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ABSTRACT OF THE DISSERTATION

Polymeric Protein Nanocapsules for Catalytic, Imaging and Therapeutic Applications

by

Juanjuan Du
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2013

Professor Yunfeng Lu, Chair

Enzymes are catalysts bearing excellent properties (high activity, selectivity and specificity) that
modulate the most complex chemical processes under the most benign conditions. They
participate in every biological process and mediate various functions in living organisms.
However, the poor stability largely limits the application of enzymes. As our knowledge on the
structure and function of enzymes accumulated, more and more applications require additional
properties beyond what nature has gifted.

In this dissertation, a novel strategy was successfully developed to address the stability issues
while simultaneously introduce new functionality to enzymes. This is achieved by an aqueous
in-situ polymerization around a single enzyme molecule, yielding a novel class of enzyme
nanocapsules containing a single enzyme core and a thin layer of network polymer shell.
Nanocapsules of over twenty enzymes were successfully synthesized for various therapeutic,
analytic and bio-catalytic applications briefly outlined below:

1. With the presented technique, we obtain enzyme nanocapsules with highly-retained activity

and significantly enhanced stability against various inactivating factors. These properties



provide the pre-conditions for prolonged storage and facile handling of enzymes, enabling
the application of enzymes in non-physiological environment, such as field decontamination
and sensor fabrication.

2. Our research demonstrated a general, effective, low-toxic intracellular protein delivery based
on cationic single-protein nanocapsules. Additionally, the nanocapsules delivered
intracellularly can exert their biological functions in cells, harboring great potentials for
cellular imaging, cancer therapies, anti-aging, cosmetics, and many other applications.

3. By conjugating PEG and PEG-lipid on the nanocapsule surface, we obtained nanocapsules
with high intracellular delivery efficiency and decreased cytotoxicity. The delivered protein
is uniformly distributed in cytosol after cellular uptake. Moreover, similar levels of cellular
uptake were achieved even in the presence of endocytosis inhibitors.

4. By conjugating quantum dot on bioluminescent nanocapsules, we obtain QD-nanocapsule
conjugates with continuously tuned red-shifted emission, suitable for in-vivo

bioluminescence imaging.

Overall, my research establishes a novel strategy to stabilize enzymes and create new surface
functions of enzyme. With this technology, we can envision a promising prospect in industrial,
environmental, therapeutic and analytical applications of the great gift from nature — the

enzymes.
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Chapter 1. Application Scope of Proteins and Existing Challenges

Since the first time human beings learned how to use fire, how to build a house, how to hunt with
tools, we never stop exploiting and changing the nature. Advances of modern science and
technology offer us more and more knowledge and techniques to utilize and improve what nature
presents us. Enzymes, as great gifts from nature, are catalysts bearing excellent properties (high
activity, selectivity and specificity) that modulate the most complex chemical processes under
the most benign conditions (room temperature, aqueous solution). They participate in every
biological process, mediating various functions of living organisms, ranging from metabolism to
neurotransmission, from photosynthesis to DNA synthesis.

As our knowledge on the structure and function of enzymes accumulates, enzymes have been
found useful beyond their intrinsic biological roles. The very initial application of enzymes may
dated back to thousands of years ago, when man used naturally occurring microorganisms and
the enzyme they produce to make food, such as bread, cheese, beer and wine. Today, besides
their applications in food processing, enzymes are used in an increasing range of applications. In
chemical industry, especially fine chemical syntheses, enzymatic catalysis is considered as a
promising field due to benign reaction conditions, high chemo- and stereo- selectivity, and
tolerance to substrate functional groups. In therapeutic applications, therapeutic enzymes have
been used to treat various diseases, especially the ones caused by enzyme deficiency. In addition,
enzymes also play significant roles in biosensing, bioremidiation, and so on.

In a technical perspective, recent advancement in biotechnology have paved the way for the
applications of enzymes. Recombinant DNA techniques, in particular, make possible the
production of most enzymes at a commercially acceptable cost*?. However, wide applications of

enzymes are still facing other challenges.



Poor stability of proteins, especially in non-physiological environment, is one of the most critical
obstacles for their wide applications®*. Due to the fast denaturation and inactivation, enzymes
commonly associate with low-temperature storage, short shelf life, sensitivity to heat and
spectator chemicals, and vulnerability to protease digestion. Enzyme’s poor stability, therefore,
largely limits the use of enzymes in almost every field of applications, including industrial
catalysis, biopharmaceutical industry, protein therapeutics, environmental decontamination, and
biosensor fabrication.

In addition, native proteins may appear inadequate in front of the designed task they are not
empowered to do by nature. For example, therapeutic use of protein has been largely limited by
its low pharmacokinetic accessibility to intracellular drug target®. Various other properties might
need to be introduced or improved to meet the demand of specific applications, such as increased
hydrodynamic radius for long circulation time in vivo®’, heterogeneous form to be recycled and
reused in industrial catalysis®°, altered substrate specificity for biosensor fabrication***?. Great
endeavors have been made by biologists, chemists, and material scientists to fit enzymes into a
wide spectrum of applications. However, in addition to enhancing protein stability, these task-
oriented properties are too diverse to be introduced in a universal approach.

1.1. Protein Immobilization

In industry, the poor stability of enzymes is addressed by enzyme immobilization. Basically,
enzyme immobilization can be dived into three main categories: immobilization to a support,
entrapment and cross-linking®. Immobilization to a support involves binding of enzymes to a
preformed matrix support via non-covalent interactions, such as hydrophobic interaction,
electrostatic interaction, or covalent bonding™**>. The second approach is enzyme entrapment, in

which enzymes are included into a gel matrix during the formation of the matrix'®*®*’. Although



enzymes can be physically entrapped, additional chemical conjugation is usually required to
prevent any enzyme leakage. As a more recent approach, cross-linking of enzyme aggregates or
crystals without support matrix has been demonstrated to exhibit various extraordinary
characteristics, such as effective enzyme stabilization, concentrated bioactivity in the catalyst,
and low production costs **%.

These immobilization strategies can improve the enzyme stability with various extents of
successes. Some protocols in multipoint immobilization could result in impressive stabilizing
effect, in many cases with stabilization factor as high as 1000-10,000-fold®. The high
stabilization factors can be attributed to rigidification of enzyme 3D structures, thus reducing any
conformational change involved in enzyme inactivation **%,

In addition to enhanced stability, enzyme immobilization offers other advantages: (1)
Immobilization technique makes possible the fabrication of heterogeneous enzyme

catalysts'01824

, enabling the separation and recycling of enzymes and therefore eliminating
protein contamination of the product and reducing manufacture costs. (2) In the enzyme catalysis
in organic solvents, immobilization technique significantly increases the solvent accessible

18,25

surface of catalyst compared with traditional lyophilized powders™". (3) Immobilization

technique provides a platform to incorporate multienzyme or chemoenzymatic cascade catalysts
to overcome inactivation issues associated with their mutual interactions in free solution?®%°,

However, as enzyme immobilization technique is developed to meet the qualification of
industrial biocatalysis, transferring this technology to other applications appears to be

challenging. For example, most of the immobilized enzymes could not be applied into

therapeutic applications due to the biocompatibility issues.



1.2.  Protein Engineering

In contrast to the enzyme immobilization technique chemists and material scientists developed,
biologists take the route nature evolution takes to endow polyaminoacids with designed functions

32,33 and

suitable for specific applications®®®. Via technologies such as site-directed mutagenesis
DNA-shuffling ***°, protein engineers could mimic and accelerate natural evolution to provide
mutant enzymes tailored for applications in research. In addition, the ever-increasing use of
computational simulation greatly aids the understanding and design of protein structures and
properties 3%,

As a consequence, protein can be engineered to acquire a variety of improved properties, such as

424 “and altered pH optimum “¢*. In addition,

greater specificity “***, higher stereoselectivity
mutagenesis can also be used to remove undesired properties of native protein, such as
ubiquitous binding and immune response “**%. Inhibition site on enzyme can also be eliminated
from native enzyme to create inhibitor-resistant mutant >>°2.

Advances in protein engineering have also allowed the exploration of the relationship between
protein structure and stability, and thus guide the rationally design of the protein with improved
stability in addition to screening for stable mutants. It was found that, improving packing in
hydrophobic core®, building intramolecular salt bridge **>or disulfide bond *®°’, and adding new
metal binding sites °® may cause beneficial effect in protein stability.

As a special case for protein engineering, fusion protein technique creates chimeric proteins via
the combination of multiple genes, which originally code for separate proteins or peptides **.
This technique opens an avenue for combining two or more desired functionalities into one

single protein. With this technique, a protein with function of interest can be labeled with an

affinity tag for convenient separation; targeting modules can be installed on a therapeutic protein;



two enzymes in a tandem reaction can be closely associated to deliver enhanced catalytic
efficiency®.

Furthermore, active-site redesign is shown able to create new enzyme functions, which do not
originally exist in the native form or even in nature. The creation of a complete spectrum of
fluorescent proteins is a convincing example. Mutation introduced in different sites in wild-type
green fluorescent protein (WtGFP) creates not only more stable variant (EGFP), but also
fluorescent protein with altered excitation and emission wavelength (Table 1) ®. More
amazingly, substitution of the active site amino acid may completely change the bioactivity of an
enzyme. A single amino acid mutation may convert a cyclophilin into a protease®, or a 3o-

hydroxysteroid dehydrogenase to a A*-3-ketosteroid-5p-reductase (5p- reductase)®.

Table 1 fluorescent proteins derived from green fluorescent protein and their
corresponding mutations (adapted from ref 61)

GFP variant Mutations relative to wtGFP

EGFP * F&4L, 565T

Emerald * Fadl, 565T, 572A, N149K, M153T, 67T

EYFP * 565G, VBEL, 572A, T203Y

mYFP = 565G, VeAEL, Q69K, 5724, T203Y, A206K

Citrine *° SB5G, VBAEL, Q69M, 572A, T203Y

mCitrine *" SE5G, VBAEL, Q89M, S72A, T203Y, AZ06K

Venus F46L, Fa4L, 565G, VBBL, 5724, M153T, V163A, 51756, T203Y

YPet F46L, 1471, F&4L, 565G, 57248, M153T, V163A, 5175G, T203Y, 5208F, V2241, H231E, D234N
ECFP ™ FadL, S65T, YOaW, N149], M153T, V163A

mCFP = FadlL, S65T, YEaW, M1491, M153T, V163A, A206K

Cerulean™ FadlL, S65T, YEEW, S72A, Y1454, H148D, N1491, M153T, V163A

CyPet T9G, V111, D19E, Fe4dL, 565T, YE6W, AB7V, N1491, M153T, V163A, N67A, E172T, L1594
EBFP ~ FadL, S65T, YB6EH, Y145F

T-Sapphire Q69M, C70V, 5724, Y145F, V163A, 5175G, T2031



However, the expensive and labor-intensive process to produce and purify mutant proteins still
places a barrier for the application of mutant proteins. Secondly, the try-and-error methodology
involved in most protein engineering work is case-specific, which fails to improve desired
functions of some specific proteins. Third, combining two functionalities with protein fusion are
usually entangled with unfavorable folding, causing decreased activity and/or stability ®*. Fourth,
the feasibility of protein mutation is largely confined by the expression functions of the host
organism. Last but not the least, to maintain activity, protein engineers endeavor to revise the
protein properties with minor change of its intrinsic structure, posing limited freedom to alter

major properties, such as size, hydrophobicity, and surface charges.

In Summary, despite the recent efforts on improving enzyme performances, novel methods that
could endow enzyme more versatile functions are still in demand, especially when considering
the increasing call for combination of enzymatic activity and other properties, such as enhanced

stability and defined surface properties.

Chapter 2. Intracellular Protein Delivery

The average eukaryotic cell contains thousands of proteins participating in its normal cellular

functions. Intracellular protein delivery® is considered to be the most direct, fastest and safest

65-68 69-71

approach for curing gene-deficiency diseases , enhancing vaccination”>"", triggering cell

72,73 74,75

transdifferentiation process , inducing the formation of pluripotent stem cells , and other

applications. In contrast to gene delivery, intracellular protein delivery avoids permanently

altering the genomic information of host cells, circumventing the concerns of potential

76-78

mutagenesis associated with the delivered genes Complex proteins, such as multi-

component protein assemblies and post-translationally modified proteins may also be delivered,
6



particularly when the expression of such complex proteins in host cells is limited due to the lack
of required cellular machinery. Clinical use of intracellular protein delivery is, nevertheless, still
very limited, mainly due to proteins’ low cell-membrane permeability, poor stability, and other
constraints.

To date, various vectors have been explored to facilitate intracellular delivery of proteins, such as

cell-penetrating peptides, liposomes, polymers, antibodies and other biomolecules.
2.1. CPP mediated Intracellular Protein Delivery

Cell-penetrating peptides (CPPs) or protein transduction domains (PTDs) are generally peptides
with less than 30 amino acids, which possess the ability to shuttle into the cellular interior. Ever
since the discovery of CPP more than 20 years ago’®, hundreds of CPPs with a diversity of
peptide sequences and 3D structures have been identified and applied to deliver cargo into cells,
ranging from small molecules, biomacromolecules (such as proteins and DNAS) to much larger

microparticles®.

Table 2 Representative cell penetrating peptide and their sequences (adapted from ref. 81)

Peptides Origin Sequences

Peptides deriving from protein transduction domains

Tat HIV-Tat protein PGRKKRRQRRPPQ

Penetratin Homeodomain RQIKIWFQNRRMKWKK

Transportan Galanin-mastoparan GWTLNSAGYLLGKINLKALAALAKKIL

VP-22 HSV-1 structural protein DAATATRGRSAASRPTERPRAPAR-SASRPRRPVD

Amphipathic peptides
MPG

HIV Gp41-5V40 NLS

GALFLGFLGAAGSTMGAWSQPKKKRKV

Pep-1 Trp-rich motif-SV40 NLS KETWWETWWTEWSQPKKKRKV
MAP Chimeric KALAKALAKALA

SAP Proline-rich motif VRLPPPVRLPPPVRLPPP

PPTG1 Chimeric GLFRALLRLLRSLWRLLLRA

Other cell-penetrating peptides: cationic peptides

Oligoarginine Chimeric Agr8 or Arg9

hCT (9-32) Human calcitonin LGTYTQDFNKTFPQTAIGYGAP
SynB Protegrin RGGRLSYSRRRFSTSTGR

Pvec Murine VE-cadherin LLIILRRRIRKQAHAHSK




CPP-mediated protein delivery was initiated to circumvent the safety and technical issues
associated with gene delivery. The CPP is typically installed on the cargo protein with fusion
protein technique. It may also be covalently conjugated to the cargo protein or assembly with it
via electrostatic interactions. Additionally, other vectors (such as liposomes, polymers, or virus)
with CPPs as surface ligands can also be used for the delivery of proteins. Since 1990s, the
intracellular delivery of intact protein has been demonstrated both in vitro and in vivo®®*. It was
demonstrated that after intra-peritoneal injection, CPP fusion proteins can be observed in almost
all tissues in mice, including the brain®. After that, a vast amount of researches on CPP-based
delivery has emerged with the endeavors to treat various diseases including cancer,
neurodegeneration, athma, ischaemia, autoimmunity and diabetes®®’. The in vivo administration
route has also been extensively explored, with success achieved in intratumoural, intravenous
and intratracheal injections, as well as transduction into oocytes, nasal sprays or transdermal
delivery %8,

The cellular uptake mechanism of CPP-protein delivery agent has been extensively studied. It is
now generally accepted that CPP-mediated protein delivery relies on the biding with heparin
sulfate proteoglycans displayed on cell surface®®, which is in consistent with other cationic
delivery vehicles®. Upon biding with the anionic proteoglycans, endocytosis is triggered to
import CPP-protein delivery agent into cells. The specific pathway of the endocytosis, however,
appears to be case specific, depending on cell and cargo type, as well as CPP sequence.
Caveolae-mediated endocytosis was found to be related to GFP-TAT fusion proteins®, in
accordance with the TAT-mediated cellular uptake route of virus particles®®. Wadia and
coworkers’ suggestion on the endocytosis pathway of TAT-fusion proteins, however, partially

conflicts with the findings with TAT-EGFP. With fluorescence labeled TAT-Cre recombinase



fusion protein, they found that TAT-fusion protein is internalized by cells via lipid raft-
dependent macropinocytosis™. Besides the cargo-specificity, cell type also affects the uptake
pathway. In T cells, uptake of the Tat protein was proved to be mainly via clathrin-mediated

endocytosis®, disagreeing the other observations.
2.2. Liposome mediated Intracellular Protein Delivery

Liposomes, a class of lipid-based vesicles ranging from tens to thousands of nanometers in
diameter, have been broadly used for drug delivery since the first observance several decades

ago 95,96

. In a typical liposomal delivery system, proteins are incorporated within vesicles where
the lipid bilayers facilitate translocation of the protein cargo into cytoplasm or lysosomes. Table
3 lists some commonly used lipid molecules, including neutral lipids, pH-responsive lipids, and
cationic lipids. The pH-sensitive lipids, in particular, contain carboxyl moieties that may be

protonated or deprotonated in response to the pH of the local environment, and therefore

facilitate release of their protein cargo.

Table 3 Lipids used for composing liposomes for protein delivery
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Cell uptake of liposomes is generally believed to be mediated by the adsorption of
liposomes onto cell surfaces followed by an endocytotic process. Using liposomes composed of
neutral lipids, it was demonstrated that prolidase could be delivered into fibroblasts with retained
activity and undetectable toxicity®’. The protein cargo, however, may be easily trapped within
lysosomes due to poor endosomal escape ability®®. Therefore, therapeutic applications of neutral
liposomes are limited to lysosome-related diseases, such as lysosome storage diseases.

To improve their endosomal escape capability, pH-responsive liposomes were formed
from mixtures of pH-responsive lipids and neutral lipids. As shown in Figure 1, upon
endocytosis, proton-induced liposome fusion®® occurs between liposomes and cell endosomes. At
the same time, in response to the acidic endosomal environment upon endocytosis, protonation
of carboxyl moieties reduces the hydration capability of the lipid molecules, which helps to
destabilize the liposomes and release their protein cargo into cytoplasm'®?%. To date, pH-
responsive liposomes have been used to deliver various proteins, such as antigens®® and
superoxide dismutase’®. 1t is worth mentioning that pH-responsive liposomes were also used to

deliver protein-polymer assemblies with enhanced delivery efficienc'®.
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Figure 1 Illustration of liposome-mediated intracellular protein delivery and endosomal
escape

To achieve effective protein delivery, enhancing cell-uptake efficiency of liposomes is
essential. Toward this goal, cationic liposomes formed from mixtures of cationic and neutral
lipids were developed to facilitate their binding to cell membranes and endocytosis'®. Most of
the cationic lipids are capable of triggering protein release after endocytosis, owning to the
increased protonation of cationic lipids in acidic environment. For example, cationic liposomes
constructed from TFA-DODAPL and DOPE (see Table 1) were used to deliver B-galactosidase
and caspases intracellularly with retained activities’®. The majority of the internalized proteins
were distributed within the cytosol, indicating successful release of the proteins during
endocytosis. Cationic liposomes containing lipospermine (DOGS, Table 1) were also used to
deliver anionic proteins into the cytoplasm®’. Such protein-loaded liposomes were shown to
enter cells via interaction with ubiquitously expressed syndecans followed by endocytosis.

106

Although some cationic liposomes are commercially available for laboratory us™, their clinical

11



use is still premature due to their incompatibility with serum proteins and poor in-vivo stability.
Recently, the cationic amphiphilic lipid, SAINT-2 (N-methyl-4(dioleyl)methyl- pyridinium-
chloride, Table 1), was shown to form liposomes for protein delivery in the presence of serum'®.
In this case, the cell uptake efficiency was not influenced by the size or charge of the liposomal
protein complex. Despite the high delivery efficiency, cationic liposomes show certain degree of

cytotoxicity™®

, Which might be related to apoptosis induced by their cationic moiety.

To further enhance liposomes’ cell uptake efficiency, cell-penetrating peptides (CPPs)
were conjugated to liposomes. The first example of CPP-conjugated liposomes was reported by
Torchilin et al. *°, where TAT (a cell penetrating peptide derived from HIV virus with sequence
of GRKKRRQRRRPPQ) was conjugated to liposomes with a short poly(ethyleneglycol) (PEG)
as a spacer. Proteins such as BSA, (3-galactosidase and 1gG were delivered with high efficiency
using other CPP-modified liposomes, such as oligoarginine-modified liposomes™*. Note that, in
this case, proteins were absorbed on the surface of the liposomes rather than entrapped within the
liposomes; delivery efficiencies were found to be related to the length of the oligoarginines. In

addition to CPPs, antibodies'****, folic acid'*® and transferrin''#*®

were also conjugated to
liposomes to facilitate their internalization and tissue-specific targeting. Moreover, to realize
targeted delivery, TAT and antibodies were conjugated to liposomes with short and long PEG
spacers, respectively. TAT was therefore embedded within and shielded by the long PEG chains
containing acid-labile linkers. Mediated by antibody, the liposomes could be delivered to tumor
cell surfaces. The long PEG chains were then cleaved off to expose the TAT moieties and

facilitate their endocytosis **', realizing specific targeting and enhanced transduction at the same

time.

2.3. Polymer Mediated Intracellular Protein Delivery

12



Synthetic polymers with designed composition and function are attractive vectors for

118,119

protein delivery In fact, PEG has been conjugated to proteins to extend the circulation

120" and hydrogels™* have been used to control the release

time of protein drugs since the 1970s
of protein drugs. Polymeric protein delivery systems generally rely on the formation of
micrometer- or nanometer- size polymer particles containing protein cargo. Based on their
synthetic process and structure, such system can be classified into noncovalent and covalent
delivery systems.

In noncovalent delivery systems, delivery particles are synthesized by assembling
polymer and protein cargo through noncovalent interactions, such as hydrophobic interactions,
hydrogen bonding, and electrostatic interactions. Polymers with a variety of structures and
morphologies, such as block copolymers containing a PEG block and a polycationic block,
lipidic dendrimers, amphiphilic polycarbonhydrates containing cholesterol moieties,
hyperbranched  polyhydroxyl (HBPH) polymers, poly(butylcyanoacrylate) (PBCA)
nanoparticles, and linear polyethyleneimine (PEI) with infinity tags, have been used to form

122-130

protein-polymer complexes (Figure 1) Based on their assembly processes, noncovalent

delivery system can be divided into two categories.

13



dendrimer””

nanoparticle

Figure 2 Schematic illustration of the noncovalent polymer delivery system
In the first category, proteins are adsorbed onto polymer particles or dendrimers. For

example, PBCA nanoparticles have been used to deliver proteins across the blood brain

barrier‘??

. In that study, proteins were absorbed onto nanoparticles and entered neuronal cells via
lipoprotein receptor-mediated endocytosis. Similarly, mixing glutathione S-transferase (GST)
with cationic dendrimers led to formation of polydisperse complexes with diameters centered at
36 nm. The positive charge on the dendrimers greatly facilitated their cellular uptake. This
delivery approach was also extended to the delivery of luciferase and antibodies*®. It has also

been claimed that HBPH could encapsulate proteins inside its amphiphilic nanocavities ***. By

assembling cytochrome C with folate-conjugating HBPH, monodisperse nanoparticles with a

14



mean diameter of 63 nm were obtained. Since the size of HBPH dendrimer (Mwt = 36400 Da) is
around 5 nm, the complex formed should be an assembly of multiple HBPH dendrimers and

multiple proteins.

In the second category, polymers with heterogeneous molecular structure were used. During
their assembly process with protein molecules, a section of the polymer chain complexes with
the protein through electrostatic interactions, hydrophobic interactions or other noncovalent
interactions. The other section of the polymer helps to stabilize the complexed structure,
resulting in stable protein-polymer complexes in solution. Among many cases, formation of
protein-polymer complexes from block copolymers containing a cationic block and a PEG block
is particularly common. The cationic block effectively binds with anionic proteins via
electrostatic interaction, while the PEG block forms an exterior hydration layer that stabilizes the
complex structure. Moieties that facilitate cell uptake or targeting capability can also be linked
to the end of the PEG block (Figure 2). This design provides an effective approach for protein
delivery. 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. Complexing such
copolymer with anionic proteins resulted in delivery vessels with enhanced cellular uptake *?°.
However, such a technique may be limited to anionic proteins and the stability of the micellar
complex is heavily dependent on the surface charge of proteins. To overcome this limit, lysine
groups on proteins were modified with citraconic acid or cis-aconitic acid, forming acid-labile
amide bonds, which can be degraded in acidic endosomal environment upon endocytosis™?®*%’.
Such molecular modification provides enough negative charge to enable the formation of

protein-polymer complexes. Additionally, it also enables responsive release of cargo proteins

intracellularly.
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Similarly, proteins can be readily complexed to the hydrophobic moieties of amphiphilic
polymers through hydrophobic interactions. For example, cholesterol-bearing pullulan (CHP) or
its derivative CHPNH2 were assembled with proteins, resulting in the formation of cationic

nanocapsules with diameters less than 50 nm 2%,

In this case, hydrophobic domains formed by
the cholesterol moieties on the polymer chains served as complexing sites for the proteins.
Enhanced cellular uptake, as well as retained intracellular enzymatic activity, was reported.
Effective endosomal release of the proteins was also observed 18 hours after transduction.

In addition to non-specific assemblies mediated by electrostatic force or
hydrophobic/hydrophilic interactions, more specific affinity bindings were also utilized to form
protein-polymer complexes. For example, PEI-glutathione conjugates could bind with
glutathione S-transferase-fused proteins and induce cellular uptake in mammalian cells **. The
affinity binding approach has the advantage of minimized protein denaturation and well-
controlled complex structure. However, its application is still limited to proteins that are able to
fuse with their binding ligands.

Overall, noncovalent polymeric delivery systems provide a facile strategy for
intracellular protein delivery. Stability of the assembled complexes, as well as protein
denaturation during complexing, is still problematic. In fact, the complexes may rapidly
dissociate upon dilution in vivo®®. Competitive binding of serum proteins with polymer vectors
may also lead to rapid complex dissociation. Moreover, strong interactions between polymers
and proteins may alter the protein structures. For example, the Tajmir-Riahi group performed
detailed studies on the complexes of dendrimer and BSA™" and found that BSA conformation

was altered, with a major reduction of a-helix and an increase in random coil and turn structures

observed upon complexing.
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A two-sided dilemma confronts the noncovalent approach: weak noncovalent interactions
make the complexes vulnerable to dissociation while strong noncovalent interactions may cause
denaturation. Applying an additional crosslinking process after complex formation may stabilize
the complexes. Recently, the Murthy group reported disulfide-crosslinked poly(ethylene glycol)-
block-poly(L-Lysine) (PEG-PLL) protein assemblies as a protein delivery system. In this work,
after complexing poly(ethylene glycol)-block-poly(L-lysine-dithiopyridine) (PEG-PLDTP) with
proteins, 3,6- dioxa-1,8-octanedithiol was added to crosslink the complex. The disulfide
crosslinking provided stability to the assembled complexes and protected them from serum
degradation. In addition, the disulfide bonds are designed to be cleaved by intracellular reducing
agents for more effective protein delivery **.

In a covalent polymeric delivery system, polymer and protein are connected through
covalent bonds, providing significantly enhanced stability. In 2005, Futami et al. first reported
conjugates of cationic PEI with protein for intracellular protein delivery™*. Enhanced green
florescent protein (EGFP) conjugated with PEI shows orders of magnitude higher cell uptake
than TAT-EGFP fusion proteins. When similar conjugation was performed on ribonuclease
(RNase), the cytotoxicity of RNase increased dramatically. Additionally, the cytotoxicity of
PEI-RNase was found to relate to the length of PEI chains on the RNase surface, validating the
authors’ claim about PEI’s role in cellular uptake of PEI-protein conjugates.

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’>. p-catenins were also delivered via conjugation with PEI with high

efficiency; as delivered proteins could activate the Wnt canonical signaling pathway (a pathway
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that contributes to the self-renewal of mouse hematopoietic stem cells)*®. In addition to the
permanent conjugation of the polymer and protein, cleavable disulfide bonds were also used to
form cleavable conjugates. For example, conjugates of PEI and denatured p53 were delivered
into cells. Upon endocytosis, the PEI chains were cleaved off and the unfolded proteins could

refold to their native form 3.

As a conclusion, protein therapy, endowed with a more defined action mechanism than small
molecule drugs and safer administration than gene therapy, harbors great promises for the
treatment of many diseases. In recent years, the market penetration of the pharmaceutical protein
industry has already started to gain momentum. Up to now, over 140 FDA-approved protein
drugs have been placed on the market, and more are coming. Despite its fast growth in the
recent years, protein therapy, especially that with intracellular therapeutic targets, is still in its
adolescence, mainly owning to the incapability to deliver functional proteins inside cells.
Various intracellular delivery carriers for protein drugs have been developed during
decades. Pros and cons exist simultaneously in each of the delivery systems, though. CPP-fusion
proteins, although have been extensively studies, are associated with limitations such as
vulnerability to protease, limited transduction efficiency, and toxicity. Liposomes, despite its
relatively long history of investigation, are commonly associated with unresolved issues such as
low delivery efficiency and low in-vivo stability, rendering them a less competitive strategy.
Polymeric delivery systems, despite certain disadvantages such as toxicity for some polymers,
hold great potentials, since it is relatively easy to synthesize biocompatible nanocarriers with

designed functionality and structure.
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An ideal protein delivery system should satisfy many criteria not limited to efficient
cellular uptake, minimized toxicity, high stability in serum and ability to target subcellular
compartments. When these requirements are met, we are likely to see more protein
pharmaceuticals on the market in the foreseeable future. Effective integration of knowledge from
chemistry, material science, biology, medical science and other fields may provide effective

design tools and concepts for the successful protein delivery.

Chapter 3. Fabrication of Single Protein Nanocapsules

3.1. Introduction

In my research, we developed a strategy to simultaneously solve the stability issue and to install
novel functions on the protein. Our design concept resembles the natural theme in virus capsid
and cell membrane. Viruses and cells enclose their main biological functionalities inside their
interior with a shell composed of protein or lipid membrane to protect the internal structure. At
the same time, the surface is functionalized with signaling and targeting moieties, responsible for
the interaction with exterior environments. In our design, similar with the theme in viruses and
cells, we designed a protein-polymer core-shell structure to give protein a “nanocapsule” (Figure

3).
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Figure 3 Schematic illustration of a protein nanocapsule
The synthesis of such structure is achieved by aqueous in-situ polymerization on protein surface.

Enzyme nanocapsules offer a series of unique characteristics: 1) Multi-covalently attached
polymer layer stabilizes the protein 3D structure; 2) Hydrophilic polymer layer offers an
environment resembling physiological environment, providing proteins the resistance against
denaturation; 3) Net-like polymer allows the free diffusion of substrates and products of
enzymes; 4) The nano-scale size is suitable for a wider range of applications compared with bulk
immobilized proteins; 5) The polymer layer offers a platform to engineer the surface properties
of enzyme without interfering enzyme’s intrinsic activity.

3.2. Experimental

Modification: one milligrams of protein in 0.2 mL of pH 8.0 20 mM borate buffer was reacted
with a defined amount of 10% N-acryloxysuccinimide (NAS) in DMSO for 2 h at 4 °C. The
ratio of NAS to protein typically varies from 5 to 100. After that, the reaction solution is
thoroughly dialyzed against pH 7.0 20 mM phosphate buffer with a CE dialysis membrane with

MWCO of 10 kDa. To modify the carboxylic groups, 1 mg of protein in 1 mL 20 mM pH 6.0
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MES buffer added in a glass vial with stir bar. To this solution, N-(3-Aminopropyl)
methacrylamide hydrochloride (100x mole ratio), N-hydroxylsuccimide (10x mole ratio), and N-
(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (100x mole ratio) is added
subsequently. The reaction is stirred gently at 4 “C for 2 hours and dialyzed against 20 mM pH
7.0 phosphate buffer with a CE dialysis membrane with MWCO of 10 kDa to remove the
unreacted reagents.

Polymerization: To a 1 mL acryloylated protein solution at 1 mg/mL, appropriate amounts of
backbone monomer (eg. Acrylamide, AAm), crosslinker (eg. Bisacrylamide, BIS), and co-
monomer (eg. 2-dimethylaminoethyl methacrylate, DMAEMA) are added during gentle stirring.
Then  specific amounts of ammonium  persulfate  (APS) and  N,N,N’,N’-
tetramethylethylenediamine (TEMED) are added to initiate the reaction. The reaction is allowed
to proceed for 2 hours at room temperature. Finally, dialysis against 20 mM pH 7.0 phosphate
buffer is used to remove monomers and initiators with a CE dialysis membrane with MWCO of
10 kDa.

MALDI-TOF Spectroscopy: The degree of modification is measured using matrix assisted laser
desorption/ionization-time of flight (MALDI). Briefly, 1 uL of 1 mg/mL MSA in 10mM
phosphate buffer pH 7.0 should be mixed with 9 pL of 10% wi/v sinapinic acid (in 30% v/v
acetyonitrile/water solution with 0.1% v/v trifluoroacetic acid). A droplet of 2 uL of the resulting
solution is on a KFF Gold plate. After the droplet is dry, load the into an Applied Biosystem
Voyager-DE-STR MALDI-TOF mass spectrometer. The spectrum is measured under a linear

mode with 25000 acceleration voltage, 90% grid and 400 ns delay time.
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Infrared spectra acquisition: Fourier Transformed Infrared Spectroscopy (FT-IR) for native
OPH, acrylated OPH, nOPH(AAmM) and nOPH(APmM-AAm) were acquired with KBr disks on a
JASCO FT/IR-420 spectrometer.

TEM: TEM samples were prepared by drop-coating of 2 uLL nanocapsules solution onto carbon-
coated copper grids. Droplets of samples were contacted with the grids for 45 s; then excess
amount of samples was removed. The grid was then rinsed, and stained with 1% sodium
phosphotungstate at pH 7.0 for 2 min. For better imaging, silver enhancement of AuNPs was
performed prior to observation with TEM. Briefly, AuNP-labeled nHRP solution was first
contacted with a TEM grid for 45s. After rinsing with deionized water, the grid was floated on a
drop of freshly prepared silver enhancement reagent (Nanoprobe, NY) for 1 min. The grid was
then rinsed again, followed by staining with 1% sodium phosphotungstate at pH 7.0.

Size and zeta potential measurements: DLS Measurements of nanocapsules were taken with a
protein concentration of 1 mg/mL in 10 mM phosphate buffer with a Malvern Zetasizer Nano.
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 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.

3.3.  Synthetic Approach and Structural Characterization

In general the synthetic approach of protein nanocapsules follows a two-step protocol. As
illustrated in Figure 4, the first step involves modification of the enzymes with polymerizable
moieties and the second step is the formation of polymer shells around each of the modified

protein to the construct a single-protein nanocapsules (termed nProtein hereafter).

22



Figure 4 Schematic illustration of the synthetic approach of protein nanocapsules
Synthesis Step I: Enzyme generally contains surface amino acids, among which lysine, cystine,

glutamic acid or asparatic acid are commonly present and can be used for conjugation to various
molecules. In our research, we can use either lysine group or glutamic acid/aspartic acid for the
conjugation of polymerizable acryl groups (Figure 5). However, modifying amino acid residues
on proteins may cause decreased activity, especially when the active site of the enzyme contains
reactive amino acids. Therefore, having multiple options for modification gives us better chances
to preserve the active site. For example, superoxide dismutase (SOD) harbors lysine residual in
its active site. Modifying lysine groups causes total loss of SOD activity. Modifying carboxylic

groups, instead, preserves 90% of the original SOD activity.
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Figure 5 Synthetic methods to conjugate acryl groups onto enzymes
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In a typical modification step, N-acryloxysuccinimide (NAS) is used to modify the amine groups
on protein. The ratio of NAS to protein typically varies from 5 to 100. To modify the carboxylic
groups, N-(3-Aminopropyl) methacrylamide hydrochloride (100x mole ratio) is conjugated to the
protein via EDC/NHS chemistry. After the reaction is complete, the conjugated protein is

purified via dialysis.
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Figure 6 MALDI-TOF mass spectra of proteins before and after modification with N-
acryloxysuccinimide (NAS): (a) native EGFP and modified EGFP, (b) native HRP and
modified HRP, (c) native SOD and modified SOD, (d) native Caspase-3 and modified
Caspase-3

The degrees of modification can be measured using MALDI-TOF mass spectroscopy. Figure 6 is
the MALDI-TOF mass spectra of native and modified proteins. In these cases, EGFP, HRP and
caspase 3 were reacted with NAS to modify amine groups, whereas SOD is carboxylic-modified.
In each of the unmodified/modified pairs, a clear molecular weight increase can be visualized. A

quantitative calculation presents the average number of modification on each protein (Table 4).
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The residual activities after modification are also presented in this form, indicating minimized

loss of activity due to the modification.

Table 4 Molecular weight of proteins before and after modification with N-
acryloxysuccinimide (measured with MALDI-TOF mass spectrometer)

Name Molecular Weight Mx:;ﬂar Number of Zii;sil:?/l
(MALDI-TOF MS) increase vinyl groups %)
Native EGFP 29422 - - -
EGFP modified with N- 30352 930 172 :
acryloxysuccinimide
Native HRP 43248 - - 100
HRP modlfled_V\_/lth N- 43512 264 49 98
acryloxysuccinimide
SOD 31469 - - 100
SOD modified with N- 32543 1073 8.6 90
acryloxysuccinimide
Native caspase 3 59128 - - 100
Caspase 3 modified with 59650 599 98 91

N-acryloxysuccinimide

Additionally, the number of acryl groups per protein can be finely tuned by adjusting the amount
of reagents added into the modification step. With this strategy, the modification degree can be
controlled to avoid significant inactivation of protein. Take AKR1C4 (aldo-keto reductase family
1 member C4) as an example. Although AKR1C4 does not contain lysine residue in active site, it
IS sensitive to the modification of lysine residuals, possibly due to destabilization of its 3D
structure caused by lysine modificaiton. To preserve the bioactivity of AKR1C4, the correlation
between number of modified lysine and the activity of AKR1C4 was explored. We demonstrated
that we could form acrylated AKR1C4 by increased molecular weight determined by MALDI-
TOF mass spectroscopy (Table 5 ,Figure 7). Additionally, controlling the number of modified

amine groups under 5 leads to minimized loss of AKR1C4 activity (Figure 7).

Table 5 The molar ratio of NAS added to enzyme and the corresponding number of acryl
groups attached to each enzyme
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Figure 7 a) MALDI measurement to determine modification degree of enzymes; b)
AKR1C4 activity monitored by measuring absorption change at 340 nm by UV

spectrometer.

Synthesis Step Il: Nanocapsule shells are formed through a mild free-radical polymerization at

room temperature and neutral pH. Table 6 lists the monomers that are used, which include those

with neutral, negative or positive charge. These monomers are hydrophilic, which will lead to

the formation of hydrophilic nanocapsules with good solubility and stability in aqueous

solutions.

Table 6 monomers that are used to form the nanocapsule shells

Type Monomers
Acrylamide CH,=CHCONH;,
2-Hydroxyethyl acrylate CH,=CHCOOCH,CH,0OH
OH
0]
Neutral N-[Tris(hydroxymethyl)methyl]acrylamide HQC{\)LN /E_,OH
H >on
PEG acrylate CH,=CHCO(OCH,CH,),OH
Negativel Sodium acrylate CH,=CHCOONa
cr?arge dy 2-Acryloylamido-2-methylpropanesulfonic CH,=CHCONHC(CH3),CH,S03

sodium

Na
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Positively N-(3-Aminopropyl) methacrylamide CH,=C(CH3)CONH(CH,)3NH,

charged Dimethylamino ethyl methacrylate CH,=C(CH3)COCH,CH,;N(CH3),
2 |
Zwitterionic  2-methacryloyloxyethyl phosphorylcholine 'fLD o Lo

A detailed synthetic protocol can be depicted as follows. To a 1 mL acryloylated protein solution
at 1 mg/mL, appropriate amounts of backbone monomer (eg. Acrylamide, AAm), crosslinker
(eg. Bisacrylamide, BIS), and co-monomer (eg. 2-dimethylaminoethyl methacrylate, DMAEMA)
are added during gentle stirring. Then specific amounts of ammonium persulfate (APS) and
N,N,N’,N’-tetramethylethylenediamine (TEMED) are added to initiate the reaction. The
reaction is allowed to proceed for 2 hours at room temperature. Finally, dialysis against 20 mM
pH 7.0 phosphate buffer is used to remove monomers and initiators.

Several criteria apply when determine the amounts of reagents we chose, which are listed as
follows:

e The mole ratio of monomer mixture (including backbone monomer and co-monomer) to
protein is between 2000 and 8000. Too little monomer results in failure to form polymer
shell. Too much monomer, however, leads to gelation.

e The mole ratio of backbone monomer to co-monomer can be adjusted in order to adjust
the amount of surface functional group or to tune microenvironment provided by the
polymer shell.

e The mole ratio of monomer mixture to crosslinker typically varies from 10 to 20.

e The mole ratio of monomer mixture to APS typically varies from 10 to 20.

The mole ratio of TEMED to APS typically varies from 2 to 10.

The successful formation of polymeric shell can be validated by a variety of characterizations.

Figure 8 shows the infrared spectra of native organophosphorous hydrolase (OPH), modified
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OPH, OPH nanocapsuels with acrylamide (AAm) as monomer, and OPH nanocapsules with
acrylamide/ N-(3-Aminopropyl) methacrylamide (AAmM/APm) as monomers. Characteristic IR
absorption (arrows in Figure 8) at 3350 cm™, 1600 cm™, 1450 cm™ (for pAAm) and 1100 cm™
(for pAPm) confirms the formation of polymeric shell around protein surface.
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Figure 8 IR spectra of native OPH, modified OPH, nOPH(AAmM) and nOPH(APm)
Besides the compositional characterization to confirm the existence of polymer chains on the

protein surface, other characterization can be also used to demonstrate the formation of the
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polymer shell. Dynamic light scattering, a technique to detect the hydrodynamic radius of
particles in suspension is used to determine the size increase after incapsulation. In addition, the
surface charge can be probed by measuring the zeta potiential. Figure 9 shows the size and zeta
potiential distribution of native bovine serum albumin (BSA), anionic BSA nanocapsules
(nBSA-AAmM), and cationic BSA nanocapsuels (nBSA-DMAEMA). Compard with native BSA,
both cationic and anionic nBSA shows increased size. Additionally, the surface charge also alters
after the encapsulation. While the native BSA exhibits a zeta potential of -10.8 + 4.5 mV, anionic
and cationic nBSA display zeta potiential of -13.9 £ 5.3 mV and +15.1 £ 3.4 mV, respectively.
The significantly altered size and zeta potential clearly demonstrate the successful formation of

the polymeric shell around the protein.
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Figure 9 size and zeta potiential distribution of (a) native BSA, (b) nBSA-AAm and (c)
nBSA-DMAEMA

Agarose gel electrophoresis is also used to verify the formation of the nanocapsule and the
change in size and surface charge after encapsulation. Electrophoresis is an analytical technique
typically used to separate DNA or RNA fragments. It can also be applied to separate
nanoparticles by charge and size. Figure 10 shows the image of an agarose gel after

electrophoresis. Similar with the native BSA, nBSA-AAm migrates to the anode, indicating a



negative surface charge. However, the rate of migration toward the anode is much slower than
native BSA, possibly due to the increased size. nBSA-DMAEMA, on the other hand, exhibits
different electrophoresis behavior. It migrates toward the cathode, with similar migration rate
with nBSA-AAmM. These observations suggest that nBSA-DMAEMA is positively charged with

a radius similar with nBSA-AAmM.

Figure 10 Agarose gel electrophoresis image of (1) native BSA, (2) nBSA-AAm, and (3)
nBSA-DMAEMA. These samples were pre-labeled with fluorescein isothiocyanate.

More direct evidence of the formation of nanocapsules can be visualized under TEM or AFM.
Exemplified using the synthesis of nHRP, TEM and AFM images of nHRP indicate these
nanocapsules are spherical with uniform diameter around 15 nm (Figure 11), which is consistent
with DSL measurement. Since the radius of a HRP molecule is around 5 nm, the average shell
thickness is approximately 5 nm. By labeling each HRP molecule with a single 1.4 nm gold
nanoparticle, most nanocapsules observed contain only one single gold nanoparticle, further

confirming a single-protein core-shell structure (Figure 11).
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Figure 11 representative TEM and AFM images of the HRP nanocapsules and TEM image
of nanocapsules containing a single 1.4 nm gold-quantum-dot-labeled HRP core

3.4. Engineerable Surface

The surface charge could also been engineered. Both anionic and cationic monomers can be
incorporated onto polymer shells around enzymes, either forming a monopolymer or forming
copolymers with other comonomers. Furthermore, by varying the ratio of ionic monomer versus
neutral monomer, we could tune the surface charge. As shown in Figure 12a, the polyacrylamide
nanocapsules are anionic, due to the sulfate groups introduced by initiator ammonium persulfate.
But, with the weight ratio of DMAEMA: AAm increasing from 0:1, 1:3 to 1:1, the average zeta
potential of the nanocapsules increased from -12.8 mV, 8.64 mV to 15.2 mV (Figure 12). In the
case of anionic copolymer, similarly, the surface charge could be easily controlled. Figure 12b
shows the correlations between surface charge and weight ratio of acrylic acid to acrylamide
(AA: AAm). The zeta potential shifted to lower value as the amount of anionic monomer
increased. The adjustable surface charge offers us more chance engineering our enzymes to fit

certain application purposes.
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Figure 12 (a) zeta potential distribution of BSA nanocapsules with different composition:
from top to bottom DMAEMA:AAmM = 0:1, 1:3, 1:1; (b) zeta potential distributions of
anionic BSA nanocapsules with different compositions: from top to bottom AA:AAm =0, 1,
4

3.5. Summary
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In this chapter, I present the design and synthetic route of protein nanocapsules. This strategy is
based on a two-step in-situ polymerization on protein surface, conducted in aqueous environment
at room temperature. The first step involves the conjugation of polymerizable groups on protein
surface. The increased molecular weight can be detected by MALDI-TOF spectroscopy. By
varying the amount of conjugation reagents, protein conjugate with different conjugation degree
can be obtained. The second step is an aqueous free radical polymerization, in which a thin layer
of polymer network is formed on protein surface. The successful formation of the polymer layer
is confirmed with IR spectroscopy, dynamic light scattering, agarose gel electrophoresis, and
transmission electron microscopy. The composition of the polymer layer can be readily adjusted
by changing the monomer added in the polymerization. In addition, the surface function can be

finely tuned by incorporating copolymerization and varying the ratio between co-monomers.

Chapter 4. Bioactivity of Nanocapsules

4.1. Introduction

Proteins perform various biological functions in every organism, ranging from catalysis to
signaling. The demand to study protein structure and functions and, more recently, to use them as
for new therapeutics and materials has created an increasing need for chemical conjugation and
protein immobilization. A significant reduction in apparent enzyme activity, however, is often
observed in enzyme modification, immobilization or encapsulation. The loss of activity is mainly
attributed to the following causes™®. First, functionalization of the critical amino acid causes
inactivation of the active site or destabilization of the 3D conformation. Second, the rigid matrix
used for immobilization hinders the substrate accessibility to the enzyme. Third, the rigid matrix

also restricts the enzyme conformation change required in the reaction. In comparison, the
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encapsulation in the nanocapsule we developed has only posed a minor effect on the apparent
activity of the enzyme, owning to the mild reaction condition we used for the synthesis and the
excellent permeability and elasticity of the thin polymer network formed on the protein surface.

Beyond the well-retained activity, the nanocapsule technique harbors a unique property that can
be hardly realized with other protein-conjugation technique. We discovered that the polymer
largely contributes to the microenvironment of the core protein, in spite of the environment in

the bulk solution.
4.2. Experimental

Horseradish peroxidase activity assay: During a run, 0.9 ml of pH 5.5, 100mM phosphate
citrate containing 1.1mM H;05, 0.05 ml of 0.02 M H,0,, and 10uL of 0.2pug/mL HRP was added
into a test tube. The reaction was initiated by adding 0.05 ml of DMSO containing 0.02 M
3,3’,5,5’-tetramethylbenzidine (TMB) and monitored at 655 nm. The oxidation rate of TMB is
interpreted from slope of the initial linear parts of the adsorption curve at 655nm using a molar
absorption coefficient (39,000 M™cm™) for the oxidation product of TMB.

Glucose oxidase activity: Glucose oxidase assay is conducted in 50 mM pH 5.1 sodium acetate
buffer containing 0.17 mM o-Dianisidine and 1.72% glucose (w/v). Fresh-prepared HRP solution
is added to the mixture to reach a final concentration of 0.01 mg/mL. Then GOx (0.4-0.8 U/mL)
is added to the mixture and the absorbance at 500 nm is monitored with a UV-Visible
spectrometer.

Activity of Enhanced green fluorescence protein and mCherry: The activities of eGFP and
mCherry is determined with fluorescence. The protein or nanocapsule is diluted with 20 mM pH

7.0 phosphate buffer to a final concentration of 0.01 — 0.1 mg protein/mL. The fluorescence with
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Aex = 485 nm, Aem = 535 nm or Aex = 585 nm, Aem = 610 nm was measured to represent the
activity of EGFP or mCherry, repectively.

Alkaline phosphatase activity: To measure the activity of alkaline phosphatase, add 0.5 mL 100
mM Glycine Buffer w/ 1 mM MgCl, pH 10.4 into 0.5 mL 15.2 mM p-nitrophenyl phosphate,
mix well. 0.1 mL alkaline phosphatase (0.1-0.2 U/mL) was then added to the mixture.
Absorbance at 405 nm was monitored and the slope was used to quantify the activity of alkaline
phosphatase.

AKR1C4 activity: Oxidation of the steroid substrate androsterone by AKR1C4 in the presence
of the co factor NAD" was monitored spectrophotometrically @ 340nm. Each reaction well
contained a total of 50ul of reaction mixture containing 100mM potassium phosphate (pH 7.2),
substrate: 80 uM androsterone and enzyme AKR1C4. All components of the reaction mixture
were at room temperature and mixed well before initiation with 2.3 mM NAD".

Tyrosinase activity: To a 1 ml 20 mM pH 6.5 phosphate buffer containing 0.3 mM |-

tyrosine, 50 - 100 units tyrosinase was added. The absorbance at 280 nm is immediately
monitored. And the slope of the absorbance increase is used to evaluate the tyrosinase activity.
Superoxide dismutase activity: Briefly, the assay mixture contained 2.4 mL of 50 mM Tris HCI
buffer containing 1 mM EDTA (pH 8.0), 300 puL of 0.2 mM pyrogallol and 300 pL enzyme
source. The increase in absorbance was measured immediately at 420 nm against a blank
containing all the components except the enzyme and pyrogallol at 10 s intervals for 3 min. The
amount of SOD needed for 50% inhibition of pyrogallol auto-oxidation is used to evaluate the
activity of SOD.

Catalase activity: 30% H,0,was added to a 50 mM phosphate buffer to a final concentration of

0.036% (w/w). Determine the absorbance at 240 nm to make sure the Agsonm IS between 0.55 and
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0.52. Dilute the catalase sample to approximately 100 units/mL in 50 mM phosphate buffer.
After that, add 100 pL catalase solution to 2.9 mL 0.036 % H,0, and mix well. Start timing the
reaction when Azsonm reaches 0.45 absorbance units and record the time required for the A240nm
to decrease from 0.45 to 0.40 absorbance units. The slope during this period of time is used to
stand for the activity of catalase.

Firefly luciferase activity: Firefly luciferase is assayed with the Pierce Firefly Luciferase Glow
Assay kit according to the manufacture’s manual.

OPH acitivity assay: 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.

Probing local pH environment with fluorescein: To 100 uL native OPH or nOPH solution
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 reader (Aex = 485 nm, Aem = 535 nm). Each data point was done in triplicate. And
free fluorescein with the same concentration was used as a control.

4.3. Retained activity of nanocapsules

Encapsulation in the nanocapsule we present has posed a minor effect on the apparent activity of
the enzyme. In my research, the nanoenapsulation technique has been applied to a collection of
enzymes. As shown in Table 7, over 80% of original activity can be preserved after

encapsulation in nanocapsules composed of polyacrylamide as the polymer shell, in spite of the
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diversity in the enzyme structure. The 14 enzyme systems | used include monomeric proteins
(eg. HRP), dimeric proteins (eg. GOx), tetrameric proteins (eg. Cat), metal enzymes (eg. SOD),
non-metal enzymes (eg. PLAP), enzymes with cofactor (eg. GOx), fluorescence protein (eg.
EGFP), proteins with B-sheet as the structure theme (eg. EGFP) and proteins with a-helix as
structure theme (eg. HRP). These results suggest that our nanoencapsulation technique offers a

generally applicable platform for encapsulation of enzymes with highly retained bioactivity.

Table 7 relative residual activities of nanocapsules with different enzyme cores

Molecular Relative Residual

Name Abbre. weight Activity Additive
Horseradish peroxidase HRP 43 kDa 985+£35% DMAAP'
Glucose oxidase GOx 16 kDa 95.4+42% -
Enha_nced green fluorescence EGEP 29 kDa 995 + 1.6 % i
protein
mCherry mCherry  28.8 kDa 96.3+3.7% -
Placenta Alkaline Phosphatase PLAP  58.0 kDa 90.1+6.4% -
Alkall_ne ph_osphatase from calf CIAP 69.0 kDa 923 +85 % i
small intestine
AKR1C4 AKR1C4 37.3 kDa 85.4x7.4% DMAAP
Mushroom Tyrosinase TYR 63.9 kDa 89.3+6.3% DMAAP
Human Tyrosinase TYR 42.9 kDa 86.7 £5.6 % DMAAP
Superoxide dismutase SOD 32.5 kDa 90.4+£3.9% -
Catalase CAT 250 kDa 83.7£6.9% DMAAP
Organophosphorous hydrolase OPH 39 kDa 94.2+45% -
B-lactamase BL 28.7 kDa 91.1+7.2% -
Firefly luciferase Fluc 60.0 kDa 98.2+3.2% ATP* + Mg?*

TDMAAP: 4-Dimethylaminoantipyrine 1ATP: Adenosine-5'-triphosphate
Compared with the conventional immobilization technique on rigid and bulk matrix, the major

advantages of our approach include: 1) the encapsulation procedure is conducted under a mild
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condition similar to physiological environment, posing minor influence on the fragile 3D
structure of proteins; 2) the thin layer of the polymer network does not restrict the diffusion of
the substrate and product of the enzyme; 3) the elastic polymer allows the conformational change
during catalysis. With these unique characteristics, we are able to give enzyme a membrane

without interfering the bioactivity mediated by the core enzyme.
4.4. Nanocapsules define microenvironment around enzyme surface

Beyond the well-retained activity, we discovered that the apparent activity could be enhanced
after encapsulation in some enzyme systems. Herein, we use cationic OPH nanocapsule (nOPH)
to discuss this distinct property of nanocapsules.

Cationic nOPH is fabricated following the same protocol as we presented in **, with AAm and
APm as monomers. After modification with NAS, OPH activity is well-retained. After formation
of OPH nanocapsules, however, OPH activity increased to 175% at pH 8.5. To further
understand the influence of the polymer shell on enzymatic kinetics, we conducted kinetic
studies on native OPH and nOPH. It was found that nOPH exhibits a K, of 0.077 mM, slightly
higher than that of the native OPH (~ 0.046 mM). Note that traditional immobilization
techniques (e.g., immobilization enzymes within polymers or silica) often dramatically increase
the substrate-transport resistance, leading to significantly increased K and reduced overall

enzymatic activity .

The smaller K, observed for the nOPH, in comparison with the
traditional immobilized enzymes, is attributed to their thin polymer shells with extraordinary
substrate permeability. Interestingly, it was found that nOPH exhibits a higher kg than that of
the native OPH (790 s™ vs. 450 s). It is important to point out that the traditional

immobilization techniques generally result in dramatic k¢ decline. In this study, the observed
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increase in Key 1S probably attributed to the polymer shells that change the local environment
around encapsulated OPH.

To further explore this unique property, activities of native OPH and nOPH at different pH were
compared (Figure 13a). Clearly, both OPH and nOPH show increasing activity with increasing
pH. Moreover, nOPH generally exhibits superior activity than the native OPH over the tested
pH range. 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.
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Figure 13 (left) Relative enzyme activity of native OPH and nOPH under various pHs,
activities were normalized using their activities at pH 10.5 as 100% standards (meanSEM,
n=3); (middle) Fluorescence intensity of free fluorescein, OPH-FITC, and nOPH-FITC
containing the same amount of fluorescein (n = 3, ** p < 0.01); (right) Fluorescence
intensity of FITC-OPH and FITC-nOPH as a function of pH values (mean+SEM, n=3)

This observation can be explained by the local basic microenvironment provided by buffering
effect of poly[N-(3-aminopropyl) methacrylamide] (pKa ~10) %! The difference between
local pH in a gel and outside the gel has been reported in bulk gel system®’. In a nano-scaled
polymeric matrix, however, such phenomenon is less explored. 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
13b), FITC bound to nOPH emits stronger fluorescence. FITC conjugated to native OPH, as a
comparison, does not exhibit significant fluorescence enhancement. To further validate our

hypothesis, we measured the fluorescence in a series of buffers with different pH. As shown in

40



Figure 13c, the fluorescence intensity of FITC bound to native OPH increases with increasing
pH, due to the pH responsive characteristic of FITC. In the case of FITC-nOPH, as a comparison,
the fluorescence intensity is generally higher than FITC-OPH, validating the local basic
environment. Additionally, the fluorescence increases less significantly compared with FITC-
OPH, consistent with the buffering effect of polyAPm. 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.
45. Summary

To summarize, because the process of nano-encapsulation is conducted in neutral aqueous
solution at room temperature or 4 °C, the activity of the protein can be preserved. A variety of
protein can used in this process with only ~10% loss of activity. In addition, the polymer layer
around the protein surface makes significant contribution to the microenvironment of the protein.
This allows us to optimize the microenvironment for protein independent of the bulk solution

composition.

Chapter 5. Enhanced Stability of Nanocapsules

5.1. Introduction

Despite the amino acid sequence, the 3D conformation of a protein is heavily dependent on pH,
temperature, and ion strength. Outside their natural cellular environment, proteins may
experience a series of both covalent and noncovalent structural alterations, caused by a number
of external factors, leading to deterioration of protein bioactivity, if not complete loss. A variety
of factors can damage the protein structure, including®:

e Elevated temperature
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e Altered ionic strength

e Unfavorable pH value

¢ Reactive chemicals, such as oxygen
e Freeze and thaw process

e Protease and macromolecular binding agents

Hydrophobic interface, including air-water interface

Developing strategies to endow protein the resistance to these inactivating factors paves the road
for the wide application of protein as therapeutic, catalytic and analytic agents. Besides,
understanding the factors that influence a particular protein’s activity (and the precautions that
might be introduced to minimize their effects) contributes greatly to the rational design and
realization of strategies for protein stability enhancement.

In this chapter, 1 would like to present an outstanding property of our system-enhanced stability.
By encapsulating proteins in polymeric shells, the core protein gains resistance to a wide
spectrum of denaturation factors, such as heat, protease, organic solvent, and freeze thaw cycles.
In addition, taking glucose oxidase as an example, | explored the underlying reason caused the
stability benefit.

5.2. Experimental

OPH Stability assay: Thermal stability test was conducted by incubating both native OPH and
nOPH at 60 °C at a concentration of 1mg/ml in 50 mM pH 8.5 HEPES buffer. Aliquots of
samples were taken out and placed immediately on ice at different time point. The activity of

OPH of the aliquots is then measured and normalized to the original activity.
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OPH stability in organic solvents: The solvent stability test was conducted by incubating both
native OPH and nOPH in different fraction of DMSO or methanol for 30 min. After that, the
residual activity of OPH was assayed and normalized to the original activity.

OPH stability at 4 °C: Long-term storage stability test was conducted by incubating both native
OPH and nOPH at 4 °C at a concentration of 1 mg/ml in 50 mM pH 8.5 HEPES buffer. Aliquots
of samples were taken out and placed immediately and assayed for OPH activity at different time
point. The activity is normalized to the original activity.

OPH stability in freeze-thaw cycle: In each of the freeze-thaw cycle, OPH or OPH nanocapsule
is quickly frozen in liquid nitrogen and thaw under room temperature. After each freeze-thaw
cycle OPH activity is assayed and normalized to the original OPH activity.

GOx thermal stability: Thermal stability test was conducted by incubating both native GOx and
nGOx at 60 °C at a concentration of 1mg/ml in 50 mM pH 8.5 HEPES buffer. Aliquots of
samples were taken out and placed immediately on ice at different time point. The activity of
OPH of the aliquots is then measured and normalized to the original activity. The aliquots were
also subjected to fluorescence spectroscopy scan with an excitation wavelength of 280 nm.
Protease Stability of SOD: 1 mg/mL SOD and nSOD with the same protein content were
incubated with 0.1 mg/mL pepsin at 37°C in pH 2.0 Glycin-HCI buffer for different time point.
After the incubation, samples were taken out and immediately placed on ice. The activity of

SOD were tested and normalized to the original activity.
5.3.  Enhanced protein stability after encapsulation

Organophosphorous hydrolase (OPH) is chosen as a model system to demonstrate the enhanced
stability after nanoencapsulation. Figure 14a compares the relative stabilities of nOPH and native

OPH at 65 °C. Distinct from the fast and continuous inactivation, which the native OPH
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experienced (loss of total activity after 90-min incubation), nOPH underwent a slower decrease
of catalytic activity in the first 20 min and maintained 60% of its original activity thereafter. 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. To confirm the stabilizing effect, OPH was attached with increasing numbers of
polymerizable groups, allowing the formation of nOPH with increasing numbers of covalent
linkages between the OPH core and the polymer shell. Experimentally, this was achieved by
reacting OPH with increasing amounts of NAS, followed by subsequent polymerization process.
Figure 14b shows the relative activities of native OPH and nOPH prepared with different
NAS/OPH molar ratios (from 10/1 to 50/1) after incubation at 65 °C. Consistent with the finding
in Figure 14a, nOPHSs exhibit significantly higher stabilities than the native OPH. As expected,
increasing NAS/OPH ratio results in increased relative stability, confirming that more covalent

linkages between OPH and the polymer shells favor OPH stabilization.
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Figure 14 nOPH with Enhanced Enzyme Stability. a) Relative activities of native OPH and
nOPH incubated at 65 °C. b) After incubation at 65 °C, relative activities of native OPH (a)
and nOPH prepared from OPH treated with increasing NAS/OPH molar ratio of (b) 10:1,
(c) 20:1, (d) 30:1, (e) 40:1 and (f) 50:1. Relative activities of native OPH and n(OPH)
exposed to 50mM HEPES buffer (pH=8.5) solution containing different diffractions of c)
DMSO or d) methanol, e) subject to 5 freeze-thaw cycles, and f) stored at 4 °C in solution.

It has been proposed that the thermal inactivation of OPH involves a two-step process:

the denaturation of native dimeric protein to an intermediate and a following inactivation step

45



from the intermediate to completely unfolded subunits (eq. 1)**. Consistent with this mechanism,
we observed a biphasic exponential decay of OPH activity during the thermal inactivation of the
native OPH (Figure 14a&b). As a comparison, the inactivation of nOPHs best fit monophasic
exponential decay followed by a plateau (Figure 14a&b). The most direct rationale of this
phenomenon is the changing of the mechanism from two-step inactivation to one-step
equilibrium (eq. 2). The second step, the breakdown of dimer into subunits, is completely
eliminated due to the restriction of the polymeric shell around the dimeric protein. In addition,
because the polymer layer is covalently bond to OPH, it affects the kinetics of the inactivation.
To further investigate the impact of the multi-covalent bonding on inactivation kinetics, the

145 \was derived and used to evaluate the rate constants of the

theoretical activity profile (eq. 3)
forward (k;) and reverse reaction (kz) in eq. 2. As shown in Table 8 and Figure 15, the rate of the
forward reaction (N,—D;) decreases with the increasing covalent bond between the OPH and
the polymer shell. On contrary, the rate of the reverse reaction (N,«—D>) increases with the
increasing NAS/OPH ratio. These observations clearly demonstrate that the polymer shell

stabilizes the native and active form of OPH by inhibiting the denaturation and enhancing the

renaturation.

Nz =Dy — 21 Equation 1
N2 = D2 Equation 2
k. k
activity = —2—+ (1 — —2—)e &
btk btk Equation 3

Table 8 Rate constants of the forward and the reverse reaction of nOPH thermal
inactivation

NAS/OPH 10 20 30 40 50
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ki (min™) 0.124 0.077 0.090 0.077 0.019
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Figure 15 Rate constants of the forward and the reverse reaction of nOPH thermal
inactivation

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) (Figure 14c) or methanol (Figure 14d). Compared with
non-polar solvents such as hexane, polar organic solvents are more detrimental to proteins, since
they compete with water to form hydrogen bonding with protein backbones, destroying protein
conformation. As presented in Figure 14c, nOPH retains higher residual activity in DMSO-
water mixture: nearly 3 times more than that of the native OPH in 20% DMSO solution. Similar
result was observed from the test with methanol, confirming that nOPH has an improved stability
in non-aqueous media (Figure 14d). This improved performance of nOPH can be attributed to
the “essential water” kept by its hydrophilic shell, which otherwise would be depleted by polar

146,147

organic solvent . Maintaining enzyme activity in non-aqueous environment is challenging
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but holds great promise for a broad range of industrial and environmental applications. The
nanocapsule technique is a meaningful step towards this challenge.

The enhanced freeze-thaw and long-term enzyme stability are demonstrated in Figure 14e and
Figure 14f, respectively. After five freeze-thaw cycles, nOPH retains more than 70% activity
while the native OPH suffers severe activity drops with less than 10% of its original activity left
(Figure 14e). Moreover, a prolonged storage time of nOPH has been proved through an 8-month
storage test at 4 °C. Compared with a loss of ~50% original activity of native OPH, nOPH
remains unchanged activity throughout the 8 months (Figure 14f). Prolonged shelf life can
provide a major advantage in practical applications, since it can dramatically lower the cost to
store and replace the enzyme stocks.

How does the polymeric shell stabilize the enzyme against the alteration of physical and
chemical environment? To further explore the underlying reason, we explored the structural
change during thermal inactivation of glucose oxidase. Similar to OPH, GOx gains boosted
thermal stability after nanoencapsulation. As shown in Figure 16, after incubation at 60 °C in pH
7.0 PBS solution, activity of native GOx dramatically dropped to 11.8%, whereas GOx
nanocapsules still retain 72.3% of its original activity.

According to Gouda et. al., dissociation of coenzyme FAD from holoenzyme was responsible for
the thermal inactivation of GOx (Figure 17a)**®. Dissociation of FAD also resulted in the loss of
secondary and tertiary structure, leading to the unfolding and nonspecific aggregation of the
enzyme molecule because of hydrophobic interactions of side chains. To explore the stabilizing
mechanism of GOx nanocapsules, we studied the process of FAD dissociation. Due to the
change of microenvironment, fluorescent intensity of FAD molecules in their free state differs

from that bound to GOXx. In our research, we measured the fluorescent spectra of GOx and GOXx
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nanocapsules after incubation at 60 °C for 0, 20, 40, and 80 min. From Figure 17b, we could
observe the fluorescent intensity of emission peaks at 323 nm and 350 nm increase significantly
with incubation time, which indicate the dissociation of FAD from native GOx during incubation.
In the case of GOx nanocapsules (Figure 17c), although the fluorescent intensity did increase
with time, the increase was far less significant compared with native enzyme. The above results

suggest that polymeric shell could stabilize GOx by preventing the dissociation of FAD.
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Figure 16 reactivity decrease of GOx and nGOx at 60 °C. red line: native GOx; blue line:
GOx nanocapsules

In the field of enzyme immobilization, most enzymes could be stabilized by multipoint
immobilization. The multipoint covalent bonds could hold the enzyme, making it less vulnerable
to inactivation factors. In our systems, the polymer shell was also linked to the enzyme via
multipoint covalent bonds, though the polymer shell is less rigid. Via similar mechanism,
glucose oxidase inside polymeric shell could be stabilized by fixing the FAD-associated form.
On the other hand, the ability of polymer shell to prevent the aggregation of holoenzyme also
contributes to the stabilization effect. Dissociation of FAD is a reversible process, the
irreversible nature of thermal inactivation is caused by the conformational change and
aggregation. The following irreversible step plays a deleterious role, since it breaks the balance
of the free and the bound FAD. Polymer layers around GOx hold and shell the enzyme,
preventing the irreversible conformational change and aggregation. By inhibiting the following
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irreversible inactivation step, the equilibrium of association and dissociation of FAD is not

broken, leading to no significant increase in the release of FAD.
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Figure 17 Dissociation of FAD from GOx (a) Schematic illustration of the dissociation of
coenzyme FAD, (b) fluorescent emission of GOx solution after incubation for different time,
(c) fluorescent emission of GOx nanocapsule solution after incubation for different time

Besides physical destabilization factors such as elevated temperature, freeze-thaw cycles and
organic solvents, in biological system, protein faces a class of scavenger- proteases. Protease is a
enzyme that cleaves the backbone of other proteins. Proteases widely exist in any organism for
numerous metabolic and catabolic processes**. Pepsin in the stomach and trypsin/chymotrypsin

secreted into small intestine mediate the digestion of the protein in food *°**!; serum proteases

153-155 156

are crucial for blood-clotting 2, lysis of the clots , and the immune response

Intracellular proteases, mainly localized in the lysosomes, are responsible of breaking down

157-159

exogenous proteins taken up by cells . Due to the wide existence of proteases, the

therapeutic applications of protein face a critical challenge. Although various approaches based
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on protein engineering or protein conjugation have been developed to solve this problem.
Successful stabilization strategies must be determined experimentally on a laborious case-by-
case basis.

The structure of protein nanocapsule shines a light on this issue. In a protein nanocapsule, the
protein is wrapped inside a crosslinked polymer network. The net-like polymer physically
separates the protein from the attack of proteases. Therefore, this strategy can be used universally
on any protein to resist the digestion of any protease. As an example, | incubated superoxide
dismutase (SOD) and SOD nanocapsule (nSOD) with pepsin at 37 °C for different time. As
shown in Figure 18, the activity of SOD drops rapidly to 19.2 % of its original activity within 30
min. In the case of nSOD, however, the activity decreases at a much lower rate. After 30 min, the

nSOD still retains 81.6 % activity compared with that before digestion.
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Figure 18 Relative activity of native SOD and SOD nanocapsule after incubation at 37 °C
with pepsin for different time

5.4. Summary
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To summarize, nanoenapsulation endow protein with enhanced stability. With model proteins
such as OPH and GOx, we demonstrate significantly improved stability against various
denaturation factors, including elevated temperature, freeze-thaw cycles, long-term storage,
organic solvents and proteases, paving the way for the therapeutic and catalytic applications of
proteins. With studies on the inactivation Kinetics and enzyme structure during inactivation, we
discovered that the polymer layer stabilize the 3D conformation of the native form whereas
destabilize the denatured form of the core protein. In addition, the polymer layer disables the
aggregation or dissociation of proteins, as well as the dissociation of co-factor from the protein.
Upon exposure to protease, polymer layer serves as a protecting layer, physically separating the

protease from the core protein.

Chapter 6. Cationic Nanocapsules for Intracellular Delivery

6.1. Introduction

An average cell contains thousands of proteins that participate in normal cellular functions and
most diseases are somehow related to the malfunction of specific proteins. Protein therapy™®**®*,
which delivers proteins into the cell to replace the dysfunctional one, is considered the most
direct and safe approach for treating diseases. However, this method has been limited by low
delivery efficiency and poor stability against proteases in the cell that digest the protein. Here we
show a novel delivery platform based on nanocapsules consisting of a protein core and a thin
permeable polymeric shell that can be engineered to either degrade or remain stable at different

pHs. Non-degradable capsules have long term stability while degradable ones break down their

shells and maintain their activity once inside the cells. Multiple proteins can be delivered to cells
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with high efficiency, activity and low toxicity for potential applications in imaging, therapy and
cosmetics.

Intracellular use of therapeutic proteins is of great importance for treatments of cancers and
protein-deficient diseases; however, they are still rare in clinical applications partially due to

88,160

poor stability and low cellular permeability Although proteins may be translocated into

cells by receptor-mediated endocytosis *°%'%%

, they may be entrapped within the endosomes and
degraded in the lysosome rather than be released to the appropriate cellular compartment.
Similarly, liposome-wrapped proteins were shown to be transferred into the cytoplasm but with a

95,164

low efficiency Recently, cell-penetrating peptides (CPPs) were used to assist protein

delivery with significantly improved efficiency ®%1%": however, stability of proteins ',

particularly protease digestion**, still hampers their therapeutic applications.

We herein report a novel intracellular delivery platform based on nanocapsules that
consist of a single-protein core and thin polymer shell anchored covalently to the protein core.
As illustrated in Figure 19, polymerizable vinyl groups are covalently linked to the protein (1);
subsequent polymerization in an aqueous solution containing monomers (1, 2) and crosslinker (3,
4) wraps each protein core with a thin polymer shell. This scheme enables the synthesis of
protein nanocapsules with non-degradable (11) or degradable skin (I11) by using non-degradable
(3) or degradable crosslinker (4), respectively. Hereinafter, the non-degradable and degradable
nanocapsules are denoted as nProtein and de-nProtein, respectively. Judicious choice of the
monomer, such as the cationic (2) and neutral monomer (1), allows precise control of the surface

charge. The protein cores can be chosen from the vast library of proteins, such as enhanced
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green fluorescent protein (EGFP), horseradish peroxidase (HRP), bovine serum albumin (BSA),

superoxide dismutase (SOD), and caspase-3 (CAS).
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Figure 19 Schematic showing the synthesis and cellular uptake of cationic single-protein
nanocapsules with degradable and non-degradable polymeric shells prepared by in situ co-
polymerization of acrylamide (1), 2-dimethylaminoethyl methacrylate (2) and non-
degradable crosslinker methylenebisacrylamide (3) or acid-degradable glycerol
dimethacrylate (4): 1) formation of polymerizable proteins by conjugating polymerizable
acryl groups to the protein surface; 11) formation of non-degradable nanocapsules from (1),
(2) and (3); I1l) formation of degradable nanocapsules from (1), (2) and (4); 1V) cellular
uptake of the degradable or non-degradable nanocapsules via endocytosis; V) Shells of
degradable nanocapsules break down after internalization to release the protein cargoes,
allowing them to interact with large molecular substrates.

6.2. Experimental

Nanocapsule Synthesis: EGFP and TAT-EGFP fusion proteins were expressed according to

189 Fusion proteins were expressed in transformed Escherichia coli BL21 and

previous reports
purified using Nickel-resin affinity column (Sigma Aldrich). The concentration of EGFP was
determined by an extinction coefficient of 53,000 M™* cm™ at 489 nm. Ten milligrams of EGFP
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in 3.8 mL of pH 85 50 mM carbonate sodium buffer was reacted with 4 mg N-
acryloxysuccinimide in 40 uL. of DMSO for 2 h at room temperature. Finally the reaction
solution was thoroughly dialyzed against pH 7.0 20 mM phosphate buffer. The degrees of
modification were measured using MALDI-TOF mass spectra, which were varied from 5 to 20
vinyl groups per protein (Fig S7, Table S2). To a 5 mL acryloylated EGFP solution at 1 mg/mL,
radical polymerization from the surface of the acryloylated protein was initiated by adding 2 mg
of ammonium persulfate dissolved in 30 pL. of deoxygenated and deionized water and 4 pL of
N,N,N',N'-tetramethylethylenediamine into the test tube. Then a specific amount of 2-
dimethylaminoethyl methacrylate, acrylamide and N,N’-methylene bisacrylamide or glycerol
dimethacrylate (molar ratio = 5:5:1) dissolved in 0.5mL deoxygenated and deionized water was
added to the test tube over 60 min. The reaction was allowed to proceed for another 60 min in a
nitrogen atmosphere. Finally, dialysis was used to remove monomers and initiators. As
synthesized EGFP nanocapsules show similar fluorescent spectrum to that of native EGFP (Fig
S8). The yield of the protein nanocapsules is higher than 95%; the unmodified EGFP were
removed using the size-exclusion chromatography.

The syntheses of Caspase-3, HRP, NIR-667-labeled-BSA, and rhodamine-B-labeled-HRP
nanocapsules were similar to that of EGFP nanocapsules. NIR-667-labeled BSA and rhodamine-
B-labeled HRP were synthesized by modifying the proteins using a conjugating technique.
Caspase-3 was expressed and purified using the method similar to that of EGFP; the plasmid
used, pHC332, was a generous gift from Dr. A. Clay Clark, North Carolina State University. Cu,
Zn-SOD from bovin erythrocytes and horseradish peroxidase (from Sigma-Aldrich) were used

after dialysis against 20mM pH 7.0 phospate buffer. For the synthesis of HRP nanocapsules, 4-
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dimethylaminoantipyrine (1:10 weight ratio to HRP) was added into the reaction mixture as a
stabilizer during acryloylation and polymerization steps.

Stability of the nanocapsules in the presence of proteases: EGFP or EGFP nanocapsules were
incubated with both of trypsin and a-chymotrypsin at 1 mg/mL at 50 °C in PBS buffer.
Fluorescent intensity of the EGFP and EGFP nanocapsules was determined at different time
intervals with an excitation wavelength at 489 nm.

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% bovine growth serum
(BGS) 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 2 to 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 FACS. The
endosome/lysosome staining was performed according to manufacture’s manual. Briefly, after
incubation with rhodamine-labeled HRP nanocapsules, cells were briefly washed, fixed with 2%
formaldehyde, permeated with PBS/1% Triton, blocked with 5% BSA and treated with rabbit
anti-EEA antibody (for early endosome) or rabbit anti-Rab7 antibody (for lysosome) overnight.
Cells were stained with Alexa488 goat anti-rabbit 1gG and then observed with confocal
microscope.

Cell proliferation assay: The toxicity of the nanocapsules was assessed by the MTT assay
using native proteins as control. HeLa cells (7000 cells/well) were seeded on a 96-well plate the

day before exposure to the nanocapsules. Nanocapsules with different concentrations were
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incubated with the cells for 2-4 hrs, removed from the mixture, and incubated with fresh media
for different time. The MTT solution (20 pL) was added to each well and incubated for 3 h. The
medium was then removed and 100 pL DMSO was added onto the cells. The plate was placed
on a shaking table, 150 rpm for 5 min to thoroughly mix the solution, and then absorbance
readings were measured at 560 nm. Untreated cells were used as the 100% cell proliferation
control.

Endocytosis Inhibition HeLa cells (20000 cells/well, 24-well plate) were seeded the day before
adding the nanocapsules. Before the experiment, the medium was then replaced with 0.5 ml of
fresh medium with 2mM amiloride (inhibitor for macropinocytosis), 20 pg/mL chloroproamzine
(CPZ, inhibitor for clathrin-mediated endocytosis), or 5 mM B-cyclodextrin (B-CD, inhibitor for
caveolae-mediated endocytosis). After 30 min, 50 nM EGFP nanocapsules were added into cell
medium and incubate at 37°C for 2 h. After washing with PBS, the cells were trypsinized,
centrifuged, re-suspended in PBS and analyzed via FACS. Hela cells incubated in medium
without endocytosis inhibitors were used as control.

Apoptosis Assay. Apoptosis was detected in isolated HelLa cells using a commercially available
APO-BrdU Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) assay
kit. Briefly, cells were seeded onto six-well plates at a density of 100,000 cells per well and
cultivated in 2 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) with 10 % bovine growth
serum (BGS). The plates were then incubated in 5% CO, at 37 °C for 12 h to reach 70-80%
confluency before the addition of protein/nanocapsules. After 24 h incubation, cells were first
fixed with 1% paraformaldehyde in phosphate-buffered saline, pH 7.4, followed by treatment
with 70% ethanol on ice. The cells were then loaded with DNA labeling solution containing

terminal deoxynucleotidyl transferase and bromodeoxyuridine (BrdUrd). Cells were then stained
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with Alexa Fluor® 488 dye-labeled anti-BrdUrd antibody. The cells were finally stained with
propidium iodide (PI) solution containing RNase A and visualized under a fluorescence
microscope (Zeiss, Observer Z1) using appropriate filters for Alexa Fluor 488 and PI.

NEGFP subcutaneous delivery: 1 C3H mouse from Jackson labs was used in this experiment.
The animal was maintained in a cage with free access to chow and water and subjected to normal
night/day cycles. The mouse was anesthetized with 5% isoflurane in an oxygen environment
before being injected. In the first study, two injection sites were selected for the mouse, one on
the left side of the back, and one on the right side. The injection sites were marked with a
permanent marker. The left site was treated with the positively charged nano-encapsulated
EGFP, and the right site was treated with the native EGFP. Prior to injection, the activities of the
proteins were determined using fluorescence. The activity of the encapsulated protein was found
to be 50% that of the native. Hence, in order to keep the total activity injected in each side
constant, 30 pL of the native EGFP was injected into the dermis on the left site, and 60 pL of the
encapsulated EGFP was injected into the right. EGFP signal in the live animal was measured and
quantified using the Maestro imaging system. The animal was imaged at 2 min, 15 min, 1 hr, 24
hr, 48 hr and 72 hr post injections. In the second study, the center of the back was selected for
injection and was marked with a permanent marker. 60 pL of the encapsulated EGFP was
injected into the dermis of the mouse. EGFP signal in the live animal was measured and
quantified using the Maestro imaging system. The animal was imaged at 2 min and every 1-2
days post injection until no fluorescence signal could be detected. Prior to each imaging, the
animal was anesthetized using 5% isoflurane. After the images were obtained, they were
spectrally unmixed to remove the background fluorescence. Images were quantified using region

of interest (ROI) analysis software that is supplied with the Maestro system.
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Tissue processing for histology:

injection site was harvested for histology. The samples were preserved in OCT at -80 °C
overnight, and sent to the Pathology department at UCLA on dry ice for frozen sectioning. Slides
were first washed with PBS to remove residual OCT, then stained with Prolong Gold Antifade
(with DAPI) mounting media and imaged using a fluorescence microscope.

Cellular pB-Lactamase Activity assay: The CEM cells were seeded at a density of 5 x 105 cells/
mL into 96-well plates in a volume of 100 pL (50,000 cells). The following morning, nLac or
nLac-lipid-PEG were incubated with cells for 3 hours with or without 150 nM
bafilomycin. After treatment, cells in 96-well microplates were assayed with GeneBLAzer®
FRET Cell-based Assay from Invitrogen. Fluorescent measurements were made using a Synergy
4 Hybrid Microplate Reader. All measurements were made from the bottom using a 400/30-

excitation filter and both a 460/40 and 528/20 emission filters.
6.3. Intracellular delivery of the non-degradable nanocapsules

Cell transduction efficiency was studied using nEGFP and HeLa cells. The cells with
nEGFP show significantly higher fluorescence intensity than those with native EGFP (Figure
20). Compared with the CPP-assisted delivery, our strategy is more advantageous (Figure 21).
At the same protein concentration, cells incubated with nanocapsules shows two to three orders
higher fluorescence intensities than those with TAT-EGFP fusion proteins (Figure 21a) or
antennapedia-EGFP conjugates (Figure 21b), where TAT and antennapedia are CPPs derived
from HIV-Tat protein and antennapedia homeodomain, respectively. It was found that the
uptake of the nanocapsules increased with time, concentration and zeta potential; however, no

significant impact of nanocapsule size was observed (Figure 22).
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Figure 20 Fluorescent images show uptake of nEGFP but not native EGFP after 3 hr
incubation. Cells were counter-stained with DAPI for nuclei.
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Figure 21 Fluoresence-assisted cell sorting of HelLa cells incubated with different
concentrations of nEGFP (11.7nm, zeta potential 10.9 mV), TAT-EGFP fusion proteins,

Antp-EGFP fusion protein or native EGFP.
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Figure 22 (a) Cellular fluorescence distribution of Hela cells after incubation with nEGFP;
(b) Hela cell fluorescence intensity after incubation with 400 nM nEGFP for different time;
(c) Uptake of NnEGFP by HeLa cells increased with zeta potential after 3hr (mean £ SD,
acquired from the FACS histogram); (d) Cellular fluorescent intensity distribution of HeLa
cells after incubation with nEGFP with different sizes (red: 7.53 nm, green: 10.6 nm,
purple: 15.7 nm)

Incubating HeLa cells with nEGFP at 4 °C showed a much lower cellular uptake than that

at 37 °C (Figure 23), which is consistent with those of most cationic CPPs and polymer based

90,133,170,171

nanoparticles Among three endocytosis inhibitors, only B-cyclodextrin effectively

inhibited the nanocapsule uptake (Figure 23), suggesting a caveolae-mediated endocytosis

172,173

pathway . Moreover, endosomal and lysosomal staining of the cells incubated with
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rhodamine-B-labeled nHRP reveals co-localization of nHRP with the early endosomes and

lysosome after 30 min, which were gradually released to the cytosol (Figure 24) possibly by the

“proton-sponge” effect 17417,
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Figure 23 Average cellular fluorescence intensity of HelLa cells at different temperatures
and in the presence of endocytosis inhibitors. Fluoresence intensity normalized to cells

incubated with nEGFP at 37 °C.
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Figure 24 (Up) Trafficking of Rhodamine B-labeled nBSA through endocytosis. Early and
late endosomes were stained by EEA1 antibody (Up-left) and Rab7 antibody (Up-right),
respectively. HeL a cells were incubated with 400 nM nBSA at 37 °C for various time points
of 5, 30, 60 and 120 min. (Bottom) Quantification of nEGFP co-localized with EEAL (black)
or Rab7 (red) endosomes at different incubation times.

Besides the high efficiency, protein nanocapsules have low toxicity. Figure 25 compares the
viability of HeLa cells after exposure to different nEGFP and native EGFP, suggesting similar
cytotoxicities for both the nEGFP and native EGFP. Even under the exposure to 1 puM

nanocapsules, the cell viability decreased by only 15%.
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Figure 25 MTT assay showing nEGFP has similar cytotoxicity to native EGFP after 3 hr
(mean £ SD, n =3)
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Note that proteases are commonly present in physiological environment in which proteins
are readily degraded. The polymer shell, nevertheless, well protects the protein core from
proteolysis. Figure 26a compares fluorescence intensities of native EGFP and nEGFP after
exposure to 1 mg/mL proteases (trypsin and a-chymotrypsin) at 50 °C for 3 hrs. The native
EGFP only kept 60% of its original fluorescence intensity whereas the nanocapsules retained
more than 90%. Intracellular stability was examined by comparing the temporal fluorescence
intensities after transduction (Figure 26b). Inevitably, the cellular fluorescence decreased with
time as a result of cell propagation; nevertheless, the stability of nEGFP is significantly

improved over those of TAT-EGFP.
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Figure 26 Stability of nanocapsules. (a) Fluorescence intensity of native EGFP and nEGFP
after exposure to trypsin and chymotrypsin. Fluorescence intensities normalized to native
EGFP before exposure to protease (b) Cellular fluorescence intensity (mean + SD) of cells
after treatment with nEGFP or TAT-EGFP fusion proteins at different times. * p < 0.005

Enhanced green fluorescence protein was selected as a model system to probe the long-term
stability of nanocapsules in vivo. Figure 27 shows the overlay of the optical image and
fluorescence image of the animal at different times post injections. The fluorescence signal from
the native EGFP was not visible at 24 hr post injection while the signal from the positively

charged encapsulated EGFP was still visible at 72 hr. The animal was sacrificed at 72 hr and
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tissue from the injection sites was harvested in order to determine if the encapsulated EGFP was
intracellular. Figure 28 is the graph of the total fluorescence signal at each of the injection sites
as measured by the imaging software. The total signal from encapsulated EGFP increased by ~9
fold over the first 24 hr and decreased by ~5 fold after 72 hr. Since the fluorescence intensity of
green light reduces with depth, we hypothesize that the increase in signal at 24 hr may be due to
the protein diffusing closer to the surface. No fluorescence signal from the native EGFP could be

measured 24 hr post injection.

Figure 27 Overlay of the optical image and fluorescence image of mouse subcutaneously
injected with nEGFP (left) and native EGFP (right) at different times post injections
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Figure 28 Fluorescence signal of injection site at different times post injection

To further confirm the in-vivo long-term stability, we further conducted an 11-day study. Figure
29 is the overlay of the optical image and fluorescence image of the animal at different times
post injections. The fluorescence signal from the positively charged encapsulated EGFP persisted
till 9 days post injection. At day 9 the fluorescence signal was faint and at day 11 no signal could
be seen even at a higher threshold. Figure 30 is the graph of the total fluorescence signal at the
injection site as measured by the imaging software. The total signal from encapsulated EGFP
increased by ~ 10 fold over the first 2 days and decreased steadily till no signal was present post
Day 9. Since the fluorescence intensity of green light reduces with depth, we hypothesize that the

increase in signal at day 2 may be due to the protein diffusing closer to the surface.
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Day 2

Figure 29 Overlay of the optical image and fluorescence image of mouse subcutaneously
injected with nEGFP at different times post injections
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Figure 30 Fluorescence signal of injection site at different times post injection
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To visualize the distribution of nEGFP in tissue, mouse skin sections were harvested from the
injection sites. Both EGFP and nEGFP were observed in epidermis and dermis tissue at 1 hour
after subcutaneous injection. EGFP exhibits a more homogeneous distribution, while nEGFP is
localized mainly in the peripheral area round nuclei (Figure 31). Consistent with the observation
of in-vivo image, very little native EGFP can be detected in the skin tissue 24 hours after
injection, and no observable EGFP is in the epidermis/dermis tissue after 72 hours (Figure 32).
On contrary, skin tissue on the injection site of nEGFP retains high fluorescence even after 72
hours, indicating a strong biding with the tissue on the injection site.

DAPI

EGFP Overlay

PBS

nEGFP

EGFP

Figure 31 Fluorescence microscope images of mouse epidermis/dermis tissue sections, the
slides were conter-stained with DAPI



EGFP

nEGFP

Figure 32 Confocal microscope images of mouse skin tissue
The ability of delivering active nanocapsules with high efficiency, long-term stability, and low

toxicity opens a new avenue for protein therapies, imaging, tumor tracking, cosmetic and other
applications. For example, the combination of indole-3-acetic acid (IAA) and HRP has recently

176,177

been proposed as a potential prodrug for cancer therapy . 1AA is well tolerated in human,

and could be specifically transformed to a free radical intermediate by HRP and induces

177178 " nHRPs were firstly incubated with HeLa cells, which were

apoptosis in mammalian cells
then exposed to a chromogenic substrate. Green color in the cell medium intensified with
increasing nanocapsule concentration, indicating a successful delivery of active HRP (Figure
33a). Consistently, the cells incubated with the nanocapsules show rapidly decreasing cell
viability with increasing IAA concentration, whereas those with native HRP perform similarly to

the untreated cells (Figure 33a), suggesting great potentials of using nanocapsules for cancer

therapies.
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Figure 33 (a) HeLa cells after incubation with HRP or nHRP at different concentrations,
followed by PBS washes and incubation with TMB and H,0,. (b) MTT assay showing
HelL a cell viability after transduction with native HRP or nHRP and incubation with 1AA.
Cell proliferation rates normalized to untreated cells.

Similarly, with pB-lactamase, we can also demonstrate that the enzymes remain active
intracellularly. The activity of lactamase was examined with GeneBLAzer® FRET Assay.
CCF2-AM substrate in the GeneBLAzer® FRET Assay is the membrane-permeable, esterified
form of CCF2, a FRET dye with excitation wavelength of 405 nm and emission wavelength at
535 nm %% CCF2 can be readily cleaved by P-lactamase to separate the fluorescence,
generating emission at 460 nm with an excitation wavelength of 405 nm. Compared with CCF2,
which is not taken up by cells, CCF2-Am is lipophilic and readily enters the cell. Therefore,
monitoring the cellular fluorescence emission wavelength reveals the intracellular B-lactamase
activities.

Figure 34 shows the cellular fluorescence of Hela after incubated with nLac and nLac-lipid and
treatment of GeneBLAzer® FRET Assay. VSVG-lac and PBS were used as positive and

negative controls. Cells cultured with both nLac and VSVG-lac exhibit blue shift in fluorescence
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emission wavelength compared with cells only loaded with CCF2-Am, indicating intracellular -

lactamase activity.
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Figure 34 Intracellular lactamase activity CCR5 cells pre-incubated with VSVG-lac, nLac,
nLac-lipid. 150 nM Bafilomycin is used to inhibit the acidification of endocytosis.

6.4. Intracellular delivery of the degradable nanocapsules
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Using the non-degradable nanocapsule platform, we have demonstrated that proteins for small
molecular substrates can be effectively delivered with long-term stability and high activity. For
macromolecular substrates, however, the polymer skin may prohibit their access to the core
protein. It is well-known that serum and late endosomes shows pH ~ 7.4 and 5.5, respectively.
Acid-degradable nanocapsules were therefore developed to overcome this obstacle. Using de-
nCAS and nCAS as example, we firstly studied their size evolution at pH 7.4 (Figure 35a) and
5.5 (Figure 35b). nCAS are stable in both pHs while de-nCAS is only stable at pH 7.4. At pH
5.5, the average diameter of de-nCAS rapidly decreases within 3 hours from 20 to 6 nm, a size
similar to that of native caspase-3 (~ 6 nm). Importantly, the degradable nanocapsules are stable
against trypsin and chymotrypsin at pH 7.4 (Figure 35c), which allows the degradable
nanocapsules to remain stable in the circulation system, to be degraded when inside the

endosomes, and to release their protein cargo intracellularly.
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Figure 35 Degradable nanocapsules. Sizes of degradable Caspase-3 nanocapsule (de-nCAS)
and non-degradable Caspase-3 nanocapsule (nCAS) at pH 7.4 (a) and pH 5.5 (b). mean %
SD * p < 0.005 c, Fluorescence intensity of native EGFP, non-degradable EGFP (nEGFP)
and degradable EGFP nanocapsules (de-nEGFP) after exposure to trypsin and
chymotrypsin. Fluorescence intensities normalized to native EGFP before addition of
proteases. d, Fluorescence intensity of HeLa cells at different times after incubation with
NEGFP or de-nEGFP for 3 hr followed by incubation in fresh media. Fluorescence
intensities were normalized to the respective cells that received no further incubation with
fresh media. * p < 0.05, ** p < 0.005 e, MTT assay showing cell proliferation profile after
incubation with various concentrations of de-nCAS, nCAS, caspase-3, de-nBSA or nBSA
for 48 hrs. Data normalized to untreated cells. f, APO-BrdUTM TUNEL assay showing of
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HelLa cells transducted de-nCAS, nCAS or caspase-3. Pl-stained nuclei (red) and Alexa
Fluor 488-stained nick end label (green) in cells incubated with de-nCAS show apoptotic
DNA fragmentation.

To further quantify the intracellular degradation, de-nEGFP and nEGFP were delivered to HelLa
cells. Cellular fluorescence intensities of the cells with de-nEGFP are significantly lower than
those with nEGFP after 24 hour (Figure 35d), confirming the degradable nanocapsules can strip
off their shells in response to the acidic intercellular environment. Although a de-protection
process inevitably exposes the cargo proteins to protease attack, it enables their functions with
large substrates. For example, caspase-3, a member of cysteine proteases that play essential
roles in apoptosis, necrosis and inflammation, cleaves other protein substrates within the cells to
trigger apoptosis *#8_ As shown in Figure 35e, incubation of HeLa cells with native caspase-3,
nCAS, de-nBSA or nBSA show similar viabilities that are significantly higher than those with
de-nCAS. TUNEL assay (Figure 35f) confirms the apoptosis triggered by de-nCAs.
Unambiguously, this work demonstrates the effective delivery of proteins while maintain their

function with large substrates, a step closer to practical protein therapies.
6.5. Polymer composition and intracellular delivery

As the polymer composition can be readily adjusted by simply incorporating different monomer
in the polymerization step, this method can be used to screen for suitable polymer composition
for defined application purposes. In my research, | chose four different polymer compositions
and investigated the influence of the polymer shell on cellular uptake of nanocapsules. The
constitutions of the four polymers are listed in Table 9. Compared with nHRP1, nHRP2 has
different neutral monomer. nHRP3 and nHRP4, however, possess different cationic monomer.
The ratio of protein : neutral monomer : cationic monomer : crosslinker (BIS) : initiators

(APS/TEMED) remains the same for these four nanocapsules.
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Table 9 Mole ratio of monomers, crosslinker and initiators to protein in the synthesis of
NHRP nanocapsules

Protein AAmM TRSA DMAEMA APm SPA BIS APS TEMED

nHRP1 1 4500 0 1500 0 0 300 300 600
nHRP2 1 0 4500 1500 0 0 300 300 600
nHRP3 1 4500 0 0 1500 0 300 300 600
nHRP4 1 4500 0 0 0 1500 300 300 600
= NH» )\[(O\/\N/ %‘r“\/\/NHZ %(Hwn
/ﬁo( 0 | 0 0 HmH
AAm DMAEMA APm SPA

OH
H |
/\[(\”/E/OH A]/N\[(\ (NH,)2S,04 /N\/\N/

0 OH O O |

TRSA BIS APS TEMED
All four nanocapsules show positive surface charge around 6 mV (Figure 36). Agarose gel
electrophoresis also confirms the positive charge of the nHRPs, as they all migrate toward the
cathode. The rates of migration for the four nHRPs are on the same level, possibly due to their

similar size and charge.

zeta potential (mV)

HRP -1.33
nHRP1 7.11
nHRP2 7.06
nHRP3 5.08
nHRP4 6.43

nHRP1 nHRP2 nHRP3 nHRP4

Figure 36 Image of agarose gel electrophoresis of fluorescence-labeled nHRP nanocapsules
and zeta potential of nHRP nanocapsuels

Although the sizes and surface potentials of the nHRPs are similar, they exhibit significantly
different performance when incubated with cells. Figure 37 shows the cell viability after HelLa
cells were incubated with nHRPs at different concentrations. Among the four nanocapsules,

nHRP2 has the lowest cytotoxicity in the range from 7.2 nM through 720 nM. nHRP3&4 are
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more toxic than nHRP1&2. The cells lost total viability after incubation with 720 nM nHRP3&4,
whereas those treated with 720 nM nHRP2 retain more than 80% of viability. Interestingly, the
cellular fluorescence of cells treated with 7.2 nM nHRP3 and 72 nM nHRP4 is comparable to
those treated with 720 nM nHRP1 or nHRP2, indicating a much higher intracellular delivery
efficiency of nanocapsules with APm and SPA as monomer. To further investigate the
intracellular delivery of these nHRPs, the distribution of nHRP in cells after different incubation
time was studied. All of the nanocapsules are internalized by cells with high efficiency.
However, the intracellular distributions of nanocapsules are different. nHRP3 and nHRP4
delivered into cells displays punctate distribution, possibly due to endosome entrapment. As a

comparison, nHRP1 and nHRP2 shows more cytosolic distributions in addition to vesicular

distribution.
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Figure 37 HeLa cell viability (mean £ SD, n = 3) after incubation with HRP and nHRPs for
48 hours. The cells treated with PBS with equal volume is used as a control whose viability
is set to 100%.
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Figure 38 The fluorescence microscope images of HelLa cells after incubation with HRP
nanocapsules with different polymer composition for 3 hours (left) or 12 hours (right).
Cells were counter-stained with DAPI.

These observations suggest that the interaction of cationic nanoparticles with cells largely
depends on the surface functionalities. Cationic monomer poses a major impact on the cellular
toxicity, delivery efficiency and endosome entrapment. APm and SPA harbor primary amine
group, which is a stronger base than DMAEMA. The strong base is a double-sided sword: it
enables stronger interactions with cell surface receptors leading to more efficient cellular uptake.
On the other hand, the high pKa (pPAPm has a pKa ~10) *°**! accompanies with less buffering
effect during endocytosis, resulting in inefficient endosome escape. Besides the cationic
monomer, neutral monomer also has impact on the cell toxicity and intracellular distribution.
nHRP2, which has hydroxyl-rich surface, causes lower degree of damages to cells without

influence on intracellular delivery efficiency.
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6.6. Summary

To conclude, we have demonstrated a general, effective, low-toxic intracellular protein delivery
based on cationic single-protein nanocapsules. Cationic nanocapsules can be fabricated via co-
polymerization of neutral monomer and cationic monomer. The resulted cationic nanocapsules
can be delivered into cellular interior with high efficiency and low toxicity. The cellular uptake is
through an endocytotic process with partial release of the nanocapsules from the endosome. The
nanocapsules delivered intracellularly can exert their biological functions in cells, harboring
great potentials for cellular imaging, cancer therapies, anti-aging, cosmetics, and many other
applications. Additionally, degradable nanocapsules can be prepared with degradable
crosslinkers, which are sensitive to environmental alterations such as change of pH value, redox
environment and protease attack. These degradable nanocapsules can release their protein cargo

upon endocytosis, enabling the interactions of cargo protein with intracellular macromolecules.

Chapter 7. Nanocapsule as a Platform for Further Functionalization

7.1. Introduction

As the synthetic polymer layer in nanocapsules can be readily engineered, other functionality can
be accessed with our design of nanocapsule. In this chapter, I will present bioluminescence
nanocapsules based on the conjugation of quantum dot to nanocapsules, with which continuously
tunable emission wavelength can be easily achieved.

Bioluminescence'®, the light emission resulted from enzymatic reactions within living

185186 " such as whole-cell biosensors,

organisms, is commonly used for various applications
immunoassays, nucleic-acid hybridization assays and in-vivo imaging. Many of these

applications, however, require transfection of bioluminescent reporter genes, accompanied with
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many other limitations, such as safety. Moreover, the wavelengths of bioluminescence are still
limited to blue/green light, which hinders its use in deep-tissue applications™®"*%.

Herein, we report a novel class of bioluminescent nanocapsules (BNs) that are robust, cell-
permeable, and tunable in wavelength. Figure 39 illustrates our synthesis strategy. Starting with
a bioluminescent protein, mild chemical modification attaches the protein with polymerizable
vinyl groups; subsequent polymerization in an aqueous solution containing acrylamide (AAm)
and N-(3-aminopropyl)methacrylamide (APm) wraps the protein molecule with a thin polymer
layer. Finally, linking the polymer-protein conjugate with fluorophores enables the conversion
of short-wavelength bioluminescence to long-wavelength emission through bioluminescence

resonance energy transfer (BRET)™.
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Figure 39 Scheme of forming robust, cell-permeable bioluminescent nanocapsules
This unique architecture endows the BNs with many advantages: 1) the thin polymer layer

stabilizes the protein and enables rapid transport of the substrate to the encased protein, ensuring

bioactivity and stability of the BNs™; 2) fluorophores can be attached to the protein conjugates

191,192
)

with controlled density, ensuring an efficient BRET. Particularly, quantum dots (QD) a

class of fluorophores with high photo-stability and quantum efficiency, wide-range excitation
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and tunable emission, can be readily used as BRET receptors’®*'; 3) as formed BNs are nano-
sized and their surface charge can be readily tuned by controlling the ratio of neutral monomer
(AAm) and cationic monomer (APMAAmMm) used, allowing their effective intracellular delivery;

4) targeting components, such as antibody, may be linked to the BNs for targeting purposes.

7.2. Experimental

Preparation of single HRP nanocapsules: Ten milligrams of HRP was dissolved in 1.8 mL of
pH 8.5 50 mM sodium carbonate buffer. Then 4 mg N-acryloxysuccinimide dissolved in 20 uL
of DMSO was slowly added and the reaction was carried out for 2 h at room temperature. Finally
the reaction solution was thoroughly dialyzed against pH 7.0 20mM phosphate sodium buffer. A
solution containing a specific weight of acryloylated HRP at 4 mg was added to a vial and
purged with nitrogen. Radical polymerization from the surface of the acryloylated HRP was
initiated by adding 0.2 mg of ammonium persulfate dissolved in 20 puL of deoxygenated and
deionized water and 0.4 puL of N,N,N',N'-tetramethylethylenediamine into the test tube. Then a
specific amount of N-(3-aminopropyl) methacrylamide (APMAAmM), acrylamide and N,N’-
methylene bisacrylamide (molar ratio = 3:7:1) dissolved in 50 puL deoxygenated and deionized
water was added to the test tube over 60 min. The reaction was allowed to proceed for another 60
min in a nitrogen atmosphere. Finally, gel filtration with Sephadex G-75 was used to remove

unreacted proteins, monomers and initiators.

Preparation of CdTe or CdHgTe/CdS Core/Shell QDs: CdTe or CdHgTe/CdS QDs were
prepared according to Qian et al.’s method*’. CdTe precursor was prepared by adding NaHTe
solution to Cd**-MPA solution at pH 8.0-9.0. Briefly, 76 mg of NaBH, was transferred to a small
flask that was cooled with ice; then, 3 mL of H,O and 128 mg of Te powder were put into the

flask. A small outlet was connected to the flask to release the resulting hydrogen. The black Te
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powder disappeared, and white Na,BO, precipitate appeared after 8 h. The resulting clear
solution was transferred to 100 mL of degassed water. CdCl,.5H,0 (0.0228 g) and MPA (0.0259
mL) were added to 100 mL of H,O, and then the pH value of the solution was adjusted to 8.0-9.0.
CdTe precursors formed after injection of 5 mL of as-prepared NaHTe solution. The

Cd**/NaHTe/MPA molar ratio was 1:0.5:3 in our experiments.

Hg?*-MPA complex was prepared by dissolving Hg(CIO4), (0.5 mmol) and MPA (1.25 mmol) in
100 mL of water and adjusting the pH to 8.0-9.0 with 1 mol/L NaOH. Different amounts of
Hg?*-MPA were added to the CdTe precursors under vigorous stirring to prepare CdHgTe
precursors. CdHg(5%)Te, CdHg(10%)Te, and CdHg(20%)Te denote the samples prepared when
the added Hg®* amount was 5%, 10%, and 20% of the CdTe precursor solution as calculated
from the content of added CdCl,. In our experiments, the CdHgTe precursors were heated at

90°C for different times to control the size of the CdHgTe QDs.

The Cd**-MPA-thioacetamide precursor was first prepared by mixing CdCl,.5H,0 (0.114g),
MPA (0.129 mL) and thioacetamide (0.0375 g) in 50 mL of ultrapure water, and the pH of this
solution was then adjusted to 8.0-9.0. For the preparation of CdTe or CdHgTe/CdS core/shell
QDs, we added a solution of the as-prepared Cd**-MPA-thioacetamide precursors to a given
volume of CdTe or CdHgTe QDs (such that the molar ratio of thioacetamide added to initial Te
was 1:1), and then the mixture solution was heated at 90°C for 30min to form CdTe or
CdHgTe/CdS core/shell nanocrystals.

Conjugation of QDs and nanocapsules: To 100 uL pH 6.0 10* M MPA-coated CdTe QD
solution, 1 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) 1 uL 10% N-hydroxy-
succinimide (NHS) were added. After the reaction at room temperature for 1 hour, 1 mg HRP

nanocapsules dissolved in 900 uL pH 7.0 20 mM phosphate buffer were added. The reaction was
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carried out at room temperature for another 1 hour. Unreacted QDs were removed using an ultra-
filtration membrane (Micoron YM-50-50000 NMWL, Millipore, USA) according to the

instructions from the manufacture.

Bioluminescence Spectroscopy: During a measurement, to 965 uL. pH 9.0 carbonate buffer, 10
uL 50 mM p-iodophenol, 10 pLL 20 mM luminol and 10 uL 50 mM hydrogenperoxide were
added. Votex the mixture for 15 s, and certain amount of HRP or bioluminescent nanocapsules
was added. The emission spectra were immediately measured with QuantaMaster

Spectrofluorimeter.

In vitro cellular internalization: HelLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% bovine growth serum (BGS) and 1%
penicillin/streptomycin. Cells (25000 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 3 hrs, the cells were washed three
times with PBS and either visualized with a fluorescent microscope or trypsinized, centrifuged,
re-suspended in PBS and analyzed via Modulus™ Single Tube Multimode Reader (Turner
Biosystem). During the measurement of cellular luminescence, 1 pL. 50 mM p-iodophenol, 1 pL
20 mM luminol and 1 pL. 50 mM hydrogenperoxide were added to 200 pL cell suspension and

mixed. The luminescence was read immediately.

7.3. Results

To demonstrate this concept, we used horseradish peroxidase (HRP) as a model bioluminescent
protein and QDs of CdTe as the model fluorophores. Water-soluble QDs with emission
wavelengths of 517, 544, 579, 696, 724 and 754 nm (Figure 40a) were respectively attached to

the HRP-polymer conjugates (nHPR), creating a series of BNs with tunable emission (denoted as
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BN-wavelength, such as BN-517). Figure 41a shows a representative TEM image of the QDs
with an emission wavelength of 544 nm (denoted as QD-544), demonstrating uniform size
distribution with an average diameter of 2-3 nm. Figure 41b shows a TEM image of BN-544,
suggesting that each BN has an average diameter of 17 nm and contains 3-4 QDs. The zeta
potentials of the BNs were typically around 9 mV (Figure 42).
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Figure 40 (a) Fluorescence spectra of CdTe QDs (excitation wavelength: 400 nm); (b)
Luminescence emission of HRP-catalyzed oxidation of luminol (blue) and UV-Visible
absorption of CdTe QDs.
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Figure 41 TEM images of (A) QD-544 and (B) BN-544; (C) photographs of HRP and BNs
in the presence of H;O, luminol and p-iodophenol showing tunable-wavelength
bioluminescence
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Figure 42 (a) Number distribution of particle size of bioluminescent HRP nanocapsules
determined by DLS; (b) Zeta potential distribution of bioluminescent HRP nanocapsules

Note that the absorbance wavelengths of the QDs (Figure 40b) well overlap with that of the
bioluminescence generated from HRP-mediated oxidation of luminol (425 nm), which allows
their effective energy transfer. Figure 43a shows the fluorescent spectra of BNs with different
emission wavelengths. As expected, besides the HRP bioluminescence at 425 nm, these BNs
emits additional intense luminescence centered at 517, 544, 579, 696, 724 and 754 nm,
respectively, which are in accordance with the fluorescence emissions of their conjugated QDs.
Consistently, these BNs show bioluminescence color tunable from blue to red (Figure 41c). BNs
with emission wavelength in the range of 700 to 800 nm are, of particular, importance for deep-
tissue imaging owning to its deep-tissue penetrating capability™®" .

Besides tunable wavelength, these BNs also show tunable bioluminescent intensity, which was
achieved by tuning the number of QDs attached to each BN (denoted as QD/HRP ratio). For
example, Figure 43b demonstrates bioluminescence spectra of BN-544 with different QD/HRP

ratios. Clearly, the luminescent intensity at 544 nm increases with increasing QD/HRP ratio.

The BRET ratios determined are 0.48, 1.39, 5.06 and 8.92 for the QD/HRP ratio of 1.2, 2.3, 4.9
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to 9.6, respectively. It has been demonstrated that directly linking luciferase (another
bioluminescent protein) to QDs resulted in bioluminescence conjugates containing QD cores and
luciferase shells. In this configuration, BRET occurred only between the core QDs and the
excitation-state products diffused inwards the conjugates. Consequently, although the conjugates
could emit bioluminescence with tunable wavelength, their BRET ratios were significantly lower
(i.e., <0.5)'%. In contrast, the BNs reported herein contain bioluminescent-protein cores and
polymer shells containing tunable number of QDs. Such a unique architecture maximizes the

harvest of bioluminescence, creating a series of BNs with significantly higher intensity.
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Figure 43 (A) luminescent spectra of (A) native HRP, BN-517, BN-544, BN-579, BN-724
and BN-754, (B) HRP-polymer conjugates (nHRP), mixture of nHRP and QD-544, and BN-
544 with various QD/HRP ratios

It is also worth mentioning that BRET occurs only when the distance between donor and
acceptor is less than 10 nm**°. To create such a BRET response, the excitation-state products of
the enzymatic reaction must be diffused to adjacent QDs before they decay to their stable
species. Indeed, mixing the HRP-polymer conjugates with QD-544 resulted in much weaker
emission intensity (544 nm), in comparison with BN-544 containing the same HRP to QD ratio
(Figure 43b). This observation further confirms BRET is the main mechanism to illuminate the

BNs.
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Furthermore, such BNs are extremely robust and cell transductable. For example, native HRP

lost 52% and 73% of its original luminescence intensity after incubation at 37 °C for 24 hrs and

48 hrs, respectively (Figure 44a). On the contrary, BNs retained 99% and 98% of its

luminescence intensity under the same conditions. This result validates our hypothesis that
polymer network around HRP could protect the core protein from denaturation. Figure 44b
shows a fluorescent image (Inset) of HeLa cells after 3-hour incubation with BN-696, clearly
suggesting cellular uptake of the BNs. The bioluminescent intensity increases with increasing

BN concentration (Figure 44b), indicating a concentration-dependent cellular uptake and

retained intracellular activity. Such robust, cell transductable BNs are of particular interest for in

vivo imaging and other applications.
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Figure 44 (A) Luminescence spectra of HRP and BN-544 after incubation at 37 °C for O hr,
24 hr and 48 hr. HRP and BN-544 were exposed to same amounts of H202, luminol and p-
iodophenol during acquisition of spectra. (B) Relative luminescence unit (RLU) of HeLa
cells pretreated with BN-696 with different concentrations. Inset: Fluorescent microscope
images of HeL a cells pretreated with BN-696, showing cellular uptake of BNs

7.4. Summary
In summary, we have demonstrated a novel class of robust, cell-transductable bioluminescent
nanocapsules with tunable emission wavelengths by conjugating quantum dot to bioluminescent

nanocapsules. The bioluminescence emitted by the protein can be effectively transferred to the
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adjacent quantum dots (QD) via bioluminescence resonance energy transfer (BRET). The QD-
nanocapsule conjugates, therefore, obtained red-shifted wavelength, suitable for in-vivo
bioluminescence imaging. The BRET ratio can be readily adjusted by altering the
QD/nanocapsule ratio. The capability to transfer the cellular membrane enables the intracellular
applications of QD/nanocapsule conjugates. This technique provides us new potentials for

bioluminescence imaging, therapeutic and other applications.

Chapter 8. Non-endocytotic Delivery of Nanoparticles

8.1. Introduction

The cell membrane is a natural barrier that prohibits foreign polar molecules from entering the
cell interior. Although it is an excellent defense system against harmful substance in the
extracellular environment, it also prevents therapeutic agents especially macromolecules to
access their intracellular targets. Over the years, numerous researchers have devoted themselves

to develop drug delivery approaches to overcome this natural barrier. Various strategies have

95,96,200 88,165

been invented, including the utilization of liposomes , cell-penetrating peptides , Virus

capsids 201202

, and other vehicles. With these vehicles mediate the cellular uptake of therapeutic
macromolecules primarily via an endocytotic pathway'">. This process, however, is commonly
associated with limited endosomal release, and efficiency depended on cell type. Although
nature presents us excellent delivery strategies to bypass endocytosis, e.g. paramyxovirus 2%, the
non-endocytotic pathway is rarely explored. Recently, we developed a novel strategy to deliver
protein and genes across the plasma membrane via a non-endocytotic pathway. By encapsulating

proteins in a cationic polymer shell, we could intracellularly deliver the proteins with high

efficiency. The delivered protein is uniformly distributed in cytosol after cellular uptake.
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Moreover, similar levels of cellular uptake were achieved even in the presence of inhibitions of
low pH-dependent endocytosis. We believe that delivery through non-endocytotic pathways

represents a breakthrough novel approach in the drug delivery field.

Lipo-nBSA

Figure 45 Schematic illustration of the synthetic approach for PEG-lipid conjugated
nanocapsules

8.2. Experimental

Acryloylation of bovine serum albumin (BSA): All buffers should be degassed before use. 30
mg of bovine serum albumin at 5 mg/mL concentration in 20 mM sodium phosphate buffer pH
7.0 is reacted with 15 pL of 10% w/v of N-acryloxysuccinimide in DMSO (20:1 molar ration of
NAS to protein) for 2 hr at room temperature. The solution is stirred gently and the vial must be
kept covered during the reaction. After 2 hrs the reaction solution should be thoroughly dialyzed

against 10 mM phosphate buffer pH 7.0 at 4C with stirring using a 10kDa membrane.
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Polymerization: Add the required amounts of 200mM phosphate buffer pH 7.0 and DI water to
the vial according to the recipe below. To this solution add the required amount of acryolated
MSA in 20mM phosphate buffer pH 7.0 solution so that the final concentration in the reaction
mixture is Img/ml Then add specific amounts of monomer (acrylamide, AAm, 20% w/v aqueous
solution), co-monomer (APm 20% w/v aqueous solution) and crosslinker (N,N’-methylene
bisacrylamide, BIS, 10% w/v DMSO solution) to the protein solution as mentioned in the table
below. Add monomer followed by co-monomer and crosslinker sequentially. Free radical
polymerization from the surface of the acryloylated protein was initiated by adding N,N,N',N'-
tetramethylethylenediamine (TEMED) followed by the addition of ammonium persulfate (APS,
10% wi/v aqueous solution). The vial was covered and the mixture was stirred gently. The
reaction was allowed to proceed for 2 hours at room temperature. Finally, dialysis at 4 °C using
a 10kDa membrane and 10 mM pH 7.0 phosphate buffer was performed to remove monomers
and initiators.

The amounts of reagents added into the polymerization reaction are listed in the following table:

Table 10 recipes for encapsulation of BSA

Protein AAm APm  BIS APS TEMED
Mol. Weight 67000 71 178.66 154.17 228.2 -

Mol. Ratio 1 2500 500 300 300 -

weight (mg) 1 265 1.33 0.69 1.02 2.04
Cstock (mg/mL) 10 200 200 100 100 775
V (uL) 100 13.25 6.67 6.90 10.22 2.64

PEG-Lipid/PEG Conjugtion: To a 1 mL nBSA solution containing 1 mg BSA, 0.86 mg DSPE-
PEG(2000) Succinyl (20x mole ratio, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[succinyl(polyethylene glycol)-2000] (ammonium salt), Mwt = 2890.6 g/mol), 0.28 mg N-(3-

Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (100x mole ratio, EDAC, Mwt =
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191.7 g/mol) and 3.5 3.4 pL 5 mg/mL N-Hydroxysuccinimide aqueous solution (10x mole ratio,
NHS, Mwt = 115.09 g/mol) were added. The mixture was stirred gently at 4 °C for 1 hour and
0.6 mg O-[(N-Succinimidyl)succinyl-aminoethyl]-O’-methylpolyethylene glycol 2000 (20x mole
ratio, PEG2000-NHS) was added. The reaction was carried out for another 1 hour at 4 °C and the
conjugated nBSA was then dialyzed thoroughly against 10 mM pH 7.0 phosphate buffer.
Determining Number of PEG-lipid and PEG: The average number of lipid and PEG
conjugated on the each type of enzymes was determined by measuring the residual (unreacted)
lysine on the protein with a fluoresamine assay. The assay can be described as follow.
Fluoresamine was first dissolved in anhydrous DMSO to make a 3 mg/mL stock solution.
nBSA, nBSA-lipid and nBSA-lipid-PEG were prepared to contain 0.5 mg/mL BSA with 0.1 M
phosphate buffer (pH = 7.0), respectively. The native and acryloylated enzymes were diluted
with 0.1 M phosphate buffer (pH = 7) to make a series of concentrations with 0.00781, 0.01563,
0.03125, 0.0625, 0.125, 0.25, and 0.5 mg/mL, pipette 100 pL of each solution to an opaque 96-
well plate, respectively. 30 pL of fluoresamine solution was then added into each well, incubate
the plate for 1 h at room temperature (25°C). After incubation, fluorescence intensity (Ex = 360
nm, Em = 465 nm) was read with a plate reader. Glycine solutions with concentrations of 10 uM,
5 uM, 2.5 uM, 1.25 uM, 0.625 puM, 0.312 uM, and 0.156 pM were used as standard to quantify
the amine amount in each sample. The number of residual lysine can be calculated by comparing
the fluorescent intensity of acryloylated and native enzymes.

Cell Viability Assay: Cell viability was determined by resazurin assay. NIH/3T3 cells were
seeded at a density of 5000/well in a 96-well plate the day before the experiment. 16 hours later,
nBSA-lipid-PEG and nBSA with different concentrations were added into the cell medium and

incubated for 24 hours. After the incubation, the medium was exchanged and resazurin was
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added to a final concentration of 0.01 mg/mL. The cells were incubated at 37 C for another 3
hours and the fluorescence with 535 nm excitation and 595 nm emission was read. Untreated
cells and medium without cells were used as controls.

Intracellular Delivery: 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% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. Cells (20000 cells/well, 24-well plate) were seeded the
day before adding samples. Before the experiment, medium was exchanged to fresh DMEM
with 1% P/S and incubate for 30 min. nBSA-lipid-PEG or nBSA with different concentrations
were then added into the cell medium. After incubation at 37 °C or 4 °C for 2 to 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 or PBS containing trypan blue and analyzed
via FACS.

Calcein Uptake and Endocytosis Blockage Experiments: To study the influence of lipid-PEG-
nBSA nanoparticles on the uptake of calcein (Invitrogen), 1.4 mg/mL stock of calcein in PBS
buffer (pH 7.4) was used. Nanoparticles at a final concentration of 0.02 mg/mL (protein content)
and calcein at a final concentration of 0.1 mg/mL were added to HeLa cells in serum-free
DMEM medium. The incubation time was three hours and washing and imaging done similar to
other fluorescence microscopy experiments. Calcein was excited at 488 nm, while the dye
functionalized nanoparticles were excited at 633 nm.

To observe the nanoparticles entering the cytosol at 37 °C after blockage of endocytosis, the
cells were pretreated with final concentrations of 10 mM and 50 mM of sodium azide (EM

Science) and 2-deoxyglucose respectively for 20 min at 37 °C. Then, calcein (0.2 mg/mL final
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concentration) was added with or without the nanoparticles (0.02 mg/mL final concentration,
based on protein content) and incubated with cells for another 20 min. Thereafter, the cells were
washed and imaged as described above. Control samples without calcein and nanoparticles,
treated under the same conditions were also studied.

B-Lactamase Nanocapsules: nLac-lipid-PEG was synthesized with similar protocol with BSA.
The reagent amounts used in the process are listed in Table 11 and Table 12.

Table 11 Recipe for synthesis of nLac

Protein AAm APm  BIS PDC APS TEMED
Mol. Weight 33000 71 178.66 154.17 748.91 228.2 -

Mol. Ratio 1 2500 500 300 O 300 -

weight (mg) 0.1 054 027 014 000 021 041
Cstock (mg/mL) 10 200 200 100 100 100 775
V (uL) 10 269 135 140 000 207 054

Table 12 Amounts of reagents added to conjugate nLac to PEG-lipid and PEG-NHS

protein PEG-lipid EDAC NHS PEG-NHS
Mol. Weight 33000 2890.6 191.7 115.1 2000
Mol. Ratio 1 20 100 10 20

weight (mg) 0.1 0.175187879 0.058090909 0.003487879 0.121212121

Cellular p-Lactamase Activity assay: The CEM cells were seeded at a density of 5 x 105 cells/
mL into 96-well plates in a volume of 100 pL (50,000 cells). The following morning, nLac or
nLac-lipid-PEG were incubated with cells for 3 hours with or without 150 nM
bafilomycin. After treatment, cells in 96-well microplates were assayed with GeneBLAzer®
FRET Cell-based Assay from Invitrogen. Fluorescent measurements were made using a Synergy
4 Hybrid Microplate Reader. All measurements were made from the bottom using a 400/30-

excitation filter and both a 460/40 and 528/20 emission filters.

8.3. Results
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The synthetic approach for non-endocytotic nanocapsules is illustrated in Figure 45. Following
encapsulating proteins in polymer shell functionalized with amine groups, PEG2000-NHS and
lipid-PEG200-NHS are reacted with the nanocapsules, vyielding lipid-PEG-nanocapsules
(denoted as lipid-PEG-nProtein, such as lipid-PEG-nBSA).

As shown in Figure 46 and Table 13, after conjugation with PEG-lipid and PEG-NHS, BSA
nanocapsules have an increased average diameter of 19.5 nm compared with a size around 12.3
nm of nBSA. The zeta potential decreases from 4.08 mV to 1.24 mV, indicating successful
conjugation of PEG-lipid and PEG-NHS with the amine groups on nBSA surface. Table 14
validates the successful conjugation. By measuring the surface amine groups on nBSA, we
estimated that each nBSA contains ~193 accessible amine groups. Out of this 193 amine groups,
~23 amine groups were reacted to lipid-PEG and ~14 amine groups were reacted with PEG-

NHS.
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Figure 46 Size and zeta potential distribution of BSA nanocapsules and nBSA-lipid
Table 13 Average size and zeta potential

Size (nm) Zeta potential (mV)
nBSA 12.34 4.08
nBSA-lipid 19.46 1.24

Table 14 Number of amine groups on nBSA, nBSA-lipid and nBSA-lipid-PEG

nBSA nBSA-lipid nBSA-lipid-PEG
193 £ 16 170 £ 15 156 + 16

The successful conjugation of PEG-lipid and PEG-NHS to nBSA greatly reduces the cytotoxicity

associated with cationic nanocapsules. As shown in Figure 47, increasing nBSA concentration

causes decreased cell viability. After incubation with 1.6 uM nBSA, HeLa cells retain 46% of its

original viability. nBSA-lipid-PEG, however, has a much lower cytotoxicity. No significant
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cytotoxicity was observed up to a concentration of 1.6 pM. The significantly reduced toxicity

can be attributed to decreased surface charge.
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Figure 47 Cytotoxicity of BSA annocapsules and nBSA-lipid in HeLa Cells
Intracellular delivery efficiency was studied with Fluorescein isothiocyanate labeled BSA, nBSA

and nBSA-lipid-PEG. Figure 48 is the image of HelLa cells after incubation with BSA, nBSA
and nBSA-lipid-PEG for 3 hours. As expected, nBSA can be internalized by cells with a high
efficiency. However, nBSA delivered in HeLa cells displays the punctate distribution, possibly
due to endosome entrapment. As a comparison, nBSA-lipid-PEG can also be efficiently
delivered into HelLa cells. In addition, cytosolic distribution was observed in HelLa cells pre-

incubated with nBSA-lipid-PEG.

95



FITC phase overlay

FITC-BSA

FITC-nBSA

FITC-nBSA-lipid

Figure 48 Cellular Uptake of FITC-BSA, nBSA and nBSA-lipid

To confirm the nBSA-lipid-PEG is indeed internalized by HelLa cells rather than absorbing on
the cell membrane. We used trypan blue to quench the extracellular fluorescence and the
fluorescence bound to the cell membrane. As shown in Figure 49, adding trypan blue to the cell
medium prior to Flowcytometry experiment and microscope observation does not significantly

affect the cellular fluorescence, confirming the internalization of nBSA-lipid by cells.
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Figure 49 Fluorescence image and cellular fluorescence distribution of HelLa cells after
incubation with nBSA-lipid with and without subsequent quenching with trypan blue

To determine whether the uptake pathway is endocytosis, we incubated cells with nBSA and
nBSA-lipid at 4 °C. The fluorescence intensity of cells incubated with nBSA decreased
significantly at 4 “C (Figure 50), where the cells incubated with nBSA-lipid retains similar

cellular fluorescence. This indicates that cellular uptake of nBSA-lipid-PEG is associated with an

energy-independent uptake pathway, a non-endocytotic pathway.
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Figure 50 cellular fluorescence distribution of HeL a cells after incubation with FITC-BSA,
nBSA and nBSA-lipid * p <0.01
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To further explore the uptake pathway, we used NaN3 and deoxylglucose to inhibit endocytosis
204 We used a cell-impermeable dye calcein as an indicator for endocytosis. As shown in Figure
51, NaNs/deoxylglucose successfully inhibits the endocytosis of calcein and cationic BSA
nanocapsules. However, nBSA-lipid still shows high uptake in HeLa cells with the existence of

NaNs/deoxylglucose.
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Figure 51 Cellular uptake of nBSA and nBSA-lipid under conditions when endocytosis is
inhibited
nBSA-lipid shows a much faster delivery than nBSA in both CEM and HEK-293T-CCR5 cells

(Figure 52 & Figure 53), which indicates the driven force is different from endocytosis, through

which nBSA is internalized by cells. The incubate time for nBSA-lipid to get the plateau
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decreases with the increasing concentration, indicating the concentration gradient plays an

important role in particle diffusion as a driven force.
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Figure 52 Transduction of FITC labeled nBSA and nBSA-lipid in CEM Cells
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Figure 53 Transduction of FITC labeled nBSA and nBSA-lipid in HEK-293T-CCR5 Cells

We chose lactamase to test the intracellular biofunctionality of nProtein-lipid. Figure 54 shows
the activity of lactamase after encapsulation and conjugation. The bioactivity is not significantly

affected after encapsulation and conjugation.

99



5000 -2= | ac

-&- nlLac

4500 = nlLac-lipid
Tp] ®
@ 40001 *
Ll

3500+

3000 T T )

0 20 40 60
time (min)

Figure 54 Fluorescence intensity change of GeneBLAzer® FRET Assay after native
lactamase, nLac and nLac-lipid-PEG were added to the assay buffer (ex: 405 nm, em: 535
nm)

With lactamase, we demonstrated that the enzymes remain active intracellularly. The activity of
lactamase was examined with GeneBLAzer® FRET Assay. CCF2-AM substrate in the
GeneBLAzer® FRET Assay is the membrane-permeable, esterified form of CCF2, a FRET dye
with excitation wavelength of 405 nm and emission wavelength at 535 nm. CCF2 can be readily
cleaved by B-lactamase to separate the fluorescence, generating emission at 460 nm with an
excitation wavelength of 405 nm'"°*®°. Compared with CCF2, which is not taken up by cells,
CCF2-Am is lipophilic and readily enters the cell. Therefore, monitoring the cellular
fluorescence emission wavelength reveals the intracellular B-lactamase activities.

Figure 55 shows the cellular fluorescence of Hela after incubated with nLac and nLac-lipid and
treatment of GeneBLAzer® FRET Assay. VSVG-lac and PBS were used as positive and
negative controls. In normal medium without endocytosis inhibitor, cells cultured with both nLac
and nLac-lipid exhibited blue shift in fluorescence emission wavelength compared with cells

205,206
1

only loaded with CCF2-Am. After endosome acidification inhibitor, bafilomycin was
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added into the medium, however, cells cultured with nLac shows similar fluorescence to that

incubated with CCF2-Am only. Similarly, VSVG cannot effectively deliver active -lactamase

under endocytosis inhibiting conditions. On contrary, cells cultured with nLac-lipid still exhibit

altered emission wavelength, indicating intracellular B-lactamase activity.
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Figure 55 Intracellular lactamase activity CCR5 cells pre-incubated with VSVG-lac, nLac,
nLac-lipid. 150 nM Bafilomycin is used to inhibit the acidification of endocytosis.
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8.4. Summary

We invented a nanocapsule with alternating hydrophobic-hydrophilic theme that enables the
bypass of endocytosis process. By conjugating PEG and PEG-lipid on the nanocapsule surface,
we obtained nanocapsule with high intracellular delivery efficiency and decreased cytotoxicity.
The delivered protein is uniformly distributed in cytosol after cellular uptake. Moreover, similar
levels of cellular uptake were achieved even in the presence of inhibitions of low pH-dependent
endocytosis. Active proteins can be delivered into cells to exert their biological functions. We
believe that delivery through non-endocytotic pathways represents a breakthrough novel

approach in the drug delivery field.

Chapter 9. Conclusions

As a summary, | developed a novel strategy that simultaneously improve protein stability and
introduce enzymes with new functionality. This strategy is based on an in-situ polymerization on
protein surface, conducted in aqueous environment at room temperature, exerting little effects on
enzyme activity. This two-step process forms a thin layer of polymer on the enzyme surface,
yielding nano-sized enzyme nanocapsules. The first step involves the conjugation of
polymerizable groups on protein surface. The increased molecular weight can be detected by
MALDI-TOF spectroscopy. By varying the amount of conjugation reagents, protein conjugate
with different conjugation degree can be obtained. The second step is an aqueous free radical
polymerization, in which a thin layer of polymer network is formed on protein surface. The
successful formation of the polymer layer is confirmed with IR spectroscopy, dynamic light
scattering, agarose gel electrophoresis, and transmission electron microscopy. The composition

of the polymer layer can be readily adjusted by changing the monomer added in the
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polymerization. In addition, the surface function can be finely tuned by incorporating
copolymerization and varying the ratio between co-monomers.

Because the process of nano-encapsulation is conducted in neutral aqueous solution at room
temperature or 4 °C, the activity of the protein can be preserved. A variety of protein can used in
this process with only ~10% loss of activity. In addition, the polymer layer around the protein
surface makes significant contribution to the microenvironment of the protein. This allows us to
optimize the microenvironment for protein independent of the bulk solution composition. With
this strategy, we achieved significantly enhanced activity of OPH nanocapsules compared with
native OPH, especially in physiological environment.

Besides the retained bioactivity, nanoenapsulation endow protein with enhanced stability. With
model proteins such as OPH and GOx, we demonstrate significantly improved stability against
various denaturation factors, including elevated temperature, freeze-thaw cycles, long-term
storage, organic solvents and proteases, paving the way for the therapeutic and catalytic
applications of proteins. With studies on the inactivation kinetics and enzyme structure during
inactivation, we discovered that the polymer layer stabilize the 3D conformation of the native
form whereas destabilize the denatured form of the core protein. In addition, the polymer layer
disables the aggregation or dissociation of proteins, as well as the dissociation of co-factor from
the protein. Upon exposure to protease, polymer layer serves as a protecting layer, physically
separating the protease from the core protein.

These advantages of enzyme nanocapsules come from their structural characteristics: 1) Multi-
covalently attached polymer layer stabilizes the protein 3D structure by “holding” the protein; 2)
Hydrophilic polymer layer offers an environment resembling physiological environment,

providing proteins the resistance against harsh conditions, such as organic solvents and freeze-
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thaw cycles; 3) Net-like polymer allows the free diffusion of substrates and products of enzymes;
4) The nano-scale size is suitable for a wider range of applications compared with bulk
immobilized proteins; 5) The polymer layer offers a platform to engineer the surface properties
of enzyme without interfering enzyme’s intrinsic activity.

The retained activity and enhanced stability provide the pre-conditions for various applications
of protein nanocapsules. In addition, the readily engineerable surface presents great chance to
introduce new functionalities to proteins. In our research, we have demonstrated a general,
effective, low-toxic intracellular protein delivery based on cationic single-protein nanocapsules.
Cationic nanocapsules can be fabricated via co-polymerization of neutral monomer and cationic
monomer. The resulted cationic nanocapsules can be delivered into cellular interior with high
efficiency and low toxicity. The cellular uptake is through an endocytotic process with partial
release of the nanocapsules from the endosome. The nanocapsules delivered intracellularly can
exert their biological functions in cells, harboring great potentials for cellular imaging, cancer
therapies, anti-aging, cosmetics, and many other applications. Additionally, degradable
nanocapsules can be prepared with degradable crosslinkers, which are sensitive to environmental
alterations such as change of pH value, redox environment and protease attack. These degradable
nanocapsules can release their protein cargo upon endocytosis, enabling the interactions of cargo
protein with intracellular macromolecules.

By further engineering the surface functions, we invented a nanocapsules with alternating
hydrophobic-hydrophilic theme that enables the bypass of endocytosis process. By conjugating
PEG and PEG-lipid on the nanocapsule surface, we obtained nanocapsule with high intracellular
delivery efficiency and decreased cytotoxicity. The delivered protein is uniformly distributed in

cytosol after cellular uptake. Moreover, similar levels of cellular uptake were achieved even in
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the presence of inhibitions of low pH-dependent endocytosis. Active proteins can be delivered
into cells to exert their biological functions. We believe that delivery through non-endocytotic
pathways represents a breakthrough novel approach in the drug delivery field.

The nanocpasules can be further functionalized by conjugating functional modules on the
polymer shell. Because the modification sites can be introduced with large quantity to the
polymer shell without interference with the core protein, the modification does not pose
significant impact on the activity of core protein. In our research, we have demonstrated a novel
class of robust, cell-transductable bioluminescent nanocapsules with tunable emission
wavelengths by conjugating quantum dot to bioluminescent nanocapsules. The bioluminescence
emitted by the protein can be effectively transferred to the adjacent quantum dots (QD) via
bioluminescence resonance energy transfer (BRET). The QD-nanocapsule conjugates, therefore,
obtained red-shifted wavelength, suitable for in-vivo bioluminescence imaging. The BRET ratio
can be readily adjusted by altering the QD/nanocapsule ratio. The capability to transfer the
cellular membrane enables the intracellular applications of QD/nanocapsule conjugates. This
technique provides us new potentials for bioluminescence imaging, therapeutic and other
applications.

Overall, my research establishes a novel strategy to stabilize proteins and create new surface
functions of protein. The process involves an in-situ polymerization on protein surface without
significant interfering protein bioactivity. The resulted protein nanocapsules gain enhanced
stability and various new functionalities. This work opens an avenue for various protein-based

applications, such as therapeutics, analysis and biocatalysis.
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