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Abstract

This dissertation is related to the studies of functionalized nanoparticles for
self-assembly and as controlled drug delivery system. The whole topic is composed of
two parts. In the first part, the research was conducted to design and synthesize a new
type of ionic peptide-functionalized copolymer conjugates for self-assembly into
nanoparticle fibers and 3D scaffolds with the ability of multi-drug loading and governing
the release rate of each drug for tissue engineering. The self-assembly study confirmed
that such peptide-functionalized amphiphilic copolymers underwent different
self-assembly behavior. The bigger nanoparticles were more easily assembled into
nanoparticle fibers and 3D scaffolds with larger pore size, while the smaller nanoparticle
underwent faster self-assembly to form more compact 3D scaffolds with smaller porosity
but more stable structure. Controlled release studies confirmed the ability of governing
simultaneous release of different model drugs with independent release rate from a same
scaffold. Cytotoxicity tests showed that all synthesized peptides, copolymers and
peptide-copolymer conjugates were biocompatible with SW-620 cell lines and NIH3T3
cell lines. This new type of self-assembled scaffolds combined the advantages of peptide
nanofibers and versatile controlled release of polymeric nanoparticles to achieve
simultaneous multi-drug loading and controlled release of each drug, uniform distribution
and flexibility of hydrogel scaffolds.

The investigations in second part were first to design and synthesize organic
biocide-loaded nanoparticles for low-leaching wood preservation using a cost-effective
one-pot method to synthesize amphiphilic chitosan-g-PMMA nanoparticles loading with
~25-28 wt.% of the fungicide tebuconazole with particle size of ~100 nm diameter by
FESEM. FESEM analysis confirmed efficient penetration of nanoparticles throughout the
treated wooden stake with dimension of 19x19x455 mm. Leaching studies showed that

biocide introduced into sapwood via nanoparticles leached only ~9% compared with the

XV



amount leached from tebuconazole solution-treated control, while soil jar tests showed
that the nanoparticle-treated wood blocks were effectively protected from biological
decay tested against G. trabeum, a brown rot fungus.

Copper oxide nanoparticles with and without polymer stabilizers were also
investigated to use as inorganic wood preservatives to clarify the factor affecting copper
leaching from treated wood. Copper oxide nanoparticles with uniform diameters of ~10
nm and ~50 nm were prepared, and the leachates from southern pine sapwood treated
with these nanoparticles were analyzed. It was found by TEM and EDS analysis that
significant numbers of nanoparticles leached from the treated wood. The 50 nm
nanoparticles leached slightly less than a soluble copper salt control, but 10 nm
nanoparticles leached substantially more than the control. The effect of polymer
stabilizers on nanoparticle leaching was also investigated. Results showed that polymer
stabilizers increased leaching. The trends showed that nanoparticle size was a major

factor in copper leaching.
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Chapter 1 Introduction

1.1 General Introduction

This dissertation is a collection of already-published articles or articles that are being
prepared for submission. It is comprised of two parts, with both parts being related to
design and synthesis of functionalized nanoparticle for self-assembly and for controlled
drug delivery systems. The first part describes the synthesis and fabrication of a new type
of ionic complementary peptide-functionalized amphiphilic copolymer designed to
self-assemble into sophisticated polymeric nanoparticle fibers and 3D scaffolds that have
the ability to simultaneously load multiple drugs and to separately govern the release rate
of each drug for appropriate release levels. The methodology could be applied for various
applications but here the intended application was for tissue engineering. The second part
of this dissertation describes the synthesis and testing of biocide-loaded nanoparticles for
use in low leaching wood preservation. Each dissertation part has its own features and
considerations for design and application, but also has common features with respect to
nanoparticles as controlled drug delivery system. This chapter will introduce the
background information, rationale, and perceived advantages of the materials

investigated in this dissertation.
1.2 Introduction for Part A

The objective of Part A is to fabricate an advanced self-assembled nanoparticle fiber
scaffolding system with the following advantages: (1) versatility so that different drugs
can be introduced into nanoparticle matrices that are appropriate to each drug so release
rates can be appropriately governed; (2) to control assembly of the individual
nanoparticles into a fiber scaffold; (3) to control the sequence and spatial arrangement of
the drug-loaded nanoparticles in the scaffold; (4) study further self-assembly into a 3D
scaffolding system; and (5) demonstrate the ability to combine the advantages of

1



controlled release of multiple drugs with biocompatible tissue scaffolds, and retain these
abilities in an injectable hydrogel scaffold system.

Such a polymeric nanoparticle fiber has substantial advantages over
electrospunnanofibers, traditional hydrogels, and nanofiber/hydrogel blends. To the best
of our knowledge, such polymeric nanoparticle fibers and 3D scaffolds are a
fundamentally new approach to self-assembly systems, and are reported here for thefirst

time.
1.2.1 Background on Polymeric Hydrogel Scaffolds and Their Limitation

Artificial scaffolds, such as hydrogels and nanofibers, have been under extensive
investigations for biological mimic of extracellular matrix to increase cell survival and also
guide cell activities to improve tissue regeneration (1-3). Many studies have shown that
effective tissue regeneration is usually dependent on delivery of multiple drugs and other
active ingredients, such as growth factors, to the cells within the damaged tissue region (4).
For example,effective skin regeneration usually requires a complex set of growth factors
and cytokines, such as fibroblast growth factor, keratinocyte growth factor, vascular
endothelial growth factor and interleukin la, to be delivered to and release within the
damaged region to promote cell proliferation and migration to achieve wound healing
(5,6). Another example is regeneration of neural tissue of the retina, which is a light
sensitive layer of tissue lying in the inner surface of the eye. The retina itself consists of
multiple cellular layers across a depth of 100-130 um (7). Studies show that successful
retina tissue regeneration requires a scaffold having the ability to simultaneously localize
multiple growth factors (i.e. amino-terminal sonic hedgehog for rod photoreceptor cells
and ciliaryneurotrophic factor for bipolar cells) to promote the differentiation of the retinal
precursor cells to mature cells (8). Therefore, it is clear that the tissue regeneration
significantly benefits from scaffolding systems with advanced drug delivery abilities for

multiple drugs.



Conventional polymeric hydrogels, whether from synthetic or natural polymers, have
been widely studied as scaffold systems, with and without incorporated drugs, for tissue
regeneration. For example, bioactive ingredients have been physically or chemically
incorporated in synthetic hydrogels such as poly(ethylene glycol) (PEG) hydrogels (9,
10),poly(lactide)-b-poly(ethylene  oxide)-b-poly(lactide) = (PLA-b-PEO-b-PLA) or
poly(lactic-co-glycol acid) (PLGA) (11,12), and natural polymer hydrogels, e.g. alginate,
collagen, chitosan, gelatin (13-19). But most of these traditional scaffolds can
accommodate only a single drug and have limited ability to control the drug release rate.

Multi-drug loading in polymeric hydrogels has been reported, but as drug delivery
systems and not a tissue scaffold (20-22). For example, Salmaso et al. (21)
simultaneously loaded different model drugs in cyclodextrin-PEG hydrogels by swell
embedding. The maximal incorporation by this method for lysozyme, B-estradiol, and
quinine was 2, 0.6 and 2.4 wt.% respectively, but there was little ability to governing the
release of each drug, which had different physical properties. Lysozyme was quickly
released, while B-estradiol and quinine release was inversely proportional to the
cyclodextrin/PEG ratio. The release profiles were significantly affected by interaction of
the drugs with hexamethylated B-cyclodextrins in the hydrogel matrices. Such release
profiles imply the non-effective distribution of the loaded drugs in hydrogels. If such a
material is used as a multi-drug loaded hydrogel for tissue regeneration, the non-uniform
drug distribution and poor drug release profiles will not be able to guide cell activity and
could be detrimental.

Scaffolding with controlled delivery of multiple growth factors (GFs) for tissue
engineering, including hydrogels, microsphere gels, and polymeric micro/nanoparticle
encapsulations, have also been studied and reviewed (23). Typical methods for
incorporation of multiple GFs include: combining multi-layer hydrogels with each layer

loaded with one type of growth factor, or hydrogel loading coupled with microsphere



loading, or hydrogel loading with micro/nanoparticle loading (23). These techniques each
have their own advantages with respect to their ability to load different GFs, and also
showed some control over the release rate of the loaded GFs, but these methods do not

allow control over the placement and distribution of each micro/nanoparticle.
1.2.2 Self-Assembling Peptide Scaffolds and Their Limitation

Self-assembled peptide nanofiber scaffolds have increased in popularity for tissue
engineering due to non-toxicity, biodegradability, and because the micro-environment it
provides may be similar to the extracellular matrix for cell attachment and in situ
formation of a hydrogel under physiological conditions (24). A typical ionic
complementary [-sheet peptide AEAKI16-1I (AEAEAKAKAEAEAKAK) was first
discovered in a yeast protein, zuotin (25). This type of ionic complementary peptide
shows a spontaneous self-assembly into stable B-sheets in aqueous conditions, across a
broad range of temperature, and a wide pH range, and the scaffold can maintain integrity
in the presence of high concentrations of the denaturing agents of urea and guanidium
hydrochloride (26,27).

The driving forces for self-assembly of the peptides are the hydrophobic interactions
of alanine (A) domains and the ion-pair interactions between negatively charged glutamic
acid (E) side chains and positively charged lysine (K) side chains. The strong ion-pair
interactions contribute to stable B-sheet formation, which was further supported on
studying another pair of designer peptides, i.e. self-repulsive but mutually attractive
peptide sequences that possessed positive charges (Ac-WKVKVKVKVK-amide) and
negative charges (Ac-EWEVEVEVEV-amide) (28). On mixing this pair of ionic
complementary peptides, a rapid assembly into a viscoelastic hydrogel occurred at a
concentration as low as 0.25 wt.%. This hydrogel retained mechanical strength, even after
repeated shear-induced breakdowns, due to the electrostatic interactions. The strong

electrostatic and selective interactions between the opposite charges proved to be one of
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the key merits of using ion-complementary -sheet peptides.

Self-assembling peptide nanofibers using designed (i.e. not naturally occurring)
peptides (e.g. EAK16-11, RADA16-I or II) have been widely used as both controlled drug
delivery systems and 3D scaffolds (29,30). This is typically done by physically
incorporating a desired drug into the peptide scaffold during gel formation (31,32), or by
chemically bonding it onto the C-terminal or N-terminal of the peptide (33). Sometimes a
combination of both methods is used to load multiple active agents (34,35). However,
these methods still have significant limitations with respect to the quantity of drug(s) to
be incorporated, and the properties of drug(s) may have an impact on the subsequent
self-assembly process or the mechanical stability of the formed hydrogel. Therefore, this
approach is very limited in its ability to control the release of drugs with different
properties within a same scaffold (36,37). Moreover, effective distribution of multiple
drugs in scaffolds is not always easy to achieve, so the peptide hydrogel itself must be
designed in conjunction with the specific drug(s) that will be incorporated. Because of
these limitations the self-assembling peptide scaffolds are either unsophisticated to satisfy

the current requirements for tissue engineering applications.
1.2.3 Nanocomposite Hydrogel Scaffolds and Their Limitation

Because of the limitations of the scaffoldsystemsmentionedabove, researchers sought
a more powerful and versatile technique to allow multiple drug incorporation within
scaffolding systems so that the release rate of each drug could be controlled appropriately
(23,38). There are many ways to deliver drugs, such asmicelles, colloids, capsules, and
solid polymeric nanoparticles, including self-assembled core-shell nanoparticles (39,40).
Solid polymeric nanoparticles have been used for oral drug delivery (41), epidermal
injection (42), targeted delivery of anticancer drugs to cancer cells (43), and delivery of
bioactive drugs for central nervous system regeneration (44,45). Core-shell polymeric

nanoparticles are particularly attractive for use in tissue scaffolding because the core can be
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designed to be suitable for a desired hydrophilic or hydrophobic drug while the shell can be
designed to be suitable for the use environment. Also, core-shell nanoparticles are
relatively easy to prepare with a controlled particle size, and various biocompatible
hydrophilic and hydrophobic monomers are commercially available to make block
copolymers that self-assemble into core-shell nanostructures (46).

