochemical properties of the nanocapsules can be easily controlled by
judicious choice of monomers and crosslinkers with desired charge (neutral, positive and
negative charge), degradability, and hydrophilicity. 3) In most cases, only one single
protein molecule is encapsulated within each nanocapsule, resulting in small particle size
(~ 20 nm) favorable for systemic circulation[202-204]. All of these advantages make

enzyme nanocapsules ideal nanocarriers for protein delivery.
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Figure 1.3 Illustration of the synthetic strategy for protein nanocapsules and their
intracellular delivery.[200]

Nanocapsules with non-degradable shells can be delivered with long-term stability within
the cells. This is particularly useful for proteins with small molecular substrates, since
small molecular substrates can readily diffuse through the polymer shells.[123] For
enzymes with macromolecular substrates, nevertheless, degradable crosslinkers can be

incorporated within the polymer shells. Release of protein cargo commences upon
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degradation of the polymer shells. For example, in response to the local acidic
environment of endosomes, acid-degradable crosslinkers were cleaved off, releasing the
incorporated caspase-3 to the cytosol to trigger cell apoptosis.[200]

Since the modification of the enzymes prior to their encapsulation may decrease the
enzyme activity, a revised encapsulation protocol was also developed.[176, 205] Instead
of conjugating acrylate groups to the enzyme surface, monomers and crosslinkers are
adsorbed and enriched around the enzyme molecules spontaneously through electrostatic
or hydrogen-bonding interactions. Subsequent polymerization yields enzyme
nanocapsules with a similar core-shell structure. With the revised protocol, enzymes can
retain as their intact form with highly preserved activity. This encapsulation approach
becomes a platform technology for the encapsulation of proteins with different sizes,
surface charges, and structures without compromising their biological activity. Wen et al.
successfully encapsulated VEGF into MMP sensitive nanocapsule with fully retained
bioactivity after release.[176] Zhao et al. also encapsulated Caspase 3 [171] and apoptin
[172] using this noncovalent method into redox sensitive nanocapsule with disulfide
crosslinker and exhibit apoptosis effect for cancer cell lines after intracellular delivery.
The enzyme nano-encapsulating platform provides a highly powerful tool towards the
development of protein therapeutics. Naturally existed biochemical reactions in our body
generally require cascades reactions to work synergistically (e.g. phase I and phase II
detoxification system in our body).[206] In this context, ability to deliver two or more
enzymes with synergic functions is essential for effective protein therapeutics and
antidotes. Exemplified with alcohol detoxification, during the metabolism, alcohol is

converted to acetaldehyde and acetic acid sequentially by alcohol dehydrogenase and
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acetaldehyde dehydrogenase, respectively. Administrating alcohol dehydrogenase or
alcohol oxidase alone reduces the blood alcohol concentration, however, generates toxic
intermediates acetaldehyde and hydrogen peroxide, respectively. To address this
problem, Liu et al. further developed a multiple-enzyme nanocapsule system which
mimics the physiological alcohol detoxification process, where alcohol oxidase and
catalase are co-delivered to eliminate the toxic intermediate hydrogen peroxide.[54] The
antidotal effect of such multiple-enzyme nanocapsules was firstly verified with alcohol
detoxification in mice by administrating the nanocapsules of alcohol oxidase (AOx) and
catalase (Cat).[54] It was found that the nanocapsules of AOx-Cat complex could reduce
the blood alcohol level much faster than the equivalent mixture of native AOx and Cat, or
nanocapsules of AOx and Cat. Moreover, significantly lower liver damage was observed
in mice administrated with the nanocapsules of AOx-Cat complex in comparison with
those administrated with the equivalent enzyme mixtures. This observation confirms the
effectiveness of using multiple-enzyme structure to remove toxic intermediates. This
development provides a practical way to design and construct safer and more effective
protein therapeutics and antidotes.

1.6 Summary

In summary, although many efforts have been put to improve the protein performance,
there are still many challenges for proteins in industry and therapeutic applications.
Enzyme immobilization is widely used for food process, pharmaceutical manufacture and
environmental protection. However, the current methods used for enzyme immobilization
often decimate the dedicated protein structure leading to low bioactive of the enzyme

composite. More efforts need to be focused on more enzyme friendly immobilization
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methods, which provide optimal enzyme microenvironment that could enhance protein
activity and reduce the substrate transport resistance.

Protein therapy has been a fast developing field due to their high active and specificity
compared with small molecule drugs. More than 130 different proteins or peptides have
been approved by FDA and more are under development, thanks to the advances in
recombinant DNA and protein technology. Despite its fast growth in the recent years, the
use of therapeutic proteins is still limited due to vulnerable nature of proteins, fast

clearance in the blood circulation and lack of target delivery.

Various protein delivery carriers have been developed during decades. These carriers
have certain merits to solve some of the problems for protein delivery. PEGylation is
most widely used and most successful method, which increases protein half-life and
reduces protein immunogenicity. Cationic block copolymers and liposomes can protect
the proteins and increase cell internalization of proteins. Responsive delivery carriers
utilizing either physiological or external stimuli can control the delivery of proteins in
spatiotemporal- and dosage-controlled manners, resulting in more precise and on demand
delivery of proteins. The recently developed protein nanocapsule method can integrate
the above advantages of protein delivery carriers into a single protein nanocapsule by
carefully choosing monomers, crosslinkers, reaction ratios and polymerization methods.

All these methods have pros and cons and new approach need to be further developed
according to purpose of protein delivery. An ideal protein delivery system should have
high stability in serum, low immunogenicity, on demand release and in many cases high
cell penetration ability. Integration of knowledge from chemistry, biology, medical

science and other fields can provide new design tools for the successful protein delivery.
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Chapter 2 Protein nanocapsules for organophosphorus detoxification

2.1 Introduction

Organophosphates (OPs), a class of highly toxic synthetic compounds, are commonly
used as pesticides, insecticides, and chemical warfare agents[207] (e.g., sarin and soman).
Such compounds irreversibly inhibit acetylcholinesterase, a serine hydrolase that
hydrolyzes the neurotransmitter acetylcholine, causing neuromuscular paralysis
throughout the entire body and death by asphyxiation.[208] Developing approaches that
lead to effective detection, decontamination, protection, and detoxification of OP is
highly essential and challenging. For OP decontamination, both chemical and biological
means have been explored. The former approach generally involves the use of chemical
agents that are often toxic, corrosive or flammable, excluding them from applications for
large-area decontamination, on sensitive equipment or on personnel.[209] The latter
approach, on the other hand, relies on organophosphorus hydrolase (OPH), an enzyme
that hydrolyzes OPs with exquisite specificity and efficiency.[210, 211] However, the use
of OPH has been hampered by the fragile nature of the enzyme — similar to other
enzymes, OPH often loses its activity rapidly in non-physiological environments, as well
as in the presence of proteases commonly existing in biological systems. Developing an
effective approach to stabilize OPH is therefore crucial towards better decontaminants,
antidotes, and protection applications.

Recently, our group developed protein nanocapsules for delivery various proteins both
intracellularly and systemically. Each protein molecule was surrounded by a thin polymer

shell under mild conditions, with uniformed size, controlled surface properties, which is
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highly stable and active. Based on this, we can apply the nanocapsule systems to obstacle
the limits of using OPH as decontaminants and antidotes.

2.2 Experimental

2.2.1 Material

All chemicals were purchased from Sigma-Aldrich unless otherwise noted, and were used
as received. N-(3-Aminopropyl) methacrylamide was purchased from Polymer Science,
Inc. Male Balb/C mice were purchased from Chinese Academy of Sciences (SLAC
Laboratory Animal Co. Ltd., Shanghai, China).

2.2.2 Instruments

UV-Visible adsorption was acquired with a Beckman Coulter DU®730 UV/Vis
Spectrophotometer. TEM images were obtained on a Philips EM-120 TEM instrument.
Particle size and zeta potential were measured with Malvern Nano-ZS. Agarose gel
electrophoresis was obtained with an Edvotek M6Plus Electrophoresis Apparatus.
Fluorescence intensities were measured with a Fujifilm BAS-5000 plate reader. Fourier
Transformed Infrared Spectroscopy (FT-IR) was acquired with JASCO FT/IR-420
spectrometer.

2.2.3 OPH expression and purification

OPH from pseudomonas diminuta was expressed by E. coli strain BL21 (DE3) carrying
pET28-derived expression vector. Bacterial cells were grown in LB medium until OD600
reached 0.8. Then, 1 mM CoCl, was added at the induction step together with ImM IPTG
(Isopropyl B-D-1-thiogalactopyranoside). The cells were then shaken under 16 °C for 16
hours. Subsequent enzyme extraction and purification were performed in 50 mM HEPES

buffer (pH 8.5) at 4 °C, according to the method described by Omburo [212].

33



2.2.4 Preparation of nOPH

OPH was modified by reacting its surface lysine groups with N-acryloxysuccinimide
(NAS) in 50 mM HEPES buffer (pH=8.5), with an OPH/NAS molar ratio of 1:5. This
acryloylation was taken place under a reaction temperature of 4 °C for 2 hours.
Subsequently, in-situ polymerization was carried out at 4 °C for another 2 hours. Briefly,
monomers acrylamide (AAM) and N-3-aminopropyl methacrylamide hydrochloride
(APM), cross-linker N, N’-methylene bis-acrylamide (BIS) and initiators ammonium
persulfate (APS) and N, N, N’, N’-tetramethylethylenediamine (TEMED) were
subsequently added to the acryloylated OPH. The weight ratio of acryloylated OPH:
AAM: APM: BIS: APS: TEMED was 1: 2.5: 1.25: 1: 1: 1. The mixture was stirred at 4
°C for 2 hours. After that, the resulting nanocapsule was dialyzed against 50 mM HEPES
buffer (pH= 8.5), followed by a further purification with Sephadex G-75 to remove the
unreacted monomers, initiators and free enzymes.

2.2.5 Synthesis of nOPH-cellulose nanocomposites

Bacterial cellulose (BC) (5% w/v) was dissolved in the ionic liquid 1-butyl-3-
methylimidazolium chloride at 80 °C. After cooling down to room temperature, the
resulting solution was spread onto a glass slide, immersed into methanol to form a BC
pad. Smaller pads with dimension around 5 mm x 15 mm were cut from the original one.
These pads were washed extensively with DI water before the treatment with 3% KMnO4
at 60 °C for 3 hours to generate carboxylic groups. The resulted carboxylated BC pads
were covalently linked with nOPH through the EDC-NHS reaction. EDC and NHS were
dissolved in 1 ml 2 mg/ml nOPH with a concentration of 50 mM and 5 mM, respectively.

Then, the carboxylated BC pads were incubated in the above solution to allow the
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reaction to carry out for 4 hours at 4 °C before extensive wash with DI water to remove
unreacted nOPH, EDC and NHS.

2.2.6 DLS measurement

DLS experiments were performed with a Zetasizer Nano instrument (Malvern
Instruments Ltd., UK) equipped with a 10-mW helium-neon laser (A = 632.8 nm) and
thermoelectric temperature controller. Measurements were taken at 90° scattering angle.
The samples are in a pH 7.0 10 mM phosphate buffer with a protein concentration of 1
mg/mL.

2.2.7 TEM measurement

TEM images were obtained on a Philips EM-120 transmission electro microscopy. For
negative stained nanocapsules, 10 pL 1 mg/mL nOPH is dropped on a copper grid. After
5 min, the solution is drawn off from the edge of the grid with filter paper. 5 pL of 1%
pH=7.0 phosphotungstic acid (PTA) solution was immediately added on top of the grid.
After another 5 min, the grid is washed 3 times with DI-water and allowed to dry in air.
The grid is then stored for TEM observation. The grid is then stored for TEM observation.
TEM images are acquired with an acceleration voltage of 120 kV and magnification of
67000x to 100000x.

2.2.8 Infrared spectra acquisition

Fourier Transformed Infrared Spectroscopy (FT-IR) for native OPH and nOPH were
acquired with KBr disks on a JASCO FT/IR-420 spectrometer.

2.2.9 Agarose gel electrophoresis

0.7 % (w/v) agarose gel is prepared in pH 7.2 1xTAE buffer. Protein nanocapsule sample

with concentration of 0.2-1 mg/mL is mixed with 20% glycerol with a volume ratio of
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9:1 and loaded in the gel. Electrophoresis is conducted with an Edvoket M12
electrophoresis cell under constant voltage of 110 V for 15 min.

2.2.10 Protein concentration assay

The protein content in the form of nanocapsules was determined by bicinchoninic acid
(BCA) colorimetric protein assay. Briefly, a tartrate buffer (pH 11.25) containing 25 mM
BCA, 3.2 nM CuSOys, and appropriately diluted protein/nanocapsules was incubated at 60
°C for 30min. After the solution was cooled to room temperature, absorbance reading at
562 nm was determined with a UV-Vis spectrometer. OPH solutions with known
concentration were used as standards.

2.2.11 Protein activity and stability assay

Native OPH and OPH nanocapsules were both incubated at the same concentration at
65 °C in 10 mM HEPES buffer (pH 8.5). Samples were taken out at different time
intervals during the incubation and placed immediately on ice. The organophosphate
hydrolysis mediated by native OPH and OPH nanocapsules were determined by
monitoring absorbance change at 405 nm in 50mM HEPES buffer (pH 8.5) with
Paraoxon-ethyl as the substrate.

2.2.12 Probing local pH environment with fluorescein

To 100 pL native OPH or nOPH solutions with the same protein concentration (1 mg/mL
in 10 mM pH 8.5 borate buffer), 100 uL 9 uM 5-Carboxy-fluorescein diacetate N-
succinimidyl ester aqueous solution (prepared fresh) was added. The mixtures were
stirred at room temperature in dark for 4 hours to allow complete reaction. After that, the
solutions were diluted with 100 mM pH 7.0 phosphate buffer to a final concentration of

0.025 mg OPH/mL. The fluorescence intensity of each sample was measured with a plate
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reader (Aex = 485 nm, Ay = 535 nm). Each data point was done in triplicate. And free
fluorescein with the same concentration was used as a control.

2.2.13 Cell proliferation assay

The toxicity of the OPH nanocapsules was assessed by the resazurin assay using native
OPH as control. HeLa cells (2000 cells/well) and 3T3 cells (4000 cells/well) were seeded
on a 96-well plate in 100 uLL. DMEM the day before exposure to OPH nanocapsules.
After incubation with nanocapsules at different concentrations for 2-4 hrs, the cells were
washed with 1x PBS and fresh medium was added to the cells. After another incubation
for 24 hours, resazurin solution (10 pL 0.Img/mL in PBS) was added to each well and
incubated for 3 h. The cell viability was then determined by measuring the fluorescence
of each well (Aex = 535 nm, Aen, = 585 nm) with a plate reader. Untreated cells and fresh
medium were used as the 100% and 0% cell proliferation control, respectively.

2.2.14 In-vivo prophylactic experiments

Male Balb/C mice (5weeks of age) were purchased from Chinese Academy of Sciences
(SLAC Laboratory Animal Co. Ltd., Shanghai, China). Animal study protocols were
approved by the Animal Ethics Committee of School of Medicine, Shanghai Jiao Tong
University. The mice were housed and furnished according to The Guide for the Care
and Use of Laboratory Animals (8" edition, NRC, 2011) in the Animal Center of School
of Medicine, Shanghai Jiao Tong University, one week before use. Native OPH (iv, 50
units), and nOPH (iv, 50 units) were administered 5 minutes prior to the administration of
paraoxon (in 6% cyclodextrin and propylene glycol solvent system [213]). The propylene
glycol solvent system consisted of 40% propylene glycol, 10% ethanol, and 50% water

(v/v). In the control group, mice were injected with equal volume of saline, instead of
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OPH solution, before paraoxon treatment. For each group, 3 mice were used in parallel.
24-h mortality was used to evaluate the efficiency of OPH or nOPH as prophylactics.
Surviving animals were observed for an additional week for late-developing toxicity. In
our experiment, a dose of 0.27 mg/kg paraoxon was applied to each mouse. Mice were
videotaped in the first 2 hours after injection, and another videotape was recorded after
24hours. By the end of the experiments, surviving animals were euthanized in accordance
with the 1986 report of the AVMA Panel of Euthanasia.

2.3 Results and discussion

2.3.1 Synthesis of OPH nanocapsules (nOPH)

As illustrated in Figure 2.1, OPHs were firstly conjugated with polymerizable acryl
groups by reacting their lysine groups with N-acryloxysuccinimide (NAS) (Step I);
subsequent polymerization at room temperature grew a thin layer of polymer network
around the conjugated OPH, leading to the formation of OPH nanocapsules (denoted as
nOPHs), each of which contains an OPH core inside and a thin permeable shell outside
(Step II). The polymer shells can effectively stabilize the interior OPHs while enable
rapid substrate transportation, affording a novel class of biocatalytic nanocapsules with
outstanding activity and stability for various applications. The broad applications of such
nanocapsules are exemplified herein by the development of antidotes for OP poisoning,
decontamination agents for OP spreading, and OPH building blocks for the fabrication of

bioactive nanocomposites for effective OP protection.
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Figure 2.1 Construction of OPH nanocapsules. OPH was constructed by attaching
polymerizable groups onto the enzyme surface (Step I) followed by an in situ
polymerization (Step II) that forms a layer of polymer shell around the enzyme
molecule.

2.3.2 Characterization of OPH nanocapsules

The formation of nOPH was confirmed with various characterization techniques. Figure
2.2a and 2.2b show the size distribution and zeta potential of native OPH and nOPH
obtained by DLS. These nanocapsules were synthesized using acrylamide (AAM) and N-
(3-aminopropyl) methacrylamide hydrochloride (APM) as co-monomers. The native
OPH exhibits negative charge (~ -5 mV) with a size distribution centered at 5 nm, which
is consistent with its molecular dimension (6.1 nm x 8.6 nm x 5.1 nm [214]). Figure 2.2¢c
shows a representative transmission electron microscopic (TEM) image of nOPH,
exhibiting spherical morphology confirms the nanocapsules diameter ~ 20 nm. For
comparison, nOPH shows positive charge (~ 3 mV) and a size distribution centered at 18
nm, suggesting the successful formation of the polymer on the enzyme molecules.
Successful encapsulation was also validated by agarose gel electrophoresis (Figure 2.2d),
where the positive-charged nOPH migrates to cathode and the native OPH migrates to
anode. Although cationic nOPH was chosen as a model system in this study, precise

control over the charge of protein nanocapsules can be achieved by choosing appropriate
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monomer composition.[200] FTIR spectra of nOPH show characteristic absorption at
1670 cm™ and 1460 cm™ confirming the formation of polymeric shells composed of
polyacrylamide (Figure 2.3).[215] Combining the DLS, FTIR and TEM results, it is
reasonable to conclude that the proposed polymer shells are indeed constructed around

the enzyme molecules forming the nanocapsules.
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Figure 2.2 a) Particle size distributions and b) Zeta potentials of native OPH and
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Figure 2.3 FTIR spectra of native OPH and OPH nanocapsule.

2.3.3 Activity and stability enhancement

Generally, enzyme immobilization leads to significantly increased Michaelis constant
(Km) and decreased turnover number (Kc,).[199, 216] Nevertheless, the native OPH
exhibits a similar K, (0.061 mM) as that of nOPH (0.071 mM), suggesting that thin
polymer shells around the OPH cores do not cause any significant resistance for substrate
transport. Moreover, nOPH also exhibits a higher ke, than that of the native OPH (1322 s
" vs. 594 s, indicating enhanced catalytic activity. Figure 2.4 compares the activities of
native OPH and nOPH at different pHs. While native OPH experiences a steep fall after
the pH decreased below its optimum pH (~ 8.5), nOPH retains a comparatively stable
activity from pH 7.8 to 9.7. This observation can be attributed to the high pKa of amine
groups on the surface from poly[N-(3-aminopropyl) methacrylamide] (pKa ~10), which
created an local high pH environment. To verify this hypothesis, we probe the local pH
environment with fluorescein, a pH sensitive fluorescence dye with higher fluorescence
emission at higher pH. Compared with free fluorescein in solution (Figure 2.5), FITC

bound to nOPH emits stronger fluorescence. Nevertheless, FITC conjugated to native
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OPH does not exhibit significant fluorescence enhancement. Therefore, we can conclude
that, by engineering the polymer composition of nOPH, we could readily manipulate the

microenvironment around the encapsulated OPH, and thus adjust the enzymatic activity.
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Figure 2.4 Relative enzyme activity of native OPH and nOPH under various pHs,
activities were normalized using their activities at pH 10.5 as 100% standards.
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Figure 2.5 Fluorescence intensity of free fluorescein, OPH-FITC, and nOPH-FITC
containing the same amount of fluorescein (n =3, ** p <0.01)

Besides the enhanced activity, nOPH also presents significantly improved stability
against various denaturation factors, including elevated temperature and organic solvents.
Figure 2.6a compares the relative stabilities of nOPH and native OPH at 65 °C. Distinct

from the fast denaturation of the native OPH, which retains only 6% of the activity,
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nOPH retains a 26% of initial activity. The enhanced thermal stability of nOPH is
believed to be the result of multiple covalent attachments of the enzyme core to the
polymer shell, which effectively hinder the OPH conformation change upon heating.

The enhanced enzyme stability in the existence of the organic solvents was demonstrated
by exposing native OPH or nOPH to organic solvent-water mix solvents with different
volume fractions of dimethylsulfoxide (DMSO). As shown in Figure 2.6b, after
incubating with a series of DMSO/buffer solutions, the nOPH retains more than 30% of
its initial activity even in the presence of 50% DMSO. In contrast, native OPH only retain
10% of their initial activity. This improved performance of nOPH can be attributed to the
hydrophilic environment kept by its hydrophilic shell, which otherwise would be depleted

by polar organic solvent.
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Figure 2.6 a) Relative activities of native OPH and nOPH incubated at 65 °C. b)
Relative activities of native OPH and nOPH exposed to S0mM HEPES buffer
(pH=8.5) solution containing different diffractions of DMSO.

2.3.4 Decontamination capability
The use of nOPH as an effective OP decontamination agent was demonstrated using
paraoxon-containing agarose gels as model OP-contaminated media (e.g. soil). Briefly,

agarose solution (0.25 wt %) was mixed with different amounts of paraoxon to form
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contaminated gels in 24-well plates. Native OPH or nOPH were then applied onto the gel
surface; hydrolysis kinetics of paraoxon was evaluated by their K,, and k., parameters. It
was found that the native OPH and nOPH exhibit a K, of 1.06 mM and 2.43 mM and k.4
of 688 s and 1389.3 s™, respectively. The doubled ke observed in nOPH clearly
suggests the great potential of using nOPH as an effective decontamination agent. When
comparing K., and k¢, of native OPH and nOPH in solution, the higher K, observed in
the gel media can be attributed to the increased substrate-diffusion resistance. The
observed increase in kg for native OPH and nOPH might be due to the uneven
distribution of enzyme in the solution/gel system. Nevertheless, in the gel system, kea/Kp,
still retains at a high level (5.71x10° mol-L-s™), sufficient for decontamination purposes.
Combined with the enhanced stability, such highly active nOPH can be a great interest
for OP decontamination to various military and civilian applications.

2.3.5 Biocompatibility and in vivo detoxification

The capability to fabricate nOPH with significantly enhanced activity and stability
provides a novel platform for OP detoxification, decontamination and further fabrication
of active OPH nanocomposites. To explore the detoxification capability, nOPH
cytotoxicity was first examined. Figure 2.6a and2.6b compares the viability of HeLa cells
and NIH 3T3 cells after exposure to native OPH and nOPH under different
concentrations. Clearly, both native OPH and nOPH exhibit similar cytotoxicity; even at
a high concentration of 800 nM, cell viability still maintains around 90%. These in-vitro

studies clearly suggest that nOPH exhibits low cytotoxicity.
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Figure 2.7 Cell viability of a) HeLa cells and b) 3T3 cells after exposure to different
concentrations of native OPH and nOPH and incubation for 3h showing low
cytotoxicity of nOPH.

A preliminary in-vivo study was conducted to examine the potential of using nOPH as
prophylactics against acute OP poisoning. The native OPH or nOPH was tail-injected
into mice as prophylactics; and paraoxon was then injected 5 min after the administration
of native OPH and nOPH. It was found that the mice without the injection of native OPH
or nOPH died within 5 min after the paraoxon injection. The mice injected with nOPH
survived from OP poisoning without any gross toxic symptoms through the first 24 hour
observation; two out of three mice injected with native OPH survived, but with gross
toxic effects in the first 2 hours after paraoxon administration. This preliminary study
clearly demonstrates that nOPH exhibits better prophylactic effect against acute OP
poisoning, which is consistent with their better stability and activity discussed above.
This study clearly demonstrates the great potentials of using highly robust and active
nOPH as therapeutic and prophylactic agents against OP intoxication.

2.3.6 Fabrication of nOPH based protection device

Besides the use as detoxification and decontamination agents, the highly stable and active

nOPHs also possess nanoscale size (tunable at tens of nanometers) and controllable

45



surface with functional chemical structure, which enables them to be ideal building
blocks for the fabrication of active OPH composites for protective purpose. To
demonstrate this concept, active OPH-cellulose composites were constructed by
covalently attaching nOPHs to bacterial cellulose (a model cellulose fiber). As illustrated
in Figure 2.8a, the cellulose pad was first treated using KMnOy to generate surface
carboxylic (-COOH) groups; nOPHs were then conjugated to the cellulose through the
reactions between the -COOH groups and the amine groups on the nOPHs. Figure 2.8b
presents a photograph of nOPH-cellulose composite gel prepared from fluorescein-
isothiocyanate (FITC)-labeled nOPH. After extensively washing and dialysis, the FITC-
labeled composite still exhibits intensive fluorescence, confirming the strong linkage
nOPHs onto the cellulose matrix. On contrast, the fluorescence of the composite prepared
by physical entrapment of FITC-labeled nOPH within the cellulose networks rapidly
disappears after subsequent washing and dialysis process, indicating the importance of
covalent linkage. After conjugated to cellulose, nOPHs possess high stability during
catalyst recycling and storage. As shown in Figure 2.8c, the nOPH composites retain high
activity (> 90% original activity) even after seven recycles. Additionally, during the 10-
day storage at room temperature, the nOPH-cellulose composites retained more than 90%
of its original activity (Figure 2.8d). Since cotton, consisting mostly of cellulose, is
commonly used in fabricating protection devices (e.g. mask, cloth, glove), this work

reveals a bright future of using nOPHs for OP protection.
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Figure 2.8 Synthesis of Active OPH-Cellulose Nanocomposites. a) Schematic
illustration of the immobilization of nOPH on carboxylated bacterial cellulose. b)
Bright field and fluorescent image comparison of A) physical absorption and B)
covalent linkage of FITC-labeled nOPH onto the bacterial cellulose after extensively
wash and dialysis process. c¢) Relative activity of the OPH-cellulose composite
during seven catalyst recycles. d) Relative activity of the enzyme nanocomposites
stored at room temperature for 10 days.

2.4 Summary

In conclusion, we have demonstrated a novel approach to prepare robust and highly
active OPH nanocapsules. The intrinsic OPH activity may be enhanced by manipulating
the local chemical environment while the stability of nanocapsules is significantly
improved compared with native OPH. The OPH nanocapsules can be applied for
environmental decontamination and further be made into cellulose composite for
personnel protection purpose. The nanocapsule are also highly biocompatible and can be
used as prophylactics or antidotes for OP intoxication. This novel class of OPH

nanocapsules shows great promise for broad military and civilian application.
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Chapter 3 Robust enzyme-silica composite made from enzyme

nanocapsules

3.1 Introduction

The synthesis of materials with bioactive functions has been of great interest for a broad
range of applications. To date, various biomolecules (e.g., proteins and DNAs) have been
integrated with synthetic materials (e.g., small molecules, clusters, quantum dots,
polymers and inorganic frameworks), creating a new class of bioactive composites.[217-
222] Compared with other biomolecules, enzyme plays the most dynamic and diverse
roles in living organisms; the synthesis of enzyme-based composites is therefore of
particular interest. However, the synthesis of enzyme-based composites has been limited
by poor stability of enzymes in non-physiological environment, which results in
significant loss of the protein activity. Although immobilization yields a great extent of
stability improvement, significant decrease of k., and sharp increase of K, were usually
observed[223-225] due to damaged microenvironment and substrate diffusion resistance,
resulting comprised overall activity. To endow the enzyme with both improved stability
and high activity, it’s crucial to create highly stable and permeable layer around the
enzymes that could optimizing the microenvironment of enzymes. We have recently
developed a nano-encapsulation platform, which enables the synthesis of enzyme
nanocapsules with highly retained activity, improved stability, tunable surface chemistry
and uniform size (tens nanometers in diameter).[200] Using such nanocapsules as the
building blocks, we report herein the synthesis of enzyme-silica nanocomposites with

highly retained activity. Furthermore, by tuning the microenvironment around the
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enzyme molecules, such highly robust composites may exhibit enzyme activity higher
than the native enzyme counterparts.

3.2 Experimental

3.2.1 Materials

N-acryloxysuccinimide, acrylamide (AAM), N,N'-methylenebisacrylamide (BIS),
ammonium persulfate (APS), tetramethylethylenediamine (TEMED), HEPES, sodium
acetate, acetic acid, sodium phosphate monobasic monohydrate, sodium phosphate
dibasic, Pluronic®P123, tetramethyl orthosilicate (TMOS), 1,4-bis(triethoxysilyl)benzene
(BES), (3-aminopropyl) trimethoxysilane (AMS), paraoxon, 4-nitrophenyl laurate,
glucose, 3,3°,5,5’-tetramethylbenzidine (TMB), bicinchoninic acid (BCA), tartaric acid,
CuSO4, dimethyl sulfoxide (DMSO), sodium dodecyl sulfate (SDS), lipase
from thermomyces lanuginosus, horseradish peroxidase (HRP) and glucose oxidase
(GOX) from Aspergillus niger were purchased from Sigma-Aldrich and were used as
received. N-(3-aminopropyl) methacrylamide was purchased from Polymer Science, Inc.

3.2.2 Instruments

Fourier Transformed Infrared Spectroscopy (FT-IR) was acquired with JASCO FT/IR-
420 spectrometer. TEM images were obtained on a Philips EM-120 TEM instrument.
Particle size and zeta potential were measured with Zetasizer Nano-ZS (Malvern
Instruments Ltd., UK). UV-Visible adsorption was acquired with a Beckman Coulter
DU®730 UV/Vis Spectrophotometer. Fluorescence intensities were measured with a
Tecan GENios Multifunction microplate reader. ASAP 2020 pore analyzer was used for
Brunauer-Emmett-Teller (BET) test.

3.2.3 Protein expression and purification
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OPH from Pseudomonas diminuta was expressed by E. coli strain BL21 carrying pET28-
derived expression vector. Bacterial cells were grown in a LB and CoCl, were added at
the induction step to a final concentration of 1 mM. Subsequent enzyme extraction were
purified by gel filtration with Sepharose” 6B (Sigma Aldrich) and ion exchange with
DEAE-Sephadex® (Sigma Aldrich) at 4 °C in 50 mM HEPES buffer (pH 8.5) according
to the method described by Omburo [212].

EGFP was expressed by E. coli strain BL21 carrying pET28-derived expression vector
with His-tag on C-terminal. Bacterial cells were grown in a LB and EGFP extraction
were purified by Hispur'™ Ni-NTA column (Thermo Scientific) and further desalted on a
(25 desalting column (GE Healthcare).

3.2.4 Preparation of nanocapsules

OPH was modified by N-acryloxysuccinimide at a molar ratio of 1 : 5 in 50 mM HEPES
buffer at pH 8.5. The acryloylation reaction took place at 4 °C for 2 hours. Acryloylated
OPH was further reacted for 4 hours at 4 °C with monomers acrylamide (AAM) and N-
(3-aminopropyl) = methacrylamide  hydrochloride = (APM), crosslinker =~ N,N'-
methylenebisacrylamide (BIS), initiated by ammonium persulfate (APS) and
tetramethylethylenediamine (TEMED). The molar ratio of acryloylated OPH : AAM :
APM : BIS was 1 : 2500 : 500 : 200. The resulted nanocapsules were dialyzed against 50
mM HEPES buffer at pH 8.5 and further purified with Sephadex G-75 to remove the
unreacted monomers, initiators and enzymes. Lipase, EGFP and GOX nanocapsules were
synthesized in similar method. Briefly, lipase, EGFP and GOX were dialyzed against
10mM phosphate buffer at pH 7.0 and acryloylated by N-acryloxysuccinimide at molar

ratio of 1 : 5. Subsequently, AAM, APM and BIS were introduced and initiated by APS
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and TEMED at the same molar ratio as preparation of nOPH. The resulted nLipase,
nEGFP and nGOX were purified by dialysis and Sephadex G-75.

3.2.5 Synthesis of enzyme-silica composites

P123 with amount of 0.2g was dissolved in 10 ml of phosphate buffer (pH = 4.7) at room
temperature until the solution became transparent, and then nanocapsules were added.
After stirring for 0.5 h, 0.278 mL tetramethyl orthosilicate (TMOS) was added and stirred
for 24 h. The resulted precipitates were centrifuged and washed with 50mM pH 8.5
HEPES buffer. The products were then extracted in ethanol/buffer solution for 24 h to
remove the P123. The synthesis of the nanocomposites from other silica precursors, 1,4-
bis(triethoxysilyl)benzene (BES) and (3-aminopropyl) trimethoxysilane (AMS), was
conducted in the same approach by replacing 20% molar ratio of TMOS to BES or AMS.
nlLipase-silica, nEGFP-silica and nGOX-silica nanocomposites were prepared by same
method with the same amount of P123 and precursors. The resulted precipitates were
centrifuged, washed with 10mM pH 7.0 phosphate buffer. The products were then
extracted in ethanol/buffer solution for 24 h to remove the P123.

3.2.6 DLS measurement

DLS experiments were performed with a Zetasizer Nano-ZS (Malvern Instruments Ltd.,
UK) equipped with a 10-mW helium-neon laser (A = 632.8 nm) and thermoelectric
temperature controller. Measurements were taken at 173° scattering angle. The samples
are in a pH 8.5 50 mM HEPES buffer with a protein concentration of 0.5 mg/mL at 25 °C.
3.2.7 TEM measurement

TEM images were obtained on a Philips EM-120 transmission electro microscopy. For

nanocapsules imaging, 10 pL 0.5 mg/mL nOPH is dropped on a copper grid. After 2 min,
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the solution is drawn off from the edge of the grid with filter paper. 5 uL of 1% pH=7.0
phosphotungstic acid (PTA) solution was immediately added on top of the grid. After
another 5 min, the grid is washed 3 times with DI-water and allowed to dry in air. The
grid is then stored for TEM observation. For enzyme-silica composite imaging, nOPH-
silica suspension was dried on a copper grid and directly used for TEM observation
without further staining. TEM images are acquired with an acceleration voltage of 120
kV.

3.2.8 N, adsorption—desorption and BET test

N, adsorption—desorption isotherms were obtained on an ASAP 2020 pore analyzer at 77
K under continuous adsorption condition. Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods were used to determine the surface area, pore size
distribution.

3.2.9 BCA protein content quantification

All the protein content in solution was determined by bicinchoninic acid (BCA)
colorimetric protein assay. Briefly, a tartrate buffer (pH 11.25) containing 25 mM BCA,
3.2 nM CuSOy, and appropriately diluted protein/nanocapsules was incubated at 60 °C
for 30min. After the solution was cooled to room temperature, absorbance reading at 562
nm was determined with a UV-Vis spectrometer. OPH, lipase, EGFP and GOX solutions
with known concentration were used as standards. For the protein content in the enzyme-
silica nanocomposites, the difference between the total amount of protein/nanocapsules
added and the amount of protein/nanocapsules remained in the supernatant after
precipitation was used as the protein content in the composites.

3.2.10 Enzyme activity assay
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OPH: 10 pL of paraoxon (75 mM) solution in DMSO was added to 1.0 mL of HEPES
buffer solutions (50 mM, pH 8.5) containing the native enzyme, nanocapsule and
enzyme-silica composites with same amount of OPH respectively. The mixture was
placed in a quartz cuvette and the absorbance change was monitored at 405 nm under
room temperature. One unit is defined as hydrolysis reaction to release 1.0 pumol 4-
nitrophenol per minute.

Lipase: 100 puL of 4-nitrophenyl laurate (10 mM) solution in DMSO was added to 1.0 ml
of phosphate buffer solutions containing the native lipase, the nanocapsule and enzyme-
silica composites with the same amount of lipase respectively. The mixture was placed in
a quartz cuvette and the absorbance change was monitored at 405 nm under room
temperature. One unit is defined as hydrolysis reaction to release 1.0 pmol 4-nitrophenol
per minute.

EGFP: All fluorescence spectra were recorded on Tecan GENios Multifunction
microplate reader at room temperature. 488 nm and 535nm were chosen as the excitation
and emission wavelength respectively.

GOX: Glucose, TMB and HRP were dissolved in sodium acetate buffer (50mM, pH 5.1)
at a final concentration of 1.72%, 0.5 mM and 0.01mg/ml respectively. The native
enzyme, the nanocapsules and enzyme-silica composites with the same amount of GOX
were added to the assay solution respectively. The mixture was placed in a quartz cuvette
and the absorbance change was monitored at 655 nm under room temperature. One unit is
defined as oxidation of 1.0 umol of B-D-glucose to D-gluconolactone and H,O, per
minute.

3.2.11 Stability assay
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Thermal and organic solvent stability assay for OPH: For thermal stability, activities of
native OPH, OPH nanocapsules and nOPH-silica were measured after incubation at
60 °C for 1-4 h. For organic solvent stability, activities of native OPH, nOPH and nOPH-
silica incubated in the solutions with different volume fractions of DMSO were measured.
The activity was expressed in the percentage relative to the initial activities.

Thermal stability activity assay for lipase: Activities of native lipase, lipase nanocapsules
and nLipase-silica at different temperatures were measured in buffer solutions at pH 7.0
from 30 to 90 °C. The activity was expressed in the percentage relative to the maximal
activity value at 40 °C.

Thermal and SDS stability assay for EGFP: For thermal stability, fluorescence of native
EGFP, EGFP nanocapsules and nEGFP-silica were measured after incubation at 75 °C
for 1-4 h. For surfactant stability, activities of native EGFP, nEGFP and nEGFP-silica
incubated in the solutions with 0.5% SDS at 55 °C were measured. The fluorescence
intensity was expressed in the percentage relative to the initial fluorescence intensity.
Recycle stability assay and long-term storage stability assay: For recycle stability,
enzyme-silica composites were centrifuged and precipitated from assay buffer and
suspended for activity assay again in next cycle. For long-term stability, the enzyme-
silica composites were suspended in storage buffer and keep at room temperature for
certain days before activity assay.

3.3 Result and discussion

3.3.1 Synthesis of nanocapsule and enzyme-silica composite

Herein, we use OPH as a model enzyme. Figure 3.1 illustrates our synthesis strategy. The

nanocapsules of OPH, denoted as nOPH, were synthesized by an in-situ free-radical
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polymerization technique.[200] Briefly, OPH was firstly conjugated with polymerizable
acrylate groups (Step I). As-modified OPH was then dispersed in an aqueous solution
containing monomers, crosslinker and initiator. Driven by hydrogen bonding and
electrostatic interactions, the monomers N-(3-aminopropyl) methacrylamide (APM) and
acrylamide (AAM) and the crosslinker N,N'-methylenebisacrylamide (BIS) were
enriched around the OPH molecules[176, 226]. Subsequent polymerization led to the
formation of nOPH that contains an OPH core and a thin polymer shell; such shell
structure stabilizes the OPH while allow effective substrate transport (Step II). The
nanocapsules were then co-assembled with P123 and silicate clusters made through
hydrolysis and condensation reactions of tetramethyl orthosilicate, where P123 is an
amphiphilic block copolymer EO»0PO7EO, (EO and PO represent ethylene oxide and
propylene oxide, respectively). This self-assembling process leads to the formation of
silicate/P123/nOPH composites; subsequent removal of the P123 affords the formation of
mesoporous nOPH composites (Step III). The mesoporous silica further stabilizes the
enzymes while allows effective transport of the substrates throughout the composites
(Figure 3.1 1V), affording such composites with enhanced enzyme stability and high

activity.
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Figure 3.1 Schematic illustration of forming mesoporous OPH-silica composite from
enzyme nanocapsules.

3.3.2 Characterization of nanocapsule and enzyme-silica composite

Figure 3.2a presents the transmission electron microscopic (TEM) image of nOPH, which
shows a spherical structure with diameter ranging from 15 to 25 nm and is consistent
with the dynamic light scattering (DLS) study (Figure 3.3a). Since APM is an amine-
containing monomer, nOPH shows a positive zeta potential of 3 mV, which is
significantly different from that of the native OPH (-6 mV) (Figure 3.3b). This
observation confirms the formation of nOPH with cationic polymer shells. The polymer
shells were further examined by Fourier transform infrared spectroscopy (FTIR) study,

which exhibits the characteristic absorptions of poly(acrylamide) at 1670, and 1460 cm™
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[227] (Figure 3.2c). Figure 3.2b presents a TEM image of a nOPH-silica composite,
showing a mesoporous structure templated by P123. FTIR spectrum of the composite
consistently shows the characteristic absorption of amide and Si-O bonds at 1670 cm™
and 1051 cm’', respectively, confirming the incorporation of nOPH within the silica
composite (Figure 3.2¢) [215]. Figure 3.2d shows the nitrogen sorption isotherms and the
pore size distribution of the composite, indicating a mesoporous structure with pore
diameter centered at 7.5 nm, which is similar to those of P123-templated mesoporous

silica [228].
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Figure 3.2 a) TEM of OPH nanocapsules nOPH, b) TEM of nOPH-silica composites,
¢) FTIR of mesoporous silica with and without incorporating nOPH, d) N, sorption
isotherms and pore size distribution (inset) of the nOPH-silica composite.
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Figure 3.3 a) DLS for native OPH and OPH nanocapsule. b) Zeta potential for
native OPH and OPH nanocapsule.

3.3.3 Activity enhancement and enzyme microenvironment manipulation

Currently, enzyme-silica composites are synthesized either by a sol-gel process in which
the enzymes were mixed with silicate clusters and trapped within the silicate networks
[229], or by adsorbing or covalently attaching enzymes to preformed silica scaffolds.[230,
231] Such processes often result in significant lose of the enzyme activity.[230, 232, 233]
Consistently, sol-gel process by direct mixing of native OPH with silicate clusters results
in composites (denote as OPH-silica) with significantly reduced enzyme activity. As
shown in Figure 3.4, native OPH exhibits an activity of 371 Units/mg, while the OPH-
silica composite shows a dramatically reduced activity of 8 Units/mg. The significant loss
of the activity is associated with the non-physiological conditions during the synthesis of
the composites, such as ethanol or methanol produced during the sol-gel process. This
could be overcome by using enzyme nanocapsules as building blocks that offer
significantly enhanced stability. As expected, the composite made from nOPH (denoted
as nOPH-silica) exhibits a much higher activity of 686 Units/mg, similar to that of the

nOPH (706 Units/mg). This indicates that the activity of nOPH is fully retained during
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the composite synthesis, in comparison with the native OPH that lost near 98% of the

activity.
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Figure 3.4 Enzymatic activity of native OPH, nanocapsule nOPH, and the
composites made from native OPH and precursor I/ (OPH-silica), nOPH and
precursor I (nOPH-silica), nOPH and precursor I and 2 (nOPH-silica®), or nOPH
and precursor I, 2, and 3 (nOPH-silica™).

Beyond the capability of retaining high enzyme activity within the composites using
enzyme nanocapsules as the building component, the enzyme activity could be further
improved by constructing suitable microenvironment with both polymer and silica shell.
OPH effectively decomposes hydrophobic organophosphates with the optimum pH of 9.0
[234, 235]. Constructing a hydrophobic microenvironment helps to enrich the
hydrophobic substrates around the enzyme leading to improved enzymatic kinetics.
Furthermore, constructing a local alkaline environment, such as by introducing amine

groups near the OPH molecules, facilitates the enzymatic decomposition. As expected,

59



introducing amines groups within the nOPH shells by using the amine-containing APM
molecules as the co-monomer (see Figure 3.1) affords the nOPH with high activity of 706
Units/mg (Figure 3.4 nOPH vs native OPH), which outperforms that of the native OPH
(371 Units/mg) and is consistent with our previous finding [201].

To further construct hydrophobic and alkaline microenvironments within the composites,
three different silanes were used, including tetramethyl orthosilicate (7), 1,4
bis(triethoxysilyl)benzene (2), and 3-aminopropyl trimethoxysilane (3). Precursor 2
contains non-hydrolyzable and hydrophobic benzene moiety; while precursor 3 contains
non-hydrolyzable and alkaline aminopropyl moiety. Sol-gel process using / and 2 as the
co-precursors affords the formation of silica matrix with hydrophobic microenvironment;
while the use of /, 2, and 3 as the co-precursors affords the formation of silica matrix
with both hydrophobic and alkaline microenvironment. Compared with the nOPH-silica
composite made from / with activity 686 Units/mg, the composite made from precursor /
and 2 (denoted as nOPH-silica") shows an increased activity of 883 Unit/mg owning to
the hydrophobic microenvironment (Figure 3.4). The composite made from /, 2, and 3
(denoted nOPH-silica™") shows further increased activity of 1135 Units/mg (Fig. 4). The
activity of nOPH-silica”" composite is ~2 folds higher than that of nOPH-silica
composite, 141 folds higher than OPH-silica composite, or 3 folds higher than that of the
native OPH. Consistently, nanocomposites made from precursors / and 2 and glucose
oxidase (GOX), a model enzyme that catalyzes the oxidation of hydrophilic substrate
glucose, resulted in lower activity than those made from precursor / only (Figure 3.5b).
This result further confirms the important role of enzyme microenvironment in the

overall activity. Considering that a large library of organosilanes with various non-
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hydrolyzable groups are commercially available, this approach offers feasibility to
construct various microenvironments for various enzyme composites, such as silica

composites made from lipase nanocapsules (Figure 3.5a).
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Figure 3.5 a) Enzymatic activity of lipase, lipase nanocapsule and the composites
made from native lipase and precursor I (Lip-silica), nLipase and precursor /
(nLip-silica), nLipase and precursor I and 2 (nLip-silica’). b) Enzymatic activity of
GOX, GOX nanocapsule and the composites made from nGOX and precursor 1
(nGOX-silica), nGOX and precursor 7 and 2 (nGOX-silica")

3.3.4 Kinetics study of enzyme-silica composite

Table 3.1 further shows the Michaelis-Menten kinetics parameters, Ky, and ke, of the
native OPH, nOPH and the composites. The native OPH exhibits a similar K, (0.061
mM) as that of nOPH (0.071 mM), suggesting that thin polymer shells around the OPH
cores do not cause any significant resistance for substrate transport. Incorporating nOPH
into the silica composites, as expected, increases the transport resistance of the substrates
evidenced from the increased Ky, (0.181 mM). Nevertheless, when hydrophobic moiety
was incorporated (nOPH-silica’ and nOPH-silica™), the K, shows obvious decrease in
both cases (0.111 mM and 0.116 mM). This result further indicates the importance of

hydrophobic microenvironment for hydrophobic substrate transport. Comparing with the
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native OPH with k., of 594 s'l, nOPH exhibits a significantly higher ke, (1322 s’l),
confirming the role of the local alkaline environment in enhancing the catalytic effect.
The value of kg further increases when nOPH is incorporated within the silica
composites, reaching the highest value of 2854 s™' for nOPH-silica”™. The increased Ky
within the silica matrix may due to the concentrating effect, where nOPH are highly
concentrated within the silica matrix and provides a microenvironment with basic pH.

Table 3.1 The enzymatic Kinetic parameters Ky, and k., of the native OPH, nOPH,
and OPH-silica composites.

K (mM) Keat (5™)
Native OPH 0.061+0.009 594422
nOPH 0.071%0.017 1322485
nOPH-silica 0.181+0.032 2324+156
nOPH-silica” 0.11120.017 2456+130
nOPH-silica™ 0.116+0.022 2854+175

3.3.5 Enhanced stability of enzyme-silica composite

Besides the greatly enhanced activity, these composites also exhibit outstanding stability
against denaturation from high temperature, organic solvent, surfactant and enzyme
leaching from the composites. Figure 3.6a compares the relative activity of native OPH,
nOPH and nOPH-silica composite after incubation at 60 °C for 4 hours. Distinct from the
fast denaturation of the native OPH and nOPH, which retains respectively 6% and 26%

of the activity, nOPH-silica composite retains a 73% of initial activity. The significantly
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enhanced activity observed in the nOPH-silica composite can be attributed to the covalent
attachments between the OPH and the polymer shells, as well as the silica matrix that
hinders the denature process.[236] Similar results were also observed in the silica
composites of lipase and enhanced green fluorescent protein (EGFP) (Figure 3.7a and
3.7b), which offers a general enzyme-stabilization approach.

Organic solvents such as DMSO, methanol and ethanol are commonly used as co-solvent
to increase the solubility of hydrophobic substrates.[237-239] Developing enzyme
systems that tolerate organic solvents is therefore importance for industry
applications.[240, 241] Protein engineering is the current strategy to improve solvent-
tolerance of enzymes, which is time-consuming and usually results in reduced activity
[242]. Nevertheless, our approach offers significantly improved organic-solvent tolerance
without compromising activity. As shown in Figure 3.6b, after incubating with a series of
DMSO/buffer solutions, the nOPH-silica composite retains more than 80% of its initial
activity even in the presence of 50% DMSO. In contrast, native OPH and nOPH only
retain 10% and 30% of their initial activity, respectively. Such improvement can be
attributed to the synergic effect from the soft polymer shells and the hard silicate matrix,
which protects the essential water from being stripped off by polar organic solvent [237,

241].
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Figure 3.6 a) Relative enzyme activity of native OPH, nOPH and nOPH-silica
composite after incubation at 60 °C for 4 hour; b) Relative enzyme activity of native
OPH, nOPH and the nOPH-silica composite after incubation with DMSO/buffer
solutions at different volumetric ratios; c¢) Relative fluorescence intensity of native
EGFP, EGFP nanocapsules (nEGFP) and nEGFP-silica composite incubated in
0.5% SDS solution at 55 °C; d) Relative enzyme activity of nOPH-silica composite
during six catalyst recycles.
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Figure 3.7 a) Relative activity of native lipase, nLipase and nLipase-silica at
different temperature. b) Relative activity of native EGFP, nEGFP and nEGFP-
silica at 75 °C.

In the aspect of enzyme stability against surfactant denaturation, Figure 3.6c shows the
relative fluorescence intensity of native EGFP, EGFP nanocapsules (nEGFP), and
nEGFP-silica composite made from nEGFP and silica precursor / (Figure 3.4) after 2 hrs
incubation with 0.5% sodium dodecyl sulphate (SDS) at 55 °C. The native EGFP rapidly
loses its fluorescence and nEGFP retains 27% of its initial fluorescence. For comparison,
the nEGFP-silica composite still retains 85% of its initial fluorescence. The enhanced
tolerance to surfactant is an important feature that could broaden the applications of
enzymes in industrial manufactures where surfactants are commonly used to increase the
solubility of substrates.

In the aspect of enzyme leaching from the composites, our enzyme-silica composite
structure prevents the enzymes from leaching completely, distinct from traditional
immobilization methods [243-245]. Figure 3.6d shows the relative enzyme activity of the
nOPH-silica composites after repeated recycling from their assay buffer containing

paraoxon. The leaching of enzyme was not observed even after 6 times recycling. The
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silica composites made from lipase nanocapsules also show no leaching after repeated
recycling from the assay buffer containing 4-nitrophenyl laurate (Figure 3.8a). Moreover,
long-term storage stability of enzymes immobilized by calcium carbonate [246] and
calcium phosphate [247] has been reported. Consistently, the composites made using this
approach also exhibit good long-terms stability. For example, the nLipase-silica
composites retained more than 90% of the initial activity at room temperature for 10 days
(Figure 3.8b). The excellent durability endows the composites with great potentials for

industrial applications.
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Figure 3.8 a) The recycling durability and b) long-term storage stability of nLipase-
silica composite.

3.4 Summary

In conclusion, we have demonstrated the synthesis of robust enzyme-silica composites
using enzyme nanocapsules and silica precursors with desired functional moieties.
Judicious design of the microenvironment within the silica matrix can further improve the
enzyme activity, leading to the formation of enzyme composites with activity and
stability far excess that of the native counterparts. This approach leads to the formation of

a novel class of enzyme composites with significantly enhanced activity, stability and
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resistance against leaching from the composites. This novel class of enzyme-silica

composite has great promise to broaden the application of various enzymes in industry.

Chapter 4. Self-crosslinking cell-penetrating nanocapsules for redox

responsive intracellular protein delivery

4.1 Introduction

Modern biotechnology has led to the development of a large family of potential
therapeutic proteins [1]. These proteins exhibit higher specificity and superior efficiency
comparing to traditional small molecule drugs and also prevent the potential genetic
change risk compared to gene therapy [1, 248]. Particularly, the intracellular use of
therapeutic proteins is of great importance in the treatment of cancer and protein
deficiency diseases; however, the effectiveness of protein therapy has been limited by its
low delivery efficiency and poor stability against proteases digestion and thermal
denaturing. Developing a simple and robust approach to deliver and stabilize targeted
functional proteins is therefore necessary and crucial.

Physical methods like microinjection or electroporation has been used for the delivery of
membrane-impermeable molecules in cell experiments. However, they are invasive in
nature and could damage cellular membrane. Thus noninvasive protein delivery methods
are desired. To date, protein encapsulation and conjugation methods have been widely
explored for intracellular delivery by developing delivery vectors such as liposomes
[249], polymeric [250, 251] and mesoporous materials [252] carbon nanotubes [253]
which provide certain controlled release and improved transmembrane properties.

Another popular method relies on protein conjugation or fusion to cell penetration
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peptides [254] to improve intracellular delivery efficiency. Although showing certain
merit, these methods still have problems like limited transduction efficiency [67], low
stability at physiological pH values and temperatures [255], high toxicity [254], tedious
preparation process [256] and potential bioactivity loss during these process [251, 256].
Recently, Yan et al. reported novel intercellular protein delivery platform based on
single-protein nanocapsule by in-situ polymerization which shows great promise.[200]
However, the acrylation and free radical polymerization may cause damage to fragile
proteins. Developing an effective and protein friendly approach for intracellular deliver
of functional proteins with effective cargo release is still challenging.

4.2 Experimental

4.2.1 Materials

Polyallylamine hydrochloride (PAH, M,, 17500), poly(ethylene glycol) 2000 methyl
ether (MPEG2000), succinic anhydride, N-hydroxysuccinimide, triethylamine, boric acid,
sodium tetraborate, Sephadex G-75, Trizma® base, sodium phosphate monobasic
monohydrate, sodium phosphate dibasic, Dulbecco’s modified Eagle’s medium (DMEM),
resazurin, bicinchoninic acid (BCA), tartaric acid, CuSQOy, 3,3°,5,5 -tetramethylbenzidine,
glucose, ethanol, uric acid, 30% hydrogen peroxide solution, glucose oxidase (GOX)
from Aspergillus niger, Catalase (Cat) from bovine liver, horseradish peroxidase (HRP),
alcohol oxidase (AOX) from Pichia Pastoris were purchased from Sigma-Aldrich and
were used as received. Traut’s reagent (2-thiolanimine hydrochloride), was purchased
from MP Biomedicals™, fatal bovine serum (FBS) were purchased from Corning™™.
Active recombinant human Caspase 3 was purchased from BDBiosciences. Urate oxidase

(UOX) is a kind gift from Dr. Jianmin Li from Beijing Institute of Biotechnology.
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4.2.2 Instruments

TEM images were obtained on a Philips EM-120 TEM instrument. Particle size and zeta
potential were measured with Zetasizer Nano-ZS (Malvern Instruments Ltd., UK). NMR
spectrum was conducted on AV400 NMR spectrometer from Bruke Corporation. UV-
Visible adsorption was acquired with a Beckman Coulter DU®730 UV/Vis
Spectrophotometer. Fluorescence intensities were measured with a Tecan GENios
Multifunction microplate reader. Carl Zeiss Axio Observer inverted fluorescence
microscope. Flow cytometry analysis was achieved using a BD LSRFortessa cell
analyzer.

4.2.3 Synthesis of SCP:

Poly(ethylene glycol) 2000 methyl ether (MPEG-2000) was used without further
purification. The activation of MPEG-2000 was done by first converting it to PEG-
succinate and then to N-hydroxysuccinimide ester as described elsewhere.[257] The
resulted active PEG-succinate NHS ester was further reacted with polyallylamine
hydrochloride in methanol use triethylamine as acid binding reagent. The resulted
PEGylated polyallylamine was dialyzed in deionized water and lyophilized. For synthesis
of SCP, the lyophilized PEGylated polyallylamine was dissolved in pH 8.0 borate buffer
with 10 mM EDTA and reacted with Traut’s reagent to get about 37% modification of
amine groups on PAH. The amount of thiol groups modified on the PAH backbone is
quantified by Ellament’s assay.

4.2.4 Preparation of nanocapsules:

BSA was dialysized against 10mM pH 7.0 phosphate buffer. Subsequently BSA was

mixed with aqueous solution of SCP at a molar ratio of 1:20 followed by dialysis and air-
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bubbling into the solution to ensure the crosslinking of nanocapsules by forming disulfide
bond. The resulted nanocapsules were dialyzed against 10 mM phosphate buffer at pH
7.0 and further purified with Sephadex G-75 to remove the unreacted monomers,
initiators and enzymes. GOX, HRP, Cat, AOX and UOX nanocapsules were synthesized
in similar method.

4.2.5 BCA protein content quantification

All the protein content in solution was determined by bicinchoninic acid (BCA)
colorimetric protein assay. Briefly, a tartrate buffer (pH 11.25) containing 25 mM BCA,
3.2 nM CuSOs, and appropriately diluted protein/nanocapsules was incubated at 60 °C
for 30min. After the solution was cooled to room temperature, absorbance reading at 562
nm was determined with a UV-Vis spectrometer. GOX, HRP, Cat, UOX and AOX
solutions with known concentration were used as standards.

4.2.6 Protein activity assay

HRP activity assay: H,O, and 3,3’,5,5’-tetramethylbenzidine were dissolved in sodium
acetate buffer (50mM, pH 5.1) at a final concentration of 0.3 % and 0.5 mM respectively.
The native HRP and nHRP were added to the assay solution respectively. The mixture
was placed in a quartz cuvette and the absorbance change was monitored at 655 nm under
room temperature.

GOX activity assay: Glucose, 3,3°,5,5’-tetramethylbenzidine and HRP were dissolved in
sodium acetate buffer (50mM, pH 5.1) at a final concentration of 1.72 %, 0.5 mM and
0.01mg/ml respectively. The native GOX and nGOX were added to the assay solution
respectively. The mixture was placed in a quartz cuvette and the absorbance change was

monitored at 655 nm under room temperature.
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Cat activity assay: H,O, was dissolved in phosphate buffer (20mM, pH 7.0) at a final
concentration of 0.03 %. The native Cat and nCat were added to the assay solution
respectively. The mixture was placed in a quartz cuvette and the absorbance change was
monitored at 240 nm under room temperature.

UOX activity assay: Uric acid was dissolved in borate buffer (100mM, pH 8.5) at a final
concentration of 0.12 mM. The native UOX and nUOX were added to the assay solution
respectively. The mixture was placed in a quartz cuvette and the absorbance change was
monitored at 290 nm under room temperature.

AOX activity assay: Ethanol, 3,3°,5,5’-tetramethylbenzidine and HRP were dissolved in
phosphate buffer (20mM, pH 6.0) at a final concentration of 0.1 %, 0.5 mM and
0.01mg/ml respectively. The native AOX and nAOX were added to the assay solution
respectively. The mixture was placed in a quartz cuvette and the absorbance change was
monitored at 655 nm under room temperature.

4.2.7 Stability test

Cat nanocapsules stability: Stability of nCat was measured in the presence of 0.5 mg/mL
trypsin at 37 °C in Tris-HCI buffer with 10 mM CaCl,. The activity of native Cat and
nCat were measured every 20 min and compared with original activity.

GOX nanocapsules stability: Stability of nGOX was measured in the presence of 0.5
mg/mL pepsin at 37 °C in pH 2.7 glycine-HCI buffer. The activity of native GOX and
nGOX were measured every 30 min and compared with original activity.

4.2.8 Cell proliferation assay

The toxicity of the BSA nanocapsules was assessed by the resazurin assay using native

BSA as control. HeLa cells (5000 cells/well) were seeded on a 96-well plate in 100 ul
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DMEM the day before exposure to BSA nanocapsules. After incubation with
nanocapsules at different concentrations for 24 hrs, the cells were washed with PBS and
incubated with 100 ul frest medium containing resazurin (10 pL 0.1mg/mL in PBS) for 3
h. The cell viability was then determined by measuring the fluorescence of each well (Aex
= 550 nm, Aem = 595 nm) by microplate reader. Untreated cells and fresh medium were
used as the 100% and 0% cell proliferation control, respectively.

4.2.9 In vitro cellular internalization

Cellular internalization studies were assessed via fluorescence microscopic technique and
fluorescence-activated cell sorting (FACS). HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fatal bovine serum (FBS)
and 1% penicillin/streptomycin. Cells (20000 cells/well, 24-well plate) were seeded the
day before adding the nanocapsules. Nanocapsules or native proteins with different
concentrations were added into the cell medium. After incubation at 37 °C for 4 hrs, the
cells were washed three times with PBS and either visualized with a fluorescent
microscope or trypsinized, centrifuged, and re-suspended in PBS and analyzed via flow
cytometry.

4.3 Result and discussion

4.3.1 Synthesis of redox responsive self-crosslinked cell-penetrating nanocapsules
We synthesized the protein nanocapsule, which consist of a protein core and redox
responsive self-crosslinking cell-penetrating polymer (SCP) shell. As illustrated in Figure
4.1b, polyallylamine hydrochloride (PAH) was used as SCP backbone which allowed cell
penetration through cationic amine groups. PEGylation of polyallylamine hydrochloride

(PAH) was achieved by PEG 2000 N-hydroxysuccinimide ester reaction to increase
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stability and reduce toxicity of PAH. The successful synthesis of PEGylated PAH was
verified by H'NMR spectrum (Figure 4.2). The resulted PEGylated PAH was further
modified with self-crosslinking thiol groups on the side chain by 2-iminothiolane
hydrochloride (Traut's Reagent). Subsequently, self-assembly of negative charged protein
and positively charged SCP lead to the formation of protein nanocapsules which were

self-crosslinked by air-bubbling to allow disulfide bond formation.
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Figure 4.1 Construction of self-crosslinking cell-penetrating nanocapsules. a)
Schematic showing the synthesis and cellular uptake and release of targeted protein
through SCP based protein nanocapsules. b) Chemical structure of self-crosslinking
cell-penetrating polymers.
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Figure 4.2 H'NMR spectrum of PEGylated PAH.

4.3.2 Characterization of SCP nanocapsules

Figure 4.3a present the size distribution of bovine serum albumin nanocapsules (denoted
as nBSA) by dynamic light scattering (DLS). The diameter of the nBSA centered around
20 nm, significantly different from the native BSA (5 nm). Consistent with DLS, the
transmission electron microscopy (TEM) image (Figure 4.3¢) also confirms the uniform
size of nBSA around 20-30 nm. Since PAH is a positively charged polymer, nBSA shows
a positive zeta potential of 14 mV, which is significantly different from that of the native
BSA (-7 mV) (Figure 4.3b). The formation of redox responsive nanocapsules is further
demonstrated by agarose gel analysis. As illustrated in Figure 4.3d, both uncrosslinked

and crosslinked nanocapsules (2 and 4) bearing positive charges moved towards the
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negative electrode. However, after heparin was added, the FITC labeled BSA released
from the uncrosslinked nanocapsule, while crosslinked nBSA remained stable (3 and 5).
Moreover, the encapsulated BSA can be released after incubated in 10 mM glutathione
(GSH). The FITC labeled BSA was dissociated from nanocapsules by adding heparin
after the disulfide bond was degraded by GSH (6 and 7). The degradation of SCP
nanocapsules under 10 mM glutathione is of great promise to delivery and release
bioactive therapeutic proteins intracellularly since the cytosol contains 2 to 3 orders
higher level of glutathione (GSH) (approximately 2—10 mM) than the extracellular fluids

(approximately 2—-20 uM)[169].
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Figure 4.3 a) Particle size distribution of native BSA and nBSA. b) Zeta potential
distribution of native BSA and nBSA. c¢) Representative TEM images of nBSA. d)
Agarose gel analysis of (1) native BSA, (2 and 3) uncrosslinked nBSA, (4 and 5)
crosslinked nBSA, (6 and 7) GSH degraded nBSA with or without heparin
treatment.

4.3.3 Activity and stability of SCP nanocapsules
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Currently, the use of common protein delivery vectors often results in reduced protein
active and proteins may still vulnerable to protease degradation. The nanocapsules
fabricated with SCP greatly enhanced the protein stability while minimize the activity
loss. Figure 4.4 shows the relative activity remaining of various proteins nanocapsules
compared with their native forms. Glucose oxidase (GOX), horseradish peroxidase
(HRP), catalase (Cat) (denoted as nGOX, nHRP and nCat) retained almost 100% of their
original activity after nanocapsules are made, while nanocapsules made from urate
oxidase (UOX), alcohol oxidase (AOX) (denoted as nUOX and nAOX) also retained
90% and 86% of their original activity, respectively. The larger activity reduction of
nUOX and nAOX may be attributed to the conformation change by disulfide exchange of
cysteine on proteins with SCP. Nevertheless, it is still a favorable result compared with
protein conjugation and encapsulation methods [258-262]. Besides the well-retained
activity, nanocapsules show elevated proteolytic stability against protease digestion,
which is a significant hindrance for protein therapy. Figure 4.5a compares the relative
activity of nCat and native Cat in the present of 0.5 mg/ml trypsin at 37 °C. Distinct from
the fast deactivation of the native Cat, which lost more than 95% of its original activity
after 100 min, nCat underwent a much slower decrease with 84% activity retained. Even
under much harsher challenge when incubated with 0.5 mg/ml pepsin at a pH of 2.7 at 37
°C, the GOX nanocapsule could still keep 53% of original activity after 120 min while

native GOX lost all its activity (Figure 4.5b).
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a b
Q <
3 ® native Cat < 100- * native GOX
2 100- = nCat 2 = nGOX
£ £
© 1]
ko] ko]
14 14
2 2
.; '; 50-
£ 504 =
0
< <
2 2
5 s
® 8
® & 01
0 50 100 0 30 60 90 120
Time (min) Time (min)

Figure 4.5 a) Relative Activities of native Cat and nCat after exposure to 0.5 mg/ml
trypsin at 37°C. b) Relative Activities of native GOX and nGOX after exposure to
0.5 mg/ml pepsin at pH 2.7 at 37°C.

4.3.4 Biocompatibility of SCP nanocapsule

One of the concerns for intracellular protein delivery vectors is their biocompatibility. By
adjusting the PEGylation degree on the SCP backbone, the cytotoxicity of our
nanocapsules can be minimized. Herein, nBSA and HeLa cells were applied as a
representative example for cytotoxicity assay. Briefly, nBSA with different PEG/PAH

molar ratio in SCP was incubated with HeLa cells for 12 hours at 37 °C. As shown in
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Figure 4.6a, cell viability gradually increases with the increment of poly (ethylene glycol)
ratio grafted on SCP side chain with highest cell viability reached at PEG/PAH ratio of 4.
Figure 4.6b also compares the viability of HeLa cells after exposure to different nBSA
concentrations and suggests similar cytotoxicity for both nBSA (PEG/PAH ratio of 4)
and native BSA. Following exposure to nanocapsules at a maximum concentration of 100
pg/ml, cell viability decreased by only 6%. The excellent biocompatibility renders the

nanocapsule with great potential for in vivo application.
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Figure 4.6 a) HeLa cell viability after incubation with nBSA with different
PEG/PAH ratios. B) HeLa cell viability after incubation with nBSA of different
concentrations.

4.3.5 Intracellular delivery of SCP nanocapsules

To verify the intracellular delivery efficacy, cellular uptake of nanocapsules was studied
using FITC and Rhodamine labeled nBSA (F-nBSA and R-nBSA). After incubated with
both F-nBSA and R-nBSA for 4 hours, the HeLa cells exhibited significant
internalization of both nanocapsules, as both fluorescence of FITC and Rhodamine is

clearly overlapped with cell phase image (Figure 4.7a). Such a multiple protein delivery
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method has great potential for therapies in which proteins act synergistically or in
tandem.[263] Nevertheless, native BSA didn’t show any uptake by HeLa cells. Further
quantification measurement of cellular uptake was conducted with flow cytometry. Cells
incubated with F-nBSA show three to four orders higher fluorescence intensities than
those with native BSA at a concentration dependent manner (Figure 4.7b). Moreover,
active proteins were able to be delivered intracellularly. Exemplified with HRP, nHRP
was incubated with HeLa cells, and were then exposed to a chromogenic substrate after
thorough wash with PBS containing heparin. The blue color in the cell medium
intensified with increasing nanocapsule concentration, indicating successful delivery of
active HRP (Figure 4.7c). The successful internalization of active proteins shows great
promise for future medical application of SCP nanocapsules, such as bioluminescence

imaging, cancer treatment and regulation of cell behavior.
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Figure 4.7 Transduction efficiency of protein nanocapsules in HeLa cells. a)
Fluorescent images show the uptake of FITC and Rhodamine labeled nBSA but not
FITC and Rhodamine labeled native BSA. b) Fluorescence activated cell sorting of
HeLa cells incubated with different concentrations of FITC labeled nBSA and
native BSA. ¢) HeLa cells after incubation with native HRP or nHRP at different
concentrations for 3 h, followed by phosphate buffered saline washes and incubation
with 3,3°,5,5’-tetramethylbenzidine (TMB) and H,QO..

4.4 Summary

To conclude, we have demonstrated a novel protein delivery platform, based on self-
crosslinked protein/polymer assemblies. The yielded protein nanocapsules gain enhanced
stability against proteolysis and efficient cell internalization without sacrifice of
bioactivity. Moreover, the SCP based protein nanocapsules are highly biocompatible and

the potential of release cargos under high GSH level in cytosol holds great promise for

80



active proteins delivery to activate cell signaling pathway, which greatly expand our
ability to manipulate cell behavior. Future work will be focus on delivery of active
proteins that interact with biomacromolecules inside cells, which can guide cell signal
and be potentially applied for cancer therapies, and tissue engineering. We believe that

this strategy is a big step forward towards wider applications of protein therapy.

Chapter 5 pH sensitive zwitterionic polymer grafted nanocapsules for

tumor site targeting

5.1 Introduction

Amongst various cancer therapies, chemotherapy is one of major treatment modalities
along with debulking surgery. Major challenges in chemotherapy are linked to toxicity on
healthy proliferating cells.[264] The life threatening side effects caused by non-specific
tissue distribution of the drugs have restricted the systemic high dose strategy.[265]
Tumor-targeting vectors have been developed for improved efficacy and reduced toxicity
by altering biodistribution of cancer drugs and by using specific cell surface
interactions.[266, 267] However, most of the vectors are often cleared out rapidly with
undesired accumulation commonly in the liver, spleen or kidney [202, 268], before they
can reach the target site. Particularly in case of protein therapeutics, modifying the
proteins with poly(ethylene glycol) (PEG) remains as the golden standard, which leads to
improved protein stability, prolonged circulation time, and reduced immune
response.[269-271] It has been found that, however, ~25% of the patients have developed

the anti-PEG antibodies. Protein therapeutics injected are subsequently opsonized by the
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circulating antibodies and cleared rapidly, resulting in an accelerated blood clearance and
reduced efficacy.[272-274]

It has been known that zwitterionic polymer exhibiting outstanding biocompatibility and
protein-adsorption-resistant ability;[275, 276] such neutral polymers have been clinically
explored as antifouling coatings for blood-contacting devices.[277] Thus, zwitterionic
grafted protein nanocapsules have great potential to escape opsonization, increasing
accumulation in the tumor site by enhanced permeability and retention (EPR) effect and
reducing undesired accumulation in liver and spleen.

Recently, pH-sensitive polymeric carriers have been used in targeted antitumor drug
delivery[278-281] based on intrinsic differences between various solid tumors and the
surrounding normal tissues in terms of their relative acidity[282]. The extracellular pH
(pHe) in most tumors is more acidic (pH 6.5-7.2) than in normal tissues.[283-285]
Hydrazone and acetal bonds between the drug and the micelles can be cleaved by acidic
pH [87, 278, 281] therefore are of particular interest for creating such pH-sensitive
carriers.

5.2 Experimental

5.2.1 Materials

Polyallylamine  hydrochloride = (PAH, M,  17500), 2-methacryloyloxyethyl
phosphorylcholine (MPC), 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (PTPA),
4,4'-azobis(4-cyanovaleric acid) (ACVA), 2,2-bis(aminoethoxy)propane, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
dithiobis(succinimidyl propionate) (DTSP), triethylamine, boric acid, sodium tetraborate,

Sephadex G-75, Trizma® base, sodium phosphate monobasic monohydrate, sodium
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phosphate dibasic, Dulbecco’s modified Eagle’s medium (DMEM), resazurin,
bicinchoninic acid (BCA), tartaric acid, CuSO4 were purchased from Sigma-Aldrich and
were used as received. Fatal bovine serum (FBS) was purchased from Corning' . Murine
macrophage cell line J774A.1 was purchased from ATCC.

5.2.2 Instruments

Particle size and zeta potential were measured with Zetasizer Nano-ZS (Malvern
Instruments Ltd., UK). NMR spectrum was conducted on AV400 NMR spectrometer
from Bruke Corporation. UV-Visible adsorption was acquired with a Beckman Coulter
DU®730 UV/Vis Spectrophotometer. Fluorescence intensities were measured with a
Tecan GENios Multifunction microplate reader. Carl Zeiss Axio Observer inverted
fluorescence microscope.

5.2.3 Synthesis of PMPC by reversible addition fragmentation chain transfer
(RAFT) polymerization

A mixed solution with monomer/CTA/initiator molar at a ratio of 20:1:0.2 was prepared
by dissolving 0.148 g MPC, 7 mg PTPA and 1.4 mg ACVA in a mixture of 0.2 mL
dimethylformamide (DMF) and 0.4 mL methanol. The solution was degassed by three
freeze-pump-thaw cycle and purged with nitrogen to remove oxygen. The degassed
solution was set at 60 °C for 6 hours and the resulted PMPC was diluted with 1 mL
methanol and precipitated and washed with tetrahydrofuran (THF). The resulted PMPC
has about 20 units per polymer chain as determined by H'NMR spectrum.

5.2.4 Synthesis of PMPC conjugated PAH with acid liable linker (PAH-de-PMPC)
The activation of PMPC was done by EDC/NHS activation. Briefly, 0.1 g PMPC was

dissolved in 1 mL methanol followed by adding 33 mg EDC (10x molar excess) and 2
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mg NHS. The active PMPC-NHS ester was further reacted with 5x molar excess of ketal
linker, 2,2-bis(aminoethoxy)propane (13mg). The resulted ketal-PMPC was purified by
precipitation in THF to remove the excess 2,2-bis(aminoethoxy)propane, EDC and NHS.
The purified ketal-PMPC was reacted with 5x molar excess of dithiobis(succinimidyl
propionate) (DTSP) in methanol with triethylamine as acid binding agent. The resulted
NHS ester of ketal-PMPC was further purified by precipitation in THF. Subsequent
reaction with PAH resulted PMPC conjugated PAH (PAH-de-PMPC) which is
detachable under acidic environment. The nondetachable PMPC conjugated PAH (PAH-
non-PMPC) was also synthesized by direct reaction between PAH and PMPC-NHS.

5.2.5 Synthesis of PMPC grafting nanocapsules

BSA was dialyzed against 10 mM pH 8.0 phosphate buffer. Subsequently BSA was
mixed with aqueous solution of PAH-de-PMPC at a molar ratio of 1:15 and self
assembled to nanocomplexes. The nanocomplexes were further crosslinked by reaction
with DTSP at a BSA/DTSP ratio of 1:100 to form de-nBSA. The nondetachable PAH-
non-PMPC was also self-assembled with BSA and further crosslinked by DTSP to make
non-nBSA.

5.2.6 BCA protein content quantification

Protein content in solution was determined by bicinchoninic acid (BCA) colorimetric
protein assay. Briefly, a tartrate buffer (pH 11.25) containing 25 mM BCA, 3.2 nM
CuSO0ys, and appropriately diluted protein/nanocapsules was incubated at 60 °C for 30min.
After the solution was cooled to room temperature, absorbance reading at 562 nm was
determined with a UV-Vis spectrometer. BSA solutions with known concentration were

used as standards.
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5.2.7 DLS measurement

DLS experiments were performed with a Zetasizer Nano-ZS (Malvern Instruments Ltd.,
UK) equipped with a 10-mW helium-neon laser (A = 632.8 nm) and thermoelectric
temperature controller. Measurements were taken at 173° scattering angle. The de-nBSA
was incubated both at pH 7.5 and pH 6.5 phosphate buffer respectively for 2 hours and
zeta potential and size distribution were further measured at pH 7.5 at protein
concentration of 0.5 mg/mL at 25 °C.

5.2.8 In vitro macrophage uptake

Cellular internalization studies were assessed via fluorescence microscopic technique.
Murine macrophage J774A.1 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fatal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells (5000 cells/well, 96-well plate) were seeded the day before
adding the nanocapsules. Native BSA, de-nBSA and non-nBSA were added into the cell
medium with different pH at a final BSA concentration of 0.05 mg/ml. After incubation
at 37 °C for 4 hours, the cells were washed three times with PBS and visualized with Carl
Zeiss Axio Observer inverted fluorescence microscope.

5.3 Result and discussion

5.3.1 Synthesis of pH sensitive zwitterionic grafting nanocapsules

We synthesized the protein nanocapsule, which consist of a protein core and polymer
shell with PMPC conjugated polyallylamine hydrochloride (PAH) through acid liable
ketal linker (PAH-de-PMPC). As illustrated in Figure 5.1a, PMPC zwitterionic polymer
was synthesized by reversal addition fragmentation transfer (RAFT) polymerization (Step

I) using 2-methacryloyloxyethyl phosphorylcholine (MPC) as monomer, 4-cyano-4-

85



(phenylcarbonothioylthio) pentanoic acidas CTA and 4,4’-azobis(4-cyanovaleric
acid) (ACVA) as initiator and the successful synthesis of PMPC with 20 units per
polymer chain was verified by H'NMR spectrum (Figure 5.2). The carboxyl group on the
polymer end was further conjugated with 2,2-bis(aminoethoxy)propane through
EDC/NHS reaction (Step II), and subsequently conjugated with PAH through
dithiobis(succinimidyl propionate) (DTSP) (Step III and IV). Self-assembly of negative
charged protein and positively charged SCP lead to the formation of protein nanocapsules
(denoted as de-nProtein) (Step V) and further crosslinked by DTSP (Step VI). At
physiological pH, the PMPC will form hydration layer to shield nanocapsule from
opsonization and macrophage uptake. However, when pH drops to pH 6.5 or lower, the
PMPC will be detached from the PAH backbone. The resulted positively charged
nanocapsules could be internalized by cells. The nondetachable PAH-PMPC based

nanocapsules were also synthesized and denoted as non-nProtein.
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Figure 5.1 Scheme of synthesis of PAH-de-PMPC and subsequent synthesis of de-
nProtein.
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Figure 5.2 H'NMR spectrum of PMPC

5.3.2 Characterization of zwitterionic polymer grafted nanocapsules

Using bovine serum albumin (BSA) as a model protein, the successful synthesis of de-
nBSA was characterized by zeta potential and DLS measurement. Figure 5.3 present the
zeta potential distribution of de-nBSA. The zeta potential of the de-nBSA centered at 0
mV, significantly different from the native BSA (-7 mV), indicating that the successful
shielding of charges on the nanocapsules due to PMPC attachment. However, after the
de-nBSA was incubated at pH 6.5 for 2 hrs, the zeta potential shift to +7 mV, suggesting

that the positive charge on the PAH backbone was exposed after the detachment of
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PMPC. Consistent with zeta potential analysis, the size distribution measured by DLS
(Figure 5.4) also confirms the uniform size of de-nBSA around 14 nm at pH 7.4,
significantly different from that of the native BSA (5 nm). And after incubation at pH 6.5
for 2 hours, the size deceased to 12 nm, which can be attributed to the smaller hydraulic
radius after the detachment of hydrophilic PMPC with large hydration layer. The
formation of de-nBSA is further demonstrated by agarose gel analysis. As illustrated in
Figure 5.5, both FITC labeled non-nBSA (2 and 3) and de-nBSA (4 and 5) shows
retention in the well, which is significantly different from the FITC labeled native BSA
bearing negative charge moving towards the positive electrode. After incubation at pH
6.5 for two hours (2 and 4), the non-nBSA didn’t show charge change (2 and 3).
Nevertheless, de-nBSA obviously gained positive charged, as significant movement
towards negative electrode was shown. This further confirms the results of zeta potential
analysis that PMPC shielding layer is detached from the nanocapsules. This pH sensitive

property makes de-nProtein promising for targeted protein delivery towards more acidic

tumor site.
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Figure 5.3 Zeta potential distribution of de-nBSA before and after incubation at pH
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6.5 for 2 hours.
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Figure 5.4 Size distribution of de-nBSA before and after incubation at pH 6.5 for 2
hours.

Figure 5.5 Agarose gel analysis of native BSA (1), non-nBSA after incubation at pH
6.5 (2), at pH 7.4 (3), de-nBSA after incubation at pH 6.5 (4) and at pH 7.4 (5).

5.2.3 Macrophage uptake
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Nanoparticles can easily be opsonized in the blood circulation and uptake by
macrophages in the liver and spleen before they can ever reach the targeted site. Thus,
escape from opsonization and macrophage uptake is the most important issue for targeted
delivery of proteins. Herein, we tested the macrophage escape capability using J774A.1
cell line, which is reticulum macrophage cell from ascites of BALB/cN mice. As is
shown in Figure 5.6, FITC labeled native BSA shows similar moderate uptake by
J774A.1 both under pH 6.5 and pH 7.4 after incubation with mouse serum (Figure 5.6 a
and b). Nevertheless, macrophage uptake is significantly reduced when non-nBSA was
incubated with macrophage and mouse serum both at pH 6.5 and pH 7.4 (Figure 5.6 ¢
and f). This indicates the great shielding ability of PMPC hydration layer on the
nanocapsule surface and the non-nProtein can be potentially applied for delivery of
proteins which need long circulation, such as remove of uric acid or alcohol in the case of
gout treatment or alcohol intoxication. On the other hand, de-nBSA also shows reduced
macrophage uptake at pH 7.4 (Figure 5.6 d), but after incubated at pH 6.5 (Figure 5.6 ¢),
significant macrophage uptake can be observed. This result further demonstrates the
successful detachment of the PMPC side chains from the PAH backbones by acid liable
ketal linker. The successful escape of macrophage uptake at physiological condition and
detaching of PMPC upon exposed to acid environment can be very promising for protein

delivery towards acidic tumor site.
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Figure 5.6 Native BSA incubated in a) pH 6.5 and b) pH 7.4 medium; de-nBSA
incubated in c) pH 6.5 and d) pH 7.4 medium; non-nBSA incubated in e) pH 6.5 and
d) pH 7.4 medium.

5.4 Summary

In conclusion, we have successfully synthesized the pH sensitive PMPC grafted polymer
PMPC-de-PAH and nondetachable PMPC grafted polymer PMPC-non-PAH. We then
made de-nBSA and non-nBSA by self assembly of BSA with PMPC-de-PAH and
PMPC-non-PAH respectively and further crosslinked with DTSP. The de-nBSA shows
pH-sensitive detachment of PMPC and was verified by DLS and agarose gel analysis.
The detachment at acid environment was also demonstrated by macrophage uptake
experiment, in which the de-nBSA can escape macrophage uptake at physiological
condition but significantly internalized by macrophage at acid environment. This makes
de-nProtein very promising for targeted protein delivery at tumor site by EPR effect with
higher selectivity due to increased accumulation by prolonged circulation time at
physiological pH. On the other hand, the non-nBSA can escape macrophage uptake at
both physiological and low pH, which makes non-nProtein very promising to delivery
proteins that require long circulation in the body, such as modulating metabolic disorder
by eliminating harmful small molecule. Further research need to be conducted on active
proteins for pH responsive delivery and both cancer cell lines and normal cell lines need

to be tested to verify the effectiveness.

Chapter 6 Conclusions

As a summary, I have developed novel strategies for engineering protein carries for wide

range of applications based on protein nanocapsules. This dissertation mainly explore the
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design of nanocapsules both by in-sifu polymerization and protein-polymer self-assembly
and crosslinking. The nanocapsules by in-situ polymerization were further used as
building blocks for novel enzyme composite design.

Nanocapsules by in-situ polymerization were applied to OPH for organophosphorus
detoxification. This approach can enhance the activity of OPH by creating alkaline
enzyme microenvironment preferred by OPH. The stability of native OPH can also be
enhanced by the hydrophilic polymer shell. The OPH nanocapsules show excellent
capability for decontamination in the environment and also as antidote for in vivo
prophylactic.

This nanocapsule can be used as nanocomposite building block. The nOPH have been
covalently conjugated with cellulose and show both excellent recycling stability and
long-term storage stability. The nanocapsules can be further incorporated into
mesoporous silica by direct sol-gel process. The activity of enzyme-silica composite can
be manipulated by optimizing enzyme microenvironment via careful choosing both silica
precursors and monomers. The activity of OPH and lipase composite can be several times
higher than their native counterparts while the stability can be significantly increased not
only compared with native proteins but also with their nanocapsule building blocks. This
technique provides us new tools for engineering high performance enzyme composites.
Protein nanocapsules by in-situ polymerization many exhibit significant activity loss due
to the first step acrylation on lysine of active site or second step free radicals. By
designing self-assembling driven self-crosslinking polymer-protein nanocapsules, the
activity of large amount of proteins including GOX, HRP, Cat, AOX and UOX can be

retained to a great extent and the stability against proteases degradation is also improved.
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More importantly, the nanocapsules were able to enhance cellular uptake and cargos can
be release in the cytosol triggered by high GSH level. This technique provides us new
potentials for engineering delicate proteins for protein therapeutics.

PEG dilemma is an important issue for targeted delivery. Since PEGylation can decrease
the clearance of nanocarriers by the reticuloendothelial system (RES) but significantly
comprise the cellular uptake at the target sites. Also, the PEG can cause undesired
immunoresponse after repeated injection, resulting quick clearance. Using pH liable ketal
linker, the zwitterionic polymer PMPC can be grafted onto the protein nanocapsules and
exhibit pH sensitive detachment once exposed to acidic environment. This pH sensitive
detachment has been verified by DLS and agarose gel analysis. This novel protein
nanocapsules can escape macrophage uptake at physiological pH, but significantly
internalized by macrophage at a lower pH of 6.5, which can be very for targeting acidic
tumor microenvironment.

Overall, my research establishes several novel strategies for engineering protein carries
for wide range of applications from enzyme composite synthesis to protein therapeutics
development. Nanocapsules both by in-situ polymerization and polymer-protein self
assembly and crosslinking serve as robust platforms to build protein carriers, which

opens new doors to broaden the in vitro and in vivo application of proteins.
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