Even though polymeric nanoparticles have been used as versatile controlled delivery
system for various drugs, the nanoparticle itself lacks scaffolding property to guide cell
activities for tissue regeneration.

In recent years, nanocomposite hydrogels have been studied. In these hydrogels
drug-containing nanoparticles have been blended into hydrogels to form a new generation
of scaffolds for tissue engineering (47). Nanocomposite hydrogels are generally produced
by chemically or physically cross-linking a polymer network to surface functional groups
of the incorporated nanoparticles. Inorganic nanoparticles, such as silicate nanoparticles,
magnetic nanoparticles and calcium phosphate nanocrystals (48-51), have been widely
used to fabricate this type of hydrogel due to the abundance of surface functional groups
that can interact with a polymeric network by covalent bonding, ionic interaction or
hydrogen-bonding.

Studies of composite nanoparticle hydrogels have included specimens loaded with
individual drugs and multiple drugs (23,52,53). For example, encapsulation of
DNA/cationic polymer nanoparticles in hydrogel formed efficient surface-mediated
delivery of genesinto cells (52). Lynch et al. (53) also fabricated a multiple drug loaded
composite hydrogel by separately incorporating two different model drugs within
hydrophobic microgels and anionic microgels and then embedding these within the host
gel. Both model drugs showed simultaneous and independent release at different rates
from the composite hydrogel. Most recently, Caicco et al. (54) developed a physically

blended composite hydrogel of hyaluronan-methylcellulose (HAMC) for the localized



delivery and sustainable release of CyclosporinA (CsA), a promising neuroprotective and
neuroregenerative agent for neural stem/progenitor cells for treatment of stroke. The
author incorporated CsA in HAMC gel by three different methods and compared their
release rate from the gel. These incorporation types include a solubilized type
(CsA/acetonitrile solution mixed with HAMC gel), a particulate type (CsA solid
particulate dispersed in methyl cellulose solution and then embedded in HAMC gel) and
poly(lactic-co-glycolic acid) (PLGA) microsphere-encapsulated CsA type (CsA loaded in
PLGA microspheres and then embedded in HAMC gel).Interestingly, the in-vitro
controlled release tests showed that solubilized CsA type directly released from HAMC
gel only for 2 days, while the particulate type gave a controlled release over 7-10 days,
but PLGA microsphere encapsulated CsA type showed sustainable release over 21 to 28
days. Most importantly, the CsA released from PLGA microspheres retained the same
biological activity as fresh CsAwhen compared in aneurosphere assay (54).
Unfortunately, most of the investigations of polymeric nanoparticle composite
hydrogel are still confined to use as drug delivery system. Due to the lack of effective
surface functional groups or ligands, the polymeric nanoparticles themselves cannot
self-assemble into well-organized arrays, leading to ineffective distribution within host
polymer network via limited bond interaction, such as ionic interaction, or hydrogen
bonding, or even just van der waals force. Although multiple drug loading and releasing
in a hydrogel have been tried (23,52), the nanoparticles tend to randomly aggregate
leading to a non-uniform distribution of the drug and an uncontrolled concentration
gradient of the drug within the scaffold if such techniques are used to fabricate composite
hydrogel scaffolds for tissue regeneration. Thus the self-assembly of polymeric
nanoparticles to form well-organized array with effective interaction with the host
hydrogel scaffold are necessary to fabricate more sophisticated composite scaffold

systems for tissue engineering.



1.2.4 Self-Assembled Peptide-Nanoparticle Precedents

The key merit of using ion-complementary peptides to fabricate sophisticated
assembly systems is their spontaneous self-assembly into stable B-sheets in aqueous
solution, which occurs because of the strong electrostatic and selective interaction
between opposite charges. Using peptide directed assembly of nanoparticles has received
limited attention, and prior to this work was limited to inorganic nanoparticles (i.e. gold
nanoparticles, nanotubes) arraysusing self-assembled peptide structures as templates or as
assembly ligands (55-58). For example, Nikhil et al.(56) reported a well-organized
one-dimensional gold nanoparticle line formed on a self-assembled polypeptide template,
and the formation of the nanoparticle array was directed by positive charges on peptide
fiber surface. Another recent report showed a simple method to fabricate a
two-dimensional gold nanoparticle line pattern on mica surface from a designed [-sheet
peptide (LELCI16)-functionalized gold nanoparticles. Here the formation of gold
nanoparticle alignment was directed by B-sheet self-assembly (57). Peptide amphiphiles
with alkyl tails or polymer-peptide conjugates have also been studied, but still limited to
nanofiber hydrogels for biological applications (59,60). No precedent has been found for
using peptide self-assembly to fabricate polymeric nanoparticle arrays or 3D scaffolds for

biological application.
1.2.5 Rationale and Advantages of Research Performed in Part A

To address the limitations of the current scaffolding systems described above, it can be
seen that a more advanced tissue scaffolding system can be achieved by using
peptide-directed assembly of individual controlled-release devices (here core-shell
nanoparticles) to give a new type of scaffold that combines the advantages of easy delivery
of multiple drugs in matrices that give appropriate control of the release rate of each
desired drug and can simultaneously serve as the scaffold device. We propose to fabricate a

novel self-assembled polymeric nanoparticle fibers and 3D scaffolds using the attributes of
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ionic complementary B-sheet peptides, by functionalizing sets of nanoparticles with
oppositely charged peptides, and then combining them so they self-assemble into fibers
that are comprised of sequences of individual nanoparticles which can, if desired, carry

active agents and control their release. The general mechanism is shown in Figure 1.1.

Amphiphilic Copolymer ~ P-2 Amphiphilic Copolymer  P-1

HOOCwr~""%~—~COOH + HZN%_‘I HOQ G =~~COOH + HIN——
Coupling Coupling
Reaction Reaction

DrugB- | Self-assembled in Drug A « { Self-assembled in

pH 5.4 D.1. H20 pH 9.0 D.I. H20

NP A

NP A coupled with NP B
by peptide-directed assembly

Figure 1.1. General procedure shows fabrication of polymeric nanoparticle fibers with
multi-drug loading abilities.

As Figure 1.1 shows, the ends of two batches of amphiphilic copolymer are
separately ~ functionalized  with  the  newly  designed  peptides  (Pl:
HoN-TTTT-AEAEAEAE-amide and P2: HoN-TTTT-AKAKAKAK-amide) to form
peptide-copolymer conjugates, one carrying negative charges from P1, and the other
carrying positive charges from P2. These two peptide-copolymer conjugates are then
undergone two-level self-assembly in aqueous solution. The amphiphilic copolymer
self-assembles into core-shell nanoparticles as drug carriers with charged peptide arms.
The two batches of nanoparticles are coupled and further self-assembled into nanoparticle

fibers directed by ionic complementary assembly between P1 and P2, and finally lead to
9



form 3D nanoparticle scaffolds. Such self-assembled nanoparticle scaffolds possess
several new features: (1) Simultaneously loading of different drugs; (2) Uniform
distribution of different drugs in scaffolds; (3) Ability to give appropriate controlled
release of each loaded drug from its own nanoparticle; (4) Flexibility and “injectability”
of the self-assembled scaffolds; and (5) Further assembly with host peptide to form
nanoparticle composite peptide hydrogel. Collectively these features allow both temporal
and spatial control of the drug release and the surface properties of the scaffold, so the
polymer nanoparticle surface can also be used as platform to further be modified or
immobilized with functional groups or signals for specific tissue engineering application.

Here we use reversible addition fragmentation chain transfer (RAFT) polymerization
to synthesize amphiphilic copolymer with reactive carboxylic end groups
(HOOC-ABA-COOH) using S,S’-bis(a,a’-dimethylacetic acid) trithiocarbonate (BDAT)
as the chain transfer agent (CTA) (61). RAFT is a controlled radical polymerization,
which allows the synthesis of block copolymers with controlled block length and block
sequence, and therefore, control over the size of both core and shell. The carboxylic acid
end groups at both chain ends are required for the subsequent peptide coupling. The
hydrophilic block for the nanoparticle shell is 1-vinyl-2-pyrrolidinone (VP),
2-hydroxyethyl methacrylate (HEMA) or 2-hydroxyethyl acrylate (HEA), while methyl
methacrylate (MMA) is used for the hydrophobic core. These monomers were selected
because VP, HEMA, HEA and MMA they have been widely used to synthesize
biocompatible homopolymers or copolymers for biological applications (62-65), and
because they are efficiently incorporated into polymer chains produced by RAFT
polymerization (66).

Two ionic complementary peptides, Pland P2, are synthesized by semi-automatic
solid phase peptide synthesis strategy, using Fmoc chemistry, on rink amide resin. These

detailed synthesis procedures are reported in Chapter 2and Chapter 3.
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In Chapter 2 we will prove the hypothesis (Figure 1.1) that ionic complementary
peptide-functionalized tri-block copolymer will self-assemble into nanoparticle fibers and
further lead to 3D scaffolds, by functionalizing sets of amphiphilic copolymers
synthesized by RAFT polymerization to form peptide-copolymer conjugates
(P1-ABA-P1 and P2-ABA-P2, ABA: triblock copolymer) and perform self-assembly
study in aqueous solution. Controlled release of a model drug (insulin) and a
biocompatibility study of the synthesized materials using SW-620 cell lines will also be
shown in this chapter.

In Chapter 3 we will continue to study the self-assembly behavior of the designed
peptide-functionalized copolymer conjugates with different particle size and
self-assembly with additional peptides (P1 and P2) to adjust the scaffold porosity and
mechanical stability. Multiple drug loading capability and the ability of controlling the
drug release rate from different nanoparticle compositions are also studied in this chapter,
using several small molecules as model drugs: a hydrophobic model drug
(4°,5’-dibromofluorecein), a moderately hydrophobic model drug (nitrofurazone) and
slightly water soluble hydrophilic model drug (amoxicillin). The biocompatibility test
with fibroblast cells (NIH3T3 cell line) is also conducted by incubating the
self-assembled 2D scaffold membrane with in a humidified incubator at 37 °C for 2

weeks, showing non-toxic and non-inhibition to the cell proliferation and migration.
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1.3 Introduction for Part B

The objective in Part B is to design and synthesize organic and inorganic
biocide-loaded nanoparticles as controlled release systems for wood preservation. Using
biocide-loaded nanoparticles as controlled release systems for wood preservation affords
several advantages: (1) Environmentally friendly polymers can be used as biocide
carriers; (2) Nanoparticles can effectively penetrate the wood interior to protect the wood
interior as well as its exterior; (3) Nanoparticles can serve as a protective reservoir for the
biocide and control the release rate of biocide to protect the treated wood from biological
decay; (4) They can be prepared using simple and cost-effective routes. This section will
introduce the background information, the rationale for the investigation, and the value of

the work.
1.3.1 Background of Wood Preservation

Wood is an environmentally friendly and renewable material possessing unique
physical and mechanical properties, including high strength, low thermal conductivity,
the ability of damp sound or other vibrations, and has a pleasant appearance. Wood
products have a long history of use as construction materials, but must be protected from
biological attack by insects, fungi, mildew, etc. (67).

One of the most important wood preservatives, chromated copper arsenate (CCA) has
been widely used in wood treatment for decades, but its use is being phased out due to
environmental concerns over the arsenic. Two key advantages of CCA are that it “fixes” to
wood, reducing its leaching from the wood into the environment, and CCA can be
introduced into wood by pressure-treatment in aqueous solution. Any alternative to CCA
must also be able to be introduced into wood in an aqueous medium so the wood surfaces
are not oily, odor-free, and not toxic to non-target species.

Ideally CCA alternatives should not leach out of the wood, because this is inherently

12



an inefficient use of expensive biocide, but also is toxic to species not attacking the wood
that are not targets. The main alternatives to CCA are organic biocides, such as azoles, and
arsenic-free cooper biocides. Organic biocides are not water-soluble and so may be
introduced in aqueous emulsions. Copper-based preservatives are typically introduced as
water-soluble salts, or in recent years as water-insoluble nanoparticulate copper salts
(carbonates or oxides). The organic biocides and the water-soluble copper salts are known
to leach from treated wood, especially in damp conditions such as when it rains or in
sensitive wetland areas (68,69). Prior to this work there were no published studies on
leaching of copper oxide/carbonate nanoparticles from treated wood.

The research described in Part B of this dissertation investigated leaching of the
organic biocide, tebuconazole, a commercial and widely used azole biocide, and copper
oxide nanoparticles as a representative of the solid copper salt wood preservatives now in
commercial use (70,71).

Tebuconazole is a water insoluble organic biocide, is susceptible to leaching, reducing
the service life of the treated wood, and adding cost since more tebuconazole is used to
compensate for that lost to leaching, as well as detrimental environmental effects to
sensitive environments such as wetlands (72). Prior research in Dr. Heiden’s lab showed
wood treated with tebuconazole contained within controlled-release nanoparticles afforded
protection to the treated wood, but did not study differences in leaching, and also the
method used released the biocide more quickly than was desired (73-75). In Part B of this
work the objective was to look at different matrix formulations, to allow a slower release
rate to be obtained from the nanoparticles than was exhibited in the prior research, and to
determine how effective the nanoparticle method was at reducing leaching when compared
to wood treated with tebuconazole via a liquid-in-liquid emulsion.

Solid copper carbonate and oxide nanoparticles are also commercially employed for

wood preservation, but leaching studies have not been published concerning these
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nanoparticles. The objective of the study using solid copper oxide nanoparticles was to
determine if they leach as nanoparticles (a potential environmental concern), how their
leaching compares with the soluble copper salts they compete against, and to determine if
the size of the nanoparticle affects the leaching. Commercial copper salt nanoparticles are
sold as “micronized” particles (76), but they contain a mixture of various sizes, most of
which are sub-micron. Prior to this research no leaching studies on such particles-treated

wood were in the literature.
1.3.2 Rationale for Controlled Release of Organic Wood Preservatives

In our earliest work on nanoparticle-treated wood preservation we used a precipitation
route to prepare nanoparticles from pre-made random copolymers of
poly(vinylpyridine-co-styrene) (73-75). The work was novel at that time, and showed
effective penetration of the wood interior and protected the treated wood from decay. The
method also had two major drawbacks: the release rate was controlled but faster than it
needed to be, and the nanoparticle preparation method, while simple, required dilute (< 1
wt%) conditions. To address these drawbacks we then studied a preparation method that
allowed us to synthesize core-shell nanoparticles in a one-pot/one-step nanoparticle. The
critical advantages of this method are that the core, serving as a reservoir for the biocide,
could be made as hydrophilic or hydrophobic as needed to give significant control over the
rate to biocide release, while the shell could be made hydrophilic to stabilize the resulting
nanoparticles in water. Furthermore, this method allows the polymer synthesis and the
nanoparticle preparation to be made at > 10 wt% solids in water. In that work gelatin was
used to form the shell, and methyl methacrylate (non-polar) and hydroxyethyl methacrylate
(polar) were grafted from the amine groups of the gelatin to prepare the amphiphilic
copolymers that self-assembled into core-shell nanoparticles. When the polymerization
was done in the presence of tebuconazole, the core-shell nanoparticles contained

tebuconazole (77). However, while the gelatin is inexpensive and biologically safe, it is
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itself prone to fungal decay, and un-grafted gelatin complicated leaching tests. For that
reason, in this work a similar study was done using chitosan, the second most abundant
polysaccharide, which is also non-toxic, biodegradable, and bears numerous amine
functional groups to be grafted with hydrophobic monomers to self-assemble into
core-shell nanoparticle (78,79). So we use chitosan as a starting material and grafted with
methacrylate monomers such as methyl methacrylate (MMA) and hydroxyethyl
methacrylate (HEMA) to form amphiphilic copolymers that self-assembled into solid
tebuconazole-containing core-shell nanoparticles and treated wood with these
nanoparticles to test and compare tebuconazole leaching. The reaction mechanism is

outlined in Figure 1.2.
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Figure 1.2. Mechanism of preparing self-assembled chitosan-g-PMMA nanoparticles
loading with tebuconazole by one-pot method.
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In Chapter 4, the synthesis and characterization of biocide-loaded

chitosan-g-PMMA nanoparticles are shown, and the synthesis conditions and formulation
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are studied to determine how they affect nanoparticle size and biocide release rate. The
nanoparticle size can be adjusted to < 150 nm by setting reaction concentration and
chitosan to MMA ratio. The release rate of tebuconazole from nanoparticle can be
manipulated by adjusting the monomer ratio of MMA:HEMA comprising the core during
polymerization. Effective nanoparticle penetration throughout the treated wood, low
leaching of biocide, and wood protection when tested for fungi decay are demonstrated in
this chapter.

The biocide-loaded nanoparticle suspension prepared by such one-pot synthesis route
is cost-effective and can be directly used to pressure treat wood products without post
process. The reduced leaching of biocide will increase wood preservation period and
eliminate toxic impact on neighboring environment, and low cost preparation method

also matches the market requirement using nanotechnology for wood preservation.
1.3.3 Rationale for Study of Copper Oxide Nanoparticle Leaching

Since copper oxide nanoparticle treated wood products are already commercially
available, but no research in the public domain has been conducted to determine if the
nanoparticles are leached or factors affecting leaching behavior of copper from the treated
wood including the size of nanoparticles. To answer these questions copper oxide
nanoparticles were prepared at different diameters, with and without a polymer shell, and

used to treat wood and test leaching. The reaction mechanism is shown in Figure 1.3.
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Figure 1.3. Synthesis of CuO nanoparticles with or without polymer-stabilizer by
aqueous thermal hydrolysis using deionized water as the solvent and heating at reflux.

Chapter 5 describes how the copper oxide diameter was controlled so the leaching of
nanoparticles with a uniform sized of ~10 nm and ~50 nm, with and without a polymer
shell. The questions this study asked and answered are: (1) Does nanoparticle size
influence copper leaching; (2) Is any leached copper leached as nanoparticles; (3) Do
copper oxide nanoparticles leach more or less than copper from to soluble copper salt
(ACQ) used as a commercial wood preservative; (4) Do smaller nanoparticles show higher
bioactivity compared to ACQ; and (5) Does a polymer shell on the copper oxide

nanoparticles affect copper leaching?
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Abstract

A novel self-assembled 3D nanoparticle fiber scaffold was designed and synthesized
with the ability to govern the controlled release of multiple drugs, by preparing ionic
complementary peptide-functionalized amphiphilic block copolymers that self-assemble
into polymeric nanoparticles, and then into fibers, leading to 3D fiber scaffolds. Two
complementary peptide sequences were prepared that can assemble into B-sheets in
aqueous solution (neutral water or PBS solution at pH 7.4). The terminal amines of the
peptides were coupled to amphiphilic triblock copolymers, synthesized by RAFT
polymerization, with carboxylic acid terminals (HOOC-A-B-A-COOH), to give the
desired peptide-copolymer conjugates. The peptides, copolymers, and peptide-copolymer
conjugates were characterized by 'H-NMR, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and FTIR. Optical microscopy confirmed the assembly
of the peptide-copolymer conjugate nanoparticles into fibers and scaffolds. The assembly
was not hindered when a protein (insulin) was included within the nanoparticles as an
active ingredient. The release rate of insulin was measured over three weeks. MTS
cytotoxicity tests on SW-620 cell lines showed that the peptides, copolymers and
peptide-functionalized copolymers were biocompatible. The methodology of
self-assembled nanoparticle fibers and 3D scaffolds combines the advantages of a flexible

hydrogel scaffold and the versatility of controlled release systems.

Key words: [-sheet peptide, self-assembly, nanoparticle fiber, scaffold, RAFT

polymerization, drug delivery, amphiphilic copolymer, core-shell
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2.1 Introduction

The self-assembly of B-sheet peptides is a well-established and versatile technique to
fabricate 3-dimensional (3D) scaffolds for biological applications, with or without
encapsulation of some bioactive agent (1). A typical B-sheet peptide motif is (AEAK)16-11
(AEAEAKAKAEAEAKAK). This motif, composed of periodic repeats of ionic
hydrophilic and hydrophobic amino acids, was first discovered in a yeast protein (2). This
type of ionic complementary peptide shows a spontaneous self-assembly into stable
B-sheets in aqueous conditions. The driving forces are the hydrophobic interactions of
alanine (A) side chains and ion-pair interaction between negatively charged glutamic acid
(E) side chains with positively charged lysine (K) side chains. The strong ion-pair
interaction leading to [P-sheet formation was further illustrated using a pair of
self-repulsing, but mutually attracting, peptide sequences that possessed positive charges
(Ac-WKVKVKVKVK-amide) and negative charges (Ac-EWEVEVEVEV-amide) (3).
On mixing this pair of oppositely charged peptides, a rapid assembly into a viscoelastic
hydrogel occurred, even though the total peptide concentration was only 0.25 wt.%. This
hydrogel retained mechanical strength, even after repeated shear-induced breakdowns,
due to the electrostatic interactions. The strong electrostatic and selective interaction
between opposite charges demonstrated one of the key merits of using
ion-complementary B-sheet motifs.

Those attributes are used in this work to provide a novel method to fabricate ordered
nanoparticle arrays or fibers, by functionalizing sets of nanoparticles with oppositely
charged peptides, and then combining them so they self-assemble into fibers that are
themselves comprised of sequences of individual nanoparticles which can, if desired, be
used to carry active agents and control their release. This is the hypothesis we are going
to prove in the present work, in its simplest form, by assembling the fibers and scaffolds

with no more than two nanoparticles and a single active agent.
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The use of a single drug at this early stage of the research is to minimize the number
of variable that might affect the assembly. However, it is also important to prove the
ability to control the release of an active agent, because in many biological applications,
it is desirable for the scaffold to contain and potentially release various “active agents”
(e.g. low molecular weight drugs or various proteins), to direct cell activities or improve
therapeutic efficacy. Here, for the sake of simplicity we will use the term drug to refer to
any active agent.

Peptide hydrogels have been a popular device for use as both a controlled drug
delivery system and 3D scaffold, this is typically done by simply physically entrapping a
drug into the peptide scaffold during mixing before gel formation (4,5), or chemically
bonded onto the C-terminal or N-terminal (6), or some combination of both methods to
load multiple active agents (7,8). However, these methods have significant limitations
with respect to the quantity of drug(s) that can be “loaded”, and the drug(s) may have an
impact on the subsequent self-assembly process or the mechanical stability of the formed
hydrogel, and there is very limited ability to control the release of the drug(s). Therefore,
the hydrogel itself must be designed in conjunction with the specific drug(s) that will be
used. Moreover, effective distribution of drugs in scaffolds is not always easy to achieve.
Controlled release nanoparticles can potentially be distributed within hydrogels, but these
also are sometimes difficult to distribute uniformly or effectively, and also might interfere
with assembly.

Because of these limitations, a more powerful and versatile technique is needed that
can allow multiple drugs to be incorporated within scaffolding and also allows the release
rate of each drug to be controlled appropriately. There are many ways to deliver drugs,
such asmicelles, colloids, capsules, and solid nanoparticles, including self-assembled

core-shell nanoparticles (9). Solid nanoparticles have been used for oral drug delivery (10),
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epidermal injection (11), targeted delivery of anticancer drugs to cancer cells (12), and to
deliver drugs for central nervous system regeneration (13).

Core-shell polymeric nanoparticles are particularly attractive for use in tissue
scaffolding because the core can potentially be designed to be suitable for a desired
hydrophilic or hydrophobic drug while the shell can be designed to be suitable for the use
environment. Also, core-shell nanoparticles are relatively easy to prepare with a controlled
particle size and various bio-compatible hydrophilic and hydrophobic monomers are
commrecially available to make self-assembling block copolymers that give core-shell
nanostructures (14).

Thus, we propose a new and highly versatile type of self-assembly scaffolding
system that combines controlled release technology with core-shell self-assembly
techniques and peptide self-assembling techniques, to form “particle fibers”. The
particles themselves can potentially be of any size or composition, and synthesized by
any technique, but in this work we opted for amphiphilic tri-block copolymers
(HOOC-ABA-COOH) synthesized by RAFT polymerization, using BDAT as the CTA
(15). RAFT is a controlled radical polymerization, which allows the synthesis of block
copolymers with controlled block length and block sequence, and therefore, control over
the size of both core and shell, and we used BDAT as the CTA to give carboxylic acid end
groups at both chain ends, which are required for the subsequent peptide coupling. The
hydrophilic block for the nanoparticle shell was 1-vinyl-2-pyrrolidinone (VP),
2-hydroxyethyl methacrylate (HEMA) or 2-hydroxyethyl acrylate (HEA), while methyl
methacrylate (MMA) was used for the hydrophobic core. These monomers were selected
because VP, HEMA, HEA and MMA they have been widely used to synthesize
biocompatible homopolymers or copolymers for biological applications (16-19), and
because they are efficiently incorporated into polymer chains produced by RAFT

polymerization (20).
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The polymeric micro- or nanoparticles (or combination of both), that may or may not
contain drugs, as desired, are functionalized with oppositely charged B-sheet peptides.
Peptide directed assembly of nanoparticles has received some attention, but so far it has
been limited to inorganic nanoparticle arrays using self-assembled peptide structures as
templates (21-23). For example, Nikhil et al. reported a well-organized one-dimensional
gold nanoparticle line formed on self-assembled polypeptide template, and the formation
of the nanoparticle array was directed by regulatory-presented positive charges on peptide
fiber surface (22). Another recent report showed a simple method to fabricate a
two-dimensional gold nanoparticle line pattern on mica surface from a designed [-sheet
peptide (LELCI16)-functionalized gold nanoparticles. Here the formation of gold
nanoparticle alignment was directed by B-sheet self-assembly (23). Peptide amphiphiles
with alkyl tails or polymer-peptide conjugates have also been widely studied, but still
limited to nanofiber hydrogels for biological applications (24,25).

This research appears to be the first to report the self-assembly of polymeric
nanoparticles into fiber and scaffolds. This is accomplished by using -sheet peptides to
direct the assembly process, by designing and synthesized two mutually attractive peptide
sequences, peptidel (P1: HoN-TTTT-AEAEAEAE-amide) and peptide2 (P2:
HoN-TTTT-AKAKAKAK-amide). These complementary peptides carry opposite charges,
and by coupling them to the carboxylic acid terminals of these amphiphilic tri-block
copolymers (HOOC-ABA-COOH), to form the peptide-copolymer conjugates
P1-ABA-P1 and P2-ABA-P2 respectively.

The peptide-copolymer conjugates undergo multiple levels of self-assembly in
aqueous solution. First, the amphiphilic copolymers can self-assemble to give
nanoparticles with hydrophobic cores and hydrophilic shells, while the
peptide-functionalities assemble the nanoparticles into fibers, and then further assemble

B-sheets to form 3D nanoparticle scaffolds. To the best of our knowledge, this polymeric
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nanoparticle fibers and 3D scaffolds are a fundamentally novel self-assembly system
because these systems allow multiple active agents to be introduced into the assembled
structure using a composition suitable for each active ingredient, and giving an
unprecedented level of both temporal and spatial control over the structure of the scaffold
and the release of the active agents. In this work we report on the design and synthesis of
the scaffold and demonstrate the capability of controlled drug release (insulin as a model

protein) and suitability as a versatile tissue scaffold.
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2.2 Materials and methods
2.2.1 Materials

Fmoc amide rink resin (0.65 mmol/g), Fmoc amino acids, and
2-(7-aza-1-H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium (HATU, coupling agent),
were purchased from AAPPTec company (Louisville, KY). N,N-Dimethylformamide
(DMF, >99.9%), N,N-diisopropylethylamine (DIPEA,99.5%), piperidine (PIP, 99.5%)
and cleaving agents, including trifluoroacetic acid (TFA, 99%), thioanisole (99%) and
anisole (99%) were purchased from Sigma-Aldrich. All reagents for peptide synthesis
were used as received. 1-Vinyl-2-pyrrolidinone (VP) (299%), 2-hydroxyethyl acrylate
(HEA) (96%), 2-hydroxyethyl methacrylate (HEMA) (97%), methyl methacrylate
(MMA) (99%), 1,4-dioxane (99+%), hexane (98.5%), 2,2'-azobisisobutyronitrile (AIBN)
(98%), and phosphate buffered saline (biotech) were purchased from Sigma-Aldrich.
1,2-Ethanedithiol (98.0%) was from Fluka, ethyl alcohol (200 proof, anhydrous) was
from PHARMCO-AAPER, and diethyl ether (anhydrous) was from Mallinckrodt Baker
Inc. (Phillipsburg, USA). The monomers HEA, HEMA and VP were purified before use
by passing through a neutral alumina column. MMA was distilled before use. All other
reagents were used as received. SW-620 cell was purchased from ATCC and CellTiter 96
AQueous Non-Radioactive Cell proliferation Assay (MTS) kit was from Promega Corp.
2.2.2 Synthesis of peptides (P1 and P2) bearing opposite charges

Peptides P1 (H2N-Thr-Thr-Thr-Thr-Ala-Glu-Ala-Glu-Ala-Glu-Ala-Glu-amide) and
P2 (HoN-Thr-Thr-Thr-Thr-Ala-Lys-Ala-Lys-Ala-Lys-Ala-Lys-amide) were synthesized
on rink amide resin (1.0 g, 0.65 mmol amine/g per batch) by semi-automated solid
phase peptide synthesis (Endeavor 901, AAPPTec LLC, Louisville, KY, USA), using
Fmoc chemistry. The side chains of threonine, lysine and glutamic acid were protected
with tert-Butyl (tBu), t-Butyloxycarbonyl (Boc) and O-tert-Butyl (OtBu) groups,

respectively. After swelling and washing the resin beads in DMF, the resin was
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deprotected 2 times with a 20% PIP/DMF solution (15 mL each time) at room
temperature (5 min the first time and 15 min the second time) with washing of DMF to
remove the Fmoc protection group from the resin. Then the first amino acid (4x0.65
mmol) was dissolved in DIPEA/DMF (5.2 mL, 0.5 M) in the presence of HATU (4x0.65
mmol), and transferred into a reaction vessel to attach to the resin. After de-protecting the
Fmoc protecting group from the previously attached amino acid, the remaining amino
acids (each 4x0.65 mmol) were similarly dissolved in DIPEA/DMF in the presence of
HATU and attached step-wise to the resin beads according to the designed sequence.
After finishing the coupling reactions of the desired 12 amino acids, the peptide-bound
resin beads were transferred into a reaction flask and treated with a cocktail of cleavage
reagents, TFA/Thioanisole/Ethane dithiol/Anisole (90:5:3:2 v/v), to cleave the peptides
from the resin beads. The cleaved peptide/cocktail solution was isolated from the solid
resin beads by filtering through a glass column filled with glass wool, followed by
precipitation into cold diethyl ether, placed in an ice/ethanol bath, to collect the
synthesized peptide solids. The peptide solids were washed 3 times with cold diethyl
ether and freeze-dried for storage. Scheme 2.1 shows the P1 and P2 design and the solid

phase peptide synthesis.
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Scheme 2.1. The design and synthesis of (a) P1 and (b) P2, by solid phase peptide
synthesis using Fmoc rink amide resin.
After synthesis and isolation, P1 and P2 were analyzed by MALDI-TOF MS

(Microflex LRF, Bruker Daltonics, Billerica, USA). Briefly, P1 and P2 were dissolved in
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a matrix solution (50:50 water/acetonitrile with 0.1% TFA) to form two solutions, each
with a concentration of ~100 pmol/uL. Separately, 20 mg of a-cyano-4-hydroxycinnamic
acid (the matrix compound) was also dissolved in 1 mL of the described matrix solution,
and the peptide and matrix solutions were then combined at a ratio of 1:10 (v/v). Then 2
puL of each combined solution were placed on a ground steel plate, then dried, and the
ground steel plate was set up for MALDI-TOF MS analysis using a suitable analysis
model (LP_pepmix model, close to the theoretical molecular weight of the peptides). By
MALDI-TOF the molecular weights of P1 and P2 were found to be 1246.42 [M(P1) +
Na'] and 1220.01[M(P2)+H"] Da, which are in good agreement with the theoretical
molecular weights of 1223.25 and 1219.45 Da respectively (Figure 2.1S a,b). 'TH-NMR
(Varian Unity INOVA 400 MHz, McKinley Scientific, Sparta, NJ, USA) confirmed the
peptide structure, with the peaks were assigned as follows.

P1 (DMSO-d6, 3): 1.05-1.09 (9H, -CH3 from Thr), 1.22 (12H, -CH3 from Ala),
1.77-1.89 (8H, -CH»- from Glu), 2.26 (8H, -CH»-C=0O from Glu), 3.77 (3H, O-CH-C
from Thr), 3.85 (3H, -OH from Thr), 4.03-4.32 (11H, -CH- from peptide backbone), 4.45
(2H, C-NH» from end amine), 7.04 (2H, O=C-NH» from terminal amide), 7.70-8.06
(11H, -NH- from peptide backbone). P2 (DMSO-d6, §): 1.05-1.10 (9H, -CH3 from Thr),
1.16-1.22 (8H, y —CH>- from Lys), 1.32 (8H, o -CH>- from Lys), 1.51 (12H, -CH3 from
Ala), 1.65 (8H, B -CH»-from Lys), 2.75 (8H, -CH>-N from Lys), 3.78-3.86 (11H, -NH>
from Lys and —OH from Thr), 4.03 (3H, B -CH- from Thr), 4.13-4.33 (11H, -CH- from
peptide backbone), 4.43(2H, -NH, from terminal amine), 7.03 (2H, O=C-NH» from
terminal amide), 7.75-8.10 (11H, -NH- from peptide backbone).

2.2.3 Synthesis of S,S'-bis(a,a'-dimethylacetic acid) trithiocarbonate (BDAT)

The RAFT chain transfer agent, BDAT, was synthesized and purified according to a

reported method (26). The detailed procedure is provided in supplementary information.

The chemical structure of the purified BDAT was confirmed by 'H-NMR (CDsCL): —-CH3
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(s, 12 H) at 1.67 ppm and —COOH (s, 2H) at 13.0 ppm. The chemical reaction is shown in

Scheme 2.2.
Ligroin o CHy; § CHy

CS, + CHCI5 + {CHy)CO + MalH HOOC-C-5-C-5-C-CO0H
22-25°C CHz CHs

Scheme 2.2. Synthesis of BDAT.

2.2.4 Synthesis of hydrophilic block (Macro-CTA) and amphiphilic tri-block
copolymer using BDAT as RAFT CTA

The amphiphilic tri-block copolymers PVP-b-PMMA-b-PVP,
PHEMA-b-PMMA-b-PHEMA, and PHEA-b-PMMA-b-PHEA, terminated with
carboxylic acid groups, were synthesized in two steps. First, the hydrophilic block (PVP,
PHEMA or PHEA) was synthesized by RAFT polymerization using BDAT as CTA,
AIBN as the initiator, and the desired hydrophilic monomer, at ratios of
[M]o:[CTA]o:[1]o=1000:5:1. The typical synthesis was done beginning with monomer (30
mmol),BDAT (0.15mmol) and AIBN (0.030 mmol) in a solution of 1,4-dioxane (16 mL)
in a 50 mL three neck round bottom flask. The reaction solution was first purged by
nitrogen gas for 0.5 h, and then heated to 70 °C. The reaction was maintained at that
temperature under nitrogen atmosphere for 24 h. The product was collected by
precipitation in cool diethyl ether, and the solvation/precipitation step was repeated 3
times to obtain the purified polymers. In the second step, the purified hydrophilic
polymer was used as a macro-CTA to synthesize the amphiphilic tri-block copolymer.
The ratio of reactants used was MMA :macro-CTA: AIBN of 4.8:0.4:0.0012 g/g (48000 :
45 : 1, mol:mol). These were dissolved together into 18 mL of a mixed solvent of

1,4-dioxane/DMF (2:1, v/v) in a 50 mL three neck round bottom flask. The reaction
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solution was purged with nitrogen gas for 0.5 h and then reacted at 70 °C for 48 h under
nitrogen atmosphere. The polymer was collected by solvating and precipitating in cool
ethanol/acetone (7:1,v/v) 3 times to obtain the purified amphiphilic tri-block copolymer.
The feedstock ratios and yield % of (co)polymers are given in Table2.1.

Scheme 2.3 shows the synthetic route to prepare the hydrophilic block (macro-CTA)

and amphiphilic copolymer with carboxylic acid terminals.

Table 2.1. Summary of feedstock, Mn and yield (%) from the RAFT synthesis of the

hydrophilic macro-CTA and tri-block copolymers.

Yield
Macro-CTA [M]o:[CTA]o:[Ilo XN Mn?, Da
%
PVP 1000:5:1 78 8954 84.0
PHEMA 1000:5:1 66 8981 97.4
PHEA 1000:5:1 74 8966 97.7
Mass Ratio
(MMA)o: Yield
Copolymer Xn/Xm MNP, Da
(Macro-CTA )o:AIBN %
g/g
PVP-b-12PMMA-b-PVP 12:1:0.0012 78/382 47200 53.1

PHEMA-b-12PMMA-b-PHEMA 12:1:0.0012 66/726 81668 533

PHEA-b-12PMMA-b-PHEA 12:1:0.0012 74/644 73443 49.5
M, -M
a. M by MALDI-TOF; Xy units calculated as X, = ———224
Monomer

b. Mx calculated from 'H NMR by ratio of integrated peaks.
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Scheme 2.3. Synthesis of (a) hydrophilic block macro-CTA and (b) the amphiphilic

triblock copolymers, by RAFT polymerization using BDAT as CTA.

2.2.5 Characterization of hydrophilic blocks and tri-block copolymers

The molar mass of the hydrophilic block was determined from MALDI-TOF MS
analysis using DMF as solvent and 2,5-dihydroxybenzoic acid (DHB) as the matrix
compound. The polymer solution (~2 mg/mL in DMF) and a DHB solution (20 mg/mL in
DMF) were prepared separately, and then the polymer solution was added into the DHB
solution at a ratio of 1:10 (v/v). Then 2 pL of the combined solution was dripped onto a
ground steel plate and allowed to air dry over 48 h. The sample plate was analyzed by
MALDI-TOF MS (LP 14 KDa). The molecular weight (Mn) and repeat units (Xn)
(calculated from Mn) of hydrophilic block are summarized in Table 2.1.

The amphiphilic copolymer was analyzed by '"H-NMR, and the molecular weight

(Mn) was calculated by integrating the peak areas associated with the blocks. For
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example, PVP-b-12PMMA-b-PVP shows the peak area of 6:3.34 (-CH2-N, from PVP
block) and peak area of 5:3.53 (-OCH3 from PMMA block, -CH- from PVP block) are
used to calculate the block ratio of Xx(PVP):XM(PMMA) = 1:4.9 based on the below

equation.

2Xn Area(,cﬂz -N) _ 449

3Xm+Xn  Area_pepy ey, 3517

The block ratio (Xn:Xm) of PHEMA-b-12PMMA-b-PHEMA  and
PHEA-b-12PMMA-b-PHEA were calculated in a similar manner from the 'H-NMR
spectra (Figure 2.2S a,b and Figure 2.3S a,b, with calculation equation) and found to
be 1:11 and 1:8.7 respectively. From these data the X of the hydrophilic blocks and Xm
of the hydrophobic PMMA block for all three copolymers were found to be as follows:
(PVP)39-b-(PMMA )382-b-(PVP)39, (PHEMA )33-b-(PMMA )726-b-(PHEMA )33 and
(PHEA)37-b-(PMMA )644-b-(PHEA)37. The results are also given in Table 2.1.

"H-NMR peak assignments for hydrophilic blocks and copolymers are given below.

PVP Block (in D20, §): 1.46-1.61(-CHz- from backbone), 1.90 (-CHx- from
vinylpyrrolidone ring), 2.18-2.32 (-CH2-C=0 from vinylpyrrolidone ring), 3.19 (-CH2-N-
from vinylpyrrolidone ring), 3.52-3.66 (-CH- from backbone). PHEMA Block (in
DMSO-d6, 6): 0.79-1.10 (-CHs), 1.80 (-CHz-), 3.59 (-CH.-OH), 3.91 (-CH»-O-C=0),
4.80 (-OH). PHEA Block (in D20, 8): 1.54-1.86 (-CH:- from backbone), 2.32 (-CH-
from backbone), 3.53 (-OH), 3.68 (-CH»-OH), 4.08 (-CH>-O-C=0).

The peak assignments for protons the "TH-NMR spectra of copolymers were made as
shown below. PVP-b-12PMMA-b-PVP (in DMSO-d6, d): 0.73-1.04 (-CH3), 1.40-1.82
(-CH>-), 3.34 (-CH>-N-), 3.53 (-OCH3, from PMMA block, also contains some -CH- from
the PVP block). PHEMA-b-12PMMA-b-PHEMA (in DMSO-d6, 8): 0.72-1.13 (-CH3),
1.42-1.77 (-CH>-), 3.53 (-OCH3, from PMMA block, also contains —CH>-OH from the
PHEMA block), 3.87 (-CH2-O-C=0). PHEA-b-12PMMA-b-PHEA (in DMSO-d6, 3):
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0.74-0.92 (-CHs), 1.80 (-CH2-), 2.38 (-CH-), 3.44-3.54 (-OCH3, from PMMA block, also
contains—CH»-OH from the PHEA block), 3.98 (-CH>-O-C=0).
2.2.6 Coupling of peptide to triblock copolymer

The synthesized peptide was bonded to the triblock copolymer as shown in Scheme
2.4 using the following procedure. The copolymer (0.25g) was dissolved in DIPEA/DMF
(4.0 mL, 0.9 M DIPEA in DMF) at room temperature in a 25 mL three neck round
bottom flask with magnetic stirring. The solution was degassed 15 min with nitrogen.
HATU (2.2 mg) was then added, to activate the terminal carboxylic acid groups of the
copolymer, and stirred for 8 min. P1 (0.022 g, 1.8 x 102 mmol, ~ 4 molar excess over the
terminal carboxylic acid groups) was dissolved separately in DMF (2.0 mL, in a glass
vial), and then transferred via syringe to the reaction solution. The coupling reaction was
carried out for 45 min under nitrogen atmosphere at room temperature. P2 was coupled
separately to another batch of copolymer using the same procedure.

The peptide-functionalized copolymer was collected by precipitation into 40 mL of
cold ethanol and centrifuged to remove un-reacted chemicals. The isolated solids were
washed 3 times with 30 mL aliquots of cold ethanol and dried at 50 °C for 12 h under
reduced pressure.

The peptide-functionalized copolymer conjugates are designated as follows:
P1-PVP-b-12PMMA-b-PVP-P1, P1-PHEMA-b-12PMMA-b-PHEMA-P1,
P1-PHEA-b-12PMMA-b-PHEA-P1, P2-PVP-b-12PMMA-b-PVP-P2,
P2-PHEMA-b-12PMMA-b-PHEMA-P2 and P2-PHEA-b-12PMMA-b-PHEA-P2,
respectively. The peptide-copolymer conjugates were characterized using FT-IR
(Spectrum One, Perkin Elmer, Massachusetts, USA) to verify effective coupling

reactions.
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Scheme 2.4. Coupling reaction of P1 and P2 with amphiphilic copolymers.
2.2.7 Self-assembly of peptide-copolymer conjugates in phosphate buffered saline
solution (PBS) or deionized water (D.I. H20)

Peptide-copolymer conjugate self-assemblies were conducted in both sterile PBS
solution and D.I.  H:0. Pl1-PVP-b-12PMMA-b-PVP-P1 (11 mg) and
P2-PVP-b-12PMMA-b-PVP-P2 (11 mg) were dissolved together in DMSO (2 mL) by
sonication and magnetic stirring to form a clear solution. The conjugate/DMSO solution
was then slowly injected into PBS (20 mL, pH=7.4) via an insulin syringe (31 G syringe)
with an injection speed of ~ 0.4 mL/min under magnetic stirring at 600 rpm. After the
injection was completed, the suspension was stirred an additional 40 min to give a
well-dispersed suspension. The nanoparticle suspension was allowed to settle for 10 h, so
that the self-assembled nanoparticles settled to the bottom layer giving a sponge-like
appearance. The supernatant was replaced 4 times with fresh sterile PBS solution (or
sterile D.I. H2O if the self-assembly was performed in D.I. H>O) and then dialyzed 24 h
in D.I. H>O to remove any DMSO residue.
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The self-assembled nanoparticle suspension was gently swirled and then 0.5 mL of
the suspension was withdrawn using a 31 G insulin syringe. The suspension was then
slowly injected from the syringe while moving it across the surface of a freshly cleaned
glass slide (washed by D.I. H,O and then immersed in 70% v/v EtOH/H>0 solution for
10 h, and gently dried by kimwipe). As the syringe needle was moved slowly down the
slide, a self-assembled nanoparticle fiber formed on the surface of the glass slide as the
water in the PBS solution evaporated. This resulting nanoparticle fibers could be
observed on the slide surface by optical microscopy (OLYMPUS BX60, Olympus
America Inc., PA, USA), equipped with a camera (OPTIXCAM, Summit Series), power
control (Olympus TH3) and observation software (TSview7). Self-assembly studies of
peptide-functionalized PHEMA-b-12PMMA-b-PHEMA conjugates, and
peptide-functionalized PHEA-b-12PMMA-b-PHEA conjugates were similarly carried
out. The microscopy images of the self-assembled nanoparticle fibers and scaffolds are
shown in Figure 2.4.

2.2.8 Controlled release of Insulin from assembled nanoparticles

Insulin was used as a model drug that was loaded into the different self-assembled
nanoparticle compositions. Controlled release studies were performed for 22 days.
Peptides- (P1- and P2-) functionalized PHEMA-b-12PMMA-b-PHEMA conjugates (1:1
g/g) were dissolved in DMSO (3 mL) to form a precursor solution (14 mg conjugate/mL
DMSO), then insulin (0.063 mg, 0.15 wt. % based on conjugate matrix) was added to the
precursor solution and mixed uniformly. The insulin-containing precursor solution was
then slowly injected into sterile PBS to form self-assembled insulin-loaded conjugate
nanoparticles, and allowed to settle for 10 h.

Two  types of controls were also tested. Peptide-functionalized
PHEMA-b-12PMMA-b-PHEMA conjugate nanoparticles, without insulin, were prepared

and used as controls to determine any ‘background release’ of peptides (P1 and P2) from
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the assembled conjugate nanoparticles. Also, a copolymer
(PHEMA-b-12PMMA-b-PHEMA) without peptide-functionalization was loaded with the
same quantity of insulin to give insulin-loaded copolymer nanoparticles to determine if
the release rates of insulin from the peptide-conjugated nanoparticles differed from the
non-peptide conjugated nanoparticles.

All self-assembled nanoparticle suspension was then dialyzed 24 h using dialysis
tubing (Nominal MWCO 3,500, from Fisher Scientific) in PBS buffer solution, to remove
free peptides and organic solvent. The assembled nanoparticle suspension was then
collected and stored at 4 °C.

The concentration of insulin-loaded conjugate nanoparticles, insulin-loaded
copolymer nanoparticles, and conjugate nanoparticles without insulin, were all
determined by gravimetric analysis, and found to be 1.8 mg/mL, 2.6 mg/mL and 2.0
mg/mL respectively. For example, 3.0 mL of insulin-loaded conjugate nanoparticle
suspension was vacuum dried to obtain 5.3 mg solid mass, and thus the nanoparticle
concentration was determined to be 1.8 mg/mL. If using PBS solution, 3.0 mL of PBS
solution was dried to get background mass, and thus net solid nanoparticle mass was
obtained by taking off this background mass.

The desired quantity of insulin-loaded conjugate nanoparticles, insulin-loaded
copolymer nanoparticles, and non-insulin-loaded conjugate nanoparticles, was measured
based on the known concentration of these nanoparticles in PBS suspension, and
transferred to a 15 mL centrifuge tube. After centrifugation to remove supernatant with
free insulin, fresh D.I. HoO was added to set up controlled release tests carried out at 37
°C for 22 days. At the desired time intervals the supernatant with released insulin was
separated from solid nanoparticles by centrifugation at 4000 rpm for 15 min. Then a
specific amount of fresh sterile deionized water was added and the solids gently

re-dispersed and left to stand until the subsequent release test. The concentration of the
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insulin in the collected supernatant was determined by micro-BCA protein assay
according to the manual instructions.

The morphology of each of the different types of insulin-loaded conjugate
nanoparticles was also characterized by optical microscopy to confirm nanoparticle fibers
and 3D scaffolds, as shown in Figure 2.8.

2.2.9 MTS cytotoxicity assayusing SW-620 cell lines

The synthesized peptides, amphiphilic copolymers, and peptide-copolymer
conjugates were tested for biocompatibility using SW-620 cell lines by standard MTS
cytotoxicity assay. P1 was dissolved in DMSO/PBS (50 v/v %) solution to form 2.8
mg/mL of stock P1 solution, and P2 was dissolved in PBS solution to form 10.8 mg/mL
of stock P2 solution. All three copolymer/DMSO precursor solutions were prepared and
self-assembled in sterile D.I. H2O, and then dialyzed for 24 h in D.I. H2O to form
copolymer nanoparticle stock solutions with concentration ranging from 2.3 mg/mL to
2.7 mg/mL. All three peptide-copolymer conjugate/DMSO precursor solutions were
prepared and self-assembled into D.ILH>O and dialyzed 24 h in D.I. H,O to form
conjugate nanoparticle stock solutions with concentration ranging from 2.5 mg/mL to 3.7
mg/mL.

SW-620 cells were seeded at a concentration of ~1000 cells per well in a 96-well
culture plate and incubated for 16 h at 37 °C with 5% CO; in an humidified incubator.
The media was removed and the cells were washed with fresh PBS the next day. Then
fresh media with each sample solution was added to 96-well plate at a concentration of 1,
10 and 100 pg/mL and each concentration was repeated with 6 replicates. Then the plate
was incubated for 72 h at 37 °C with 5% CO; in the incubator. After 72 h of incubation,
20 pL of MTS solution was added into each well and incubated again at 37 °C in the
humidified incubator for 4 h. Finally, the absorbance at 490 nm was recorded using an

ELISA plate reader (BioTek Instruments Inc.). Three control solutions, PBS plus media,
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PBS/DMSO 50 v/v % plus media, and pure media, were similarly subjected to the
cytotoxicity test. For all samples, the final DMSO concentration was not more than 2% to
avoid DMSO toxicity to cells. The samples are designated as follows: P1 and P2 are the
two designed peptides; Copolymer NP1, NP2 and NP3 are nanoparticles assembled from
copolymers of PVP-b-12PMMA-b-PVP, PHEMA-b-12PMMA-b-PHEMA, and
PHEA-b-12PMMA-b-PHEA; Conjugate NP1, NP2 and NP3 are assembled conjugate
nanoparticle fibers from peptide-copolymer conjugates of PVP-b-12PMMA-b-PVP,
PHEMA-b-12PMMA-b-PHEMA, and PHEA-b-12PMMA-b-PHEA, respectively.
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2.3 Results and Discussion

2.3.1 Design of peptides (P1 and P 2) for -sheet self-assembly

The rationale for the peptide design and coupling the peptides to amphiphilic triblock
copolymers is to produce a peptide-directed self-assembly that undergoes multiple levels
of assembly. Figure2.1a shows the complementary peptides labeled P1 and P2. When
these are attached to amphiphilic copolymers, one batch conjugated to P1 and the other
conjugated to P2 (labeled as P1-A-P1 and P2-B-P2 in Figure 2.1b), and the batches are
combined, the chains undergo two levels of self-assembly. The amphiphilic block
copolymer self-assembles into nanoparticles A and B, which need not be either the same
size or same composition, while the complementary ionic peptides assemble these newly
formed nanoparticles into continuous fibers of nanoparticles. These fibers can then
further assemble to form a B-sheet in aqueous solution within the appropriate pH range
by adding additional complementary peptide (P1 and P2 with proper ratio. The broader
implications of this are that multiple active agents can be introduced with appropriate

compositions for desired release, both temporally and spatially.
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Amphiphilic copolymer
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Figure 2.1. Illustration of (a) the complementary peptides, negatively charged P1 and
positively charged P2, and (b) cartoon representation of two amphiphilic triblock
copolymers, self assembling into core-shell nanoparticles A and B, and peptide linking of
the nanoparticles into a polymeric “nanoparticle nanofiber” (1D) directed by

self-assembly of P1 and P2. Higher assembly into 2D and 3D scaffolds is not shown.

Ionic complementary peptides showed excellent P-sheet assembly but were
self-repulsive in aqueous solution (27). Using this principle, two peptide sequences, one
positively charged and the other negatively charged (Figure 2.1a), were designed with
alternating hydrophobic and ionic hydrophilic amino acids that could mutually
self-assemble into B-sheet fibrils in aqueous solution.

The designed peptides were synthesized by semi-automated solid phase peptide
synthesis strategy (section 2.2) and characterized by MALDI-TOF MS (Figure 2.1S a,b)
to confirm the molecular weight of 1246.42 [M + Na'] for P1 and 1220.01 [M+H"] for
P2, showing excellent agreement with the theoretic molecular weight of P1 (MW:
1223.25) and P2 (MW: 1219.45). The chemical structure of P1 and P2 were further

confirmed by 'H-NMR analysis (Figure 2.2 a,b) to show desired chemical structure.
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Figure 2.2.'"H-NMR (DMSO-D6+1% TMS) spectra of the synthesized P1 (a) and P2 (b).

Each peptide sequence was designed to include two parts (Scheme 2.1), the
self-assembly part bearing complementary electrostatic charges, and the spacer part,

using hydrophilic amino acid (Threonine), that is designed to separate the self-assembly
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part from the amphiphilic block copolymer by increasing its solubility, and its mobility to
facilitate coupling with the complementary peptide units. P1 is designed for negative
charges from glutamic acid (E), which bears carboxylic acids that ionize when the pH is
above 4.4. P2 has lysine (K), which has an amine side group that carries positive charges
when the pH is below 10.0 (27). Therefore, glutamic acid and lysine will
electrostatically interact with each other when the pH is between 4.4 ~ 10.0 in aqueous
(i.e. PBS) solution. This interaction contributes the main driving force for self-assembly,
as illustrated in Figure2.1a. The hydrophobic alanine (A) also contributes to the
self-assembly between P1 and P2 by burying its own hydrophobic domain of alanine side

change.

The use of electrostatic interaction to drive the self-assembly is preferred because
they are stronger than either hydrogen-bonding interactions or hydrophobic interactions,
and so will dominate the assembly process (28). This is illustrated by the different
self-assembly behavior of the designed peptides in DMF/PBS solution, shown in Figure
2.3. Figure 2.3a and b show a solution of P1 and P2 while Figure 3c shows a combined
solution of P1 and P2. The solution of P1 alone exhibits H-bonding and can form viscous
gelation when concentration is at 1.1wt.%, while P2 exhibits only a solution with
significant flow at same concentration. The combination of P1 and P2 forms a viscous,
non-flowing gel at a lower concentration (0.55 wt.% + 0.55 wt.%), showing stronger

interaction than either P1 or P2 alone.
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Figure 2.3. Photographs of the gels formed by P1, P2 and a mixture of Pl and P2 in
DMF/PBS co-solvent (1:1 v/v) where (a) P1 (1.1 wt.%) gels in 1 mL of DMF/PBS; (b)
P2 (1.1 wt.%) flows in 1 mL of DMF/PBS, able to flow; and (c) a strong gel is formed
after mixing a 1 mL solution of P1 with a 1 mL of P2 solution (giving 0.55 wt.% of each

peptide in 2 mL DMF/PBS).

2.3.2 Synthesis and characterization of amphiphilic tri-block copolymers

Reversible addition-fragmentation chain transfer (RAFT) polymerization was used to
synthesize the amphiphilic tri-block copolymer with reactive carboxylic acid groups at
both chain ends. This was done using BDAT as the chain-transfer agent (CTA) and AIBN
as the initiator (Scheme 2.3) (29). BDAT was selected because it is an efficient CTA for
many monomers. This gives us the ability to produce a range of ABA triblock copolymers
to assemble core-shell nanoparticles that are suitable for many different active agents.
Furthermore, BDAT is a highly efficient CTA giving reactive carboxylic acid
terminals,which is required so that peptide conjugation is efficient, thereby giving
efficient assembly into fibers.

Before the copolymer synthesis the structure and purity of BDAT was confirmed by
"H-NMR (in CDCls). The proton peaks of the ~CH3 (s, 12 H) at 1.67 ppm and -COOH (s,

2H) at 13.0 ppm, are in agreement with the reported chemical structure (26).
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The first step of the polymerization for all the copolymers in this work was the
synthesis of the hydrophilic block, so that the shell of the final copolymer nanoparticle
was hydrophilic. Thus, after polymerizing the appropriate monomer, using BDAT and
AIBN, to give the PVP, PHEMA, or PHEA in high yield (Table 2.1), the polymer was
used as a macro-CTA to synthesize the PMMA hydrophobic inner block in the second
step, giving the desired tri-block copolymer.

'"H-NMR analysis confirmed the existence of all the appropriate peaks for the
hydrophilic block and the block copolymer (Figure 2.4). For example, the 'H-NMR
spectrum of PVP (in D,O) (Figure 2.4a), shows peaks for protons d (5: 1.46-1.61), f (o:
2.18-2.32), g (8: 1.90), h (&: 3.19) and e (5: 3.52-3.66) with the ratio of the integrated
areas of d:figth:e = 23.11:22.29:23.16:21.59:9.85 = 2:2:2:2:1. The number average
molecular weight (Mn) analyzed by MALDI-TOF MS (Table 2.1) was found to be
similar for PVP and PHEA, but slightly lower for PHEMA. Accordingly the Xk,
calculated from the Mn, was found to be 78, 74, and 66 for PVP, PHEA, and PHEMA
respectively. Considering the symmetrical structure of BDAT, these repeat units are
evenly distributed at both sides of CTA and therefore the structure of the macro-CTA is
represented  as:  (PVP)3;o-BDAT-(PVP)39, (PHEA) 37-BDAT-(PHEA)3;;  and
(PHEMA )33-BDAT-(PHEMA )33 respectively.

The amphiphilic block copolymer was synthesized by combining the macro-CTA
with MMA and fresh AIBN. The ratio of the blocks in the final tri-block copolymer was
determined from 'H NMR (Figure 2.4). An example calculation is given for
PVP-b-PMMA-b-PVP (Figure 4b) in section 2.4 with equation to calculate the actual
block ratio of Xn(PVP):XmM(PMMA) to be 1:4.9. The block ratio (Xn:Xwm) of
PHEMA-b-PMMA-b-PHEMA and PHEA-b-PMMA-b-PHEA were calculated in a
similar manner from the 'H-NMR spectra (Figure 2S a,b and Figure 3S ab, with

corresponding equation) and found to be 1:11 and 1:8.7 respectively. From these data the
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Xn of the hydrophilic blocks and Xwm of the hydrophobic PMMA block for all three
copolymers were found to be as follows: (PVP)39-b-(PMMA )382-b-(PVP)3o,
(PHEMA)33-b-(PMMA )726-b-(PHEMA )33 and (PHEA )37-b-(PMMA )s44-b-(PHEA )37.

The high ratio of PMMA used relative to the hydrophilic monomer was chosen to
ensure that sufficiently large core-shell nanoparticles would be obtained to allow the
nanoparticles to be visualized by optical microscopy. In fact, the water-swollen particles
that were produced when dripped into water were found to be spherical and possess a
diameter near 1 pum, as shown in Figure 2.6. Smaller ratios of PMMA produce
accordingly smaller particles that have a diameter between 100 to 500 nm by dynamic

lighter scattering test.
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Figure 2.4. 'H-NMR spectra (in DMSO-d6) of (a) the synthesized hydrophilic polymer
PVP and (b) tri-block copolymer PVP-b-12PMMA-b-PVP by RAFT polymerization.
2.3.3 Coupling peptides to copolymers

The carboxylic acid groups at the amphiphilic copolymer chain ends were coupled to
the amine group of the Pl and P2 peptides is illustrated in Scheme 2.4. The
peptide-functionalized copolymer conjugates were purified and vacuum-dried, and the
coupling was confirmed by FT-IR (Figure 2.5).

Figure 2.5 shows the P1 and P2 absorption bands of the carbonyl stretching
vibrations (C=0) at ~1670 cm™ and the amide nitrogen-hydrogen (O=C-N-H) bending
vibrations at ~1530 cm™!. The FT-IR spectra of the peptide-coupled copolymer conjugates
also show the absorption peaks from peptides between 1526 cm™ to 1678 cm™!, which
differs from the polymer carbonyl absorption at 1720 cm™. These same peptide bands
were also seen in the other peptide-coupled conjugate polymers shown in the
Supplemental Information (Figure 2.4S a,b).These data confirm the peptide coupling to

the copolymers.
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Figure 2.5. Comparison of FT-IR spectra of the synthesized copolymer, P1(Peptidel),
P2(Peptide2), and Peptide-PVP-b-12PMMA-b-PVP conjugates.

2.3.4 Self-assembly of peptide-copolymer conjugates in aqueous solution

The purpose of the copolymer design is to prepare self-assembled controlled-release
“nanoparticle fibers” that can subsequently self-assemble to produce 3D scaffolds as
directed by [-sheet peptide assembly (Figure 2.1b). By this method, the mixing of two
batches of complementary peptide-conjugated polymeric nanoparticles (A and B) results
in their self-assembly into an ordered arrangement of nanoparticle fibers and 3D
scaffolds. This simple 2-part system has the advantage of allowing each nanoparticle to
be customized for a desired active ingredient(s) and also allowing the nanoparticle fibers
to simultaneously serve as a two-drug delivery system and flexible scaffolds for cell

migration and proliferation. Using controlled ratios and sequential addition multi-drug
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delivery systems are achievable in the desired sequence within the resulting particle
fibers.

Self-assembled nanoparticle fibers and 3D scaffolds, are shown for a two-drug
delivery system in representative microscopic images in Figure 2.6 and 2.7, in aqueous
media (PBS solution or D.I. H2O). Figure 2.6a-c shows PVP-b-12PMMA-b-PVP, after
the complementary peptide-conjugated nanoparticles were combined. The initially
formed fibers are observed with t ~ 0 — 10 h, with the extent of the assembly increasing
further with t > 10 h after combining the complementary peptide-copolymer conjugate
pair, and finally a 3D assembly is observed. Figure 2.7 a,b shows
PHEMA-b-12PMMA-b-PHEMA in decionized water with t ~I10 h, and (b)
peptide-coupled PHEA-b-12PMMA-b-PHEA in PBS at t~10 h. The self-assembly
process appeared to progress somewhat more rapidly in PBS solution than in D.I. H2O.
This is thought to be due to the presence of the alkaline ions in PBS solution being
beneficial to the self-complementary assembly of the designed peptides (3). Although
PBS is often better than D.I. H>O for peptide dissolution, for these assembled
nanoparticle fibers PBS buffer media facilitates the formation of long NP fibers on glass
slide surfaces when compared to results using D.I. H O media. There may be other

differences between the two media, but in this work none were noted.

o — 10um
1 um =
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Figure 2.6. Conjugate NP fibers from peptide-coupled PVP-b-12PMMA-b-PVP in PBS
with self-assembly times of (a) ~10 h showing fibers, (b) t >10 h, showing further
assembly and (c) t >>10 h, showing 3-D scaffolds.

10 um

10 um

(b)
Figure 2.7. Conjugate NP fibers from (a) peptide-coupled
PHEMA-b-12PMMA-b-PHEMA in deionized water with t ~10 h, and (b)
peptide-coupled PHEA-b-12PMMA-b-PHEA in PBS with t ~10 h.

This approach has substantial versatility and is effectively a fundamental technology
with significant control over each level of assembly. For example, any approach can be

used to design the nano/microparticle composition and structure, as either a
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homopolymer or a copolymer, with the advantage of an amphiphilic copolymer being that
it will self-assemble into a core-shell design. This allows the particle interior to be
designed to be suitable for a desired cargo such as an active ingredient, and to release the
active ingredient at a desired rate, while the particle exterior can be designed to be stable
in the delivery medium. The core and shell can then be selected for an appropriate release
rate for the specific active ingredient. The peptide assembly also offers significant level
of control, not only in the design of the assembly motif and its stability, but also in how
the assembly manipulates the nano/microparticle arrangement. The assembly can be
designed to couple so that all the nano/microparticles can carry the same drug, but release
the drug at very different rates over an extended release time, or different particles can be
assembled so that multiple drugs can be released from different nano/micro particles with
each particle being released at a rate appropriate for that drug. This can be done for small
molecules or in principle for proteins.

Another block copolymer design was made using poly(ethylene glycol) methyl ether
acrylate as the hydrophilic monomer to give a hydrophilic shell that readily forms a
hydrogel. Our copolymer design, PPEG-b-12PMMA-b-PPEG, like the others, can serve
as controlled release devices but in this case the outer shell, being ethylene glycol based,
would resist protein adsorption and cell adhesion. The same peptide bonding motifs that
are already described, P1 and P2, were used. The peptide-copolymer conjugates were
placed in a DMF precursor solution (13 mg/mL) to self-assemble into a dense 3D
nanoparticle scaffold by adding 2 mL of deionized water. The freeze-dried scaffold was
characterized by FESEM and images are shown in Figure 2.8a. The same composition
was tested, but with P1 and P2 simply being blended into the mixture rather than bonded
to the amphiphilic PPEG-12-PMMA-PPEG copolymer (Figure 2.8b).The results clearly

show the effect of bonding the peptides to the nanoparticles on the assembly process. The

60



overall density of the scaffolding can be manipulated by changing composition and

peptide length.

2«9ﬁﬁmWH
5.000m

(a) (b)

Figure 2.8. FESEM images show comparison of self-assembled scaffold morphologies
(a) self-assembled from peptide-coupled PPEG-b-12PMMA-b-PPEG conjugates and (b)
nanoparticle scaffolds control self-assembled from peptide physically mixed with
PPEG-b-12PMMA-b-PPEG.
2.3.5 Controlled release study of Insulin as model drug

The advantage and rationale for the use of an amphiphilic block copolymer is to
allow nanoparticles (or microparticles) to be prepared with a suitable composition to
control the release rate for a desired drug, with the shell allowing the nano/microparticles
to be stable in a given medium, and to serve as a tissue scaffold, or resist protein
adsorption. In a preliminary test of the ability of assembled nanoparticles to serve as
controlled release devices, insulin was used to test the ability to release a model protein.

Insulin was loaded into the synthesized peptide-copolymer conjugates at a theoretical
content of 0.15 wt.%. After combining aqueous solutions of complementary

peptide-functionalized copolymer nanoparticles, each containing insulin, long
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self-assembled nanoparticle fibers and 3D scaffolds were formed, as the representative

images show in Figure 2.9.

10 um

10 um

(@) (b)

10 um

(c) (d)
Figure 2.9. Optical microscopy images of insulin-loaded conjugate nanoparticle fibers
and 3D scaffolds, self-assembled in PBS solution. Insulin-loaded nanoparticle fibers of
(a) peptide-coupled PVP-b-12PMMA-b-PVP conjugates self-assembled in PBS with
assembly time t~10h; (b) peptide-coupled PHEMA-b-12PMMA-b-PHEMA conjugates
in PBS with t~10h; (c¢) peptide-coupled PHEA-b-12PMMA-b-PHEA conjugates with
t~10h; and (d) representative insulin-loaded nanoparticle scaffolds at condensed phase
with t>10h. Images of (a), (b), (c) were prepared on a glass slide surface by gently

shaking self-assembled conjugate nanoparticles to form a uniform suspension and then
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transferring to the glass slide surface. Image (d) is of self-assembled nanoparticle
scaffolds from peptide-coupled PVP-b-12PMMA-b-PVP conjugates with self-assembly
time >10h without shaking the suspension, used as the representative morphology of 3D

nanoparticle scaffolds.

The self-assembled insulin-loaded nanoparticle fibers from peptide coupled
PHEMA-12PMMA-PHEMA were used in a controlled release test run for 22 days at 37
°C. The released insulin solution was collected by centrifugation and the quantity was
determined by micro-BCA test. The cumulative quantity of insulin released over 22 days
is shown in Figure 2.10. The release is compared with insulin-loaded
PHEMA-12PMMA-PHEMA nanoparticles alone, and for the peptides from peptide
coupled PHEMA-12PMMA-PHEMA without insulin.

—&— Insulin release from NPs of PHEMA-12PMMA-PHEMA
—@— Insulin release from NPs of peptide-coupled PHEMA-12PMMA-PHEMA
—4&— Background release of peptides from NPs of peptide-coupled PHEMA-12PMMA-PHEMA

Cumulative release of Insulin from NPs
ug/mg NP

0 — T T T 1 - 1 T 1 1 T T 1T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Release Time, Day

Figure 2.10. Comparison of insulin released from PHEMA-12PMMA-PHEMA

copolymer nanoparticle control and assembled peptide-coupled
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PHEMA-b-12PMMA-b-PHEMA conjugate nanoparticle fibers tested by micro-BCA
protein assay.

The results show a steady release of insulin from the assembled conjugate
nanoparticle fibers over a three-week period. A ‘background’ release is measured (blue
triangles) that is due to residual peptides (P1 and P2) remaining in the formulation after
the synthesis of the peptide-copolymer conjugates. Unfortunately, the assay does not
differentiate the insulin from the residual peptides, but even accounting for this release,
the data show that the conjugated peptide nanoparticle fibers give a controlled insulin
release over a three-week period thatis slightly faster than the release from the copolymer
nanoparticle controls.

2.3.6 Biocompatibility study on SW-620 cell lines by MTS assay

The cytotoxicity of the synthesized peptides, copolymers and peptide-copolymer
conjugates were measured by MTS assay using SW-620 cell lines. The results are shown
in Figure 2.11. The cells incubated with media alone or with PBS and/or DMSO were
used as control and the results showed absorption intensity ranging from 0.64 to 0.88 at
490 nm. When absorptions were compared to that of the controls, MTS test for all
synthesized peptides, copolymers and peptide-copolymer conjugates showed similar or
slightly higher absorption intensity at 490 nm. These results suggest that SW-620 cells
cultured in the presence of synthesized biomaterial solution or nanoparticle suspension
with concentration range at 1 ~ 100 pg/mL are not adversely affected by these

synthesized biomaterials.
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MTS assay of the synthesized peptide-copolymer conjugates, copolymers
and peptides at cell concentration of ~1000 per well.
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Figure 2.11. Cytotoxicity test on SW-620 cell lines by MTS assay.

Conjugates NP1, NP2 and NP3 represent self-assembled nanoparticles from
peptide-coupled copolymers (PVP-b-12PMMA-b-PVP, PHEMA-b-12PMMA-b-PHEMA
and PHEA-b-12PMMA-b-PHEA). Copolymer NP1, NP2 and NP3 are nanoparticles for
the non peptide-coupled copolymers. Peptide-1 and Peptide-2 are the synthesized
peptides (P1 and P2).

2.4 Conclusion

A novel fundamental technology was proved in this work that showed how
peptide-directed self-assembly can be used to direct the assembly of individual polymeric
nanoparticles into fibers and 3D scaffolds. This technology combines the advantages of
versatile controlled release systems and flexible scaffolds for tissue engineering. In this
work a single drug, insulin, was tested, but the broader implications of this technology
are that multiple drugs can be loaded into the scaffolding and the release rate of each drug
can be separately controlled by the selection of the nanoparticles used to form the

scaffold. This is because different polymer compositions and structures (e.g. core-shell
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morphology) can be employed, and the assembly of fundamentally different nano- and
microparticles can be controlled. Although only three different copolymers were
described in this work, the technology allows other polymers to be used, and as long as
the peptides can be coupled to the terminals to induce the assembly process, polymers

can be prepared using any step growth or chain growth process.
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Main Findings in This Chapter:

In this chapter, we proved the hypothesis that ionic complementary
peptide-functionalized amphiphilic copolymer could self-assemble into polymeric
nanoparticle fibers and 3D scaffolds with or without model drug loading. This was done
by functionalizing several sets of amphiphilic triblock copolymers with two oppositely
charged peptides (P1 and P2), including PVP-b-PMMA-b-PVP,
PHEMA-b-PMMA-b-PHEMA and PHEA-b-PMMA-b-PHEA, with reactive carboxylic
acid terminals synthesized by RAFT polymerization using BDAT as CTA. Controlled
release study using insulin as model drug showed sustained release of insulin over 3
weeks from self-assembled nanoparticle scaffolds. Cytotoxicity test on SW-620 cell lines
showed all synthesize peptides, copolymers and peptide-copolymer conjugates were

biocompatible with SW-620 cell lines at concentration below 100 pg/mL.
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Abstract

Conventional self-assembled peptide nanofiber scaffolds lack the ability to be
simultaneously loaded with multiple drugs that have different chemical and physical
properties, to allow individual controlover the release of each of the loaded drugs, and to
provide uniform, or controlled but non-uniform (e.g. gradient), distribution of the drugs
within the same scaffold system. In this work, a novel ionic complementary
peptide-functionalized polymeric nanoparticle was designed and self-assembled into 1D,
2D, and 3D polymeric nanoparticle scaffolds. Such self-assembled nanoparticle scaffolds
have the potential to overcome each of the above-described limitations of conventional
scaffolds. This new method allows the assembly of individual nanoparticles into a
continuous fiber scaffold. Because of this design, each nanoparticle composition can be
selected to allow it to be loaded with the desired drug and release that drug at an
appropriate rate. In principle this approach also gives control over the spatial distribution
of the drug-containing nanoparticles to allowblocks of nanoparticles with a given drug, or
nanoparticle gradients to be formed in thescaffolds, while also yielding an injectable
system. This process gives unprecedented flexibility into the design and preparation of
the scaffold. The self-assembled nanoparticle scaffold formation was confirmed by
optical microscopy and FESEM micrographs. Several model drugs, including
hydrophobic and hydrophilic small molecules, were loaded in the scaffold system
showing controllable and sustainable release over 3 weeks. The self-assembled 2D
scaffold membrane was incubated with fibroblast cells (NIH3T3 cell lines) in a culture
dish that demonstrated non-toxicity and non-inhibition to the cell proliferation. This type
of nanoparticle scaffold combines the advantages of the precision associated with peptide
self-assembly and the versatility of polymeric nanoparticle controlled release systems for
a new type of tissue engineering.

Keywords: peptide, self-assembly, nanoparticle scaffold, multi-drug controlled release
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3.1 Introduction

An efficient tissue growth is usually dependent on the delivery of various drugs (i.e.
active biomedicine, growth factors) to cells within tissue regeneration. Thus there are
important scientific relationships between tissue engineering and scaffolding system with
drug delivery (1). For example, skin regeneration usually requires a complex delivery of
growth factors and cytokines, such as fibroblast growth factor, keratinocyte growth
factor, vascular endothelial growth factor and interleukin 1a, to release within the wound
bed to promote cell proliferation and migration to achieve wound healing (2,3).
Therefore, there is a need to fabricate a more sophisticated system with multi-drug
delivery abilities within scaffolding for tissue engineering.

Conventional polymeric hydrogels (both synthetic and natural polymers) have been
widely developed to incorporate a single drug in scaffold system for tissue regeneration,
for example, physically or chemically incorporating bioactive ingredients in
poly(ethylene  glycol) (PEG) hydrogels (4,5), poly(lactide)-b-poly(ethylene
oxide)-b-poly(lactide) (PLA-b-PEO-b-PLA) or poly(lactic-co-glycol acid) (PLGA)
hydrogels (6,7), or natural biomaterial gels (e.g. alginate, collagen, chitosan, gelatin)
(8-14). Most recently, Caicco et al. (15) developed a physically blended hydrogel
composite system of hyaluronan-methylcellulose (HAMC) as for the localized delivery
and sustainable release of CyclosporinA (CsA), a promising neuroprotective and
neuroregenerative agent for neural stem/progenitor cells, for treatment of stroke. The
authors incorporated CsA in HAMC gel by three different methods and compared the
release rate. The three incorporation types include a solubilized type (CsA/acetonitrile
solution mixed with HAMC gel), a particulate type (CsA solid particulate dispersed in
MC solution and then embedded in HAMC gel), and polyl(actic-co-glycolic acid)(PLGA)
microsphere-encapsulated CsA type (CsA encapsulated in PLGA microspheres and then
embedded in HAMC gel). Interestingly, the in-vitro controlled release test showed that

solubilized CsA type released from HAMC gel only for 2 days, particulate type expanded
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to 7-10 days, but CsA from PLGA microsphere-encapsulated type showed sustainable
release over 21 to 28 days. Most importantly, the CsA released from PLGA microspheres
retained bioactivity that was equivalent to that of fresh CsA when compared by a
neurosphere assay (15). However, similarly with most of the other polymeric hydrogel
scaffolds, this study is also limited to single drug incorporation.

Self-assembled peptide nanofiber scaffolds have been gaining in popularity
compared to traditional scaffolding for tissue engineering because of non-toxicity,
biodegradability, and the porosity of fibril structures is similar to extracellular matrix
(ECM) for cell attachment. Also, these materials assemble in situ into a hydrogel at
physiological environment (16). The first generation self-assembling designer peptide,
EAKI16-11 (AEAEAKAKAEAEAKAK), was discovered in a yeast protein, zuotin (17).
This type of ionic complementary peptide spontaneously self-assembles into stable
B-sheets in aqueous conditions across a broad range of temperature and pH, and even in
the presence of a high concentration of the denaturing agents urea and guanidium
hydrochloride (18,19). The self-assembling forces are the hydrophobic interactions of
alanine (A) domains and ion-pair interactions between negatively charged glutamic acid
(E) side chains with positively charged lysine (K) side chains. That this strong ion-pair
interaction contributes to stable -sheet formation was further supported by investigation
of a complementary pair of designer peptides, the self-repulsive but mutually attractive
peptide sequences that possessed positive charges (Ac-WKVKVKVKVK-amide) and
negative charges (Ac-EWEVEVEVEV-amide) (20). On mixing this pair of
complementary peptides, a rapid assembly into a viscoelastic hydrogel occurred at a
concentration as low as 0.25 wt.%. This hydrogel retained mechanical strength, even after
repeated shear-induced breakdowns, due to the electrostatic interactions. The strong
electrostatic and selective interaction between the opposite charges demonstrated one of

the key merits of using ion-complementary f-sheet motifs.
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These designer self-assembling peptide hydrogels (e.g. EAK16-1I, RADA16-I or 1I)
have been widely used as both controlled drug delivery systems and 3D scaffolds. The
drug delivery capability is typically done by physically incorporating a drug into the
peptide scaffold during the gel formation (21,22), but it can also be chemically bonded
onto the C-terminal or N-terminal (23), or sometimes combination of both methods to
load multiple active agents (24,25). However, these methods still have significant
limitations with respect to the quantity of drug(s) that can be incorporated, but
furthermore the incorporation of drug(s) may have an impact on the subsequent
self-assembly process or the mechanical stability of the formed hydrogel, and there is
very limited ability to control the release of drugs with different properties. Therefore, the
hydrogel itself must be designed in conjunction with the specific drug(s) that will be
incorporated. Moreover, the effective distribution of multiple drugs in scaffolds is not
easy to achieve.

To address these limitations, we designed and reported a new type of ionic
complementary peptide-directed self-assembly of polymeric nanoparticle fibers and 3D
scaffolds to be a more powerful and versatile technique to allow multiple drug
incorporation within a scaffolding system and to allow the release rate of each drug to be
controlled appropriately (26). This new type of designed scaffold having multiple drug
loading ability was achieved by functionalizing an amphiphilictriblock copolymer with
two oppositely charged peptides (P1-ABA-P1 and P2-ABA-P2, ABA: triblock
copolymer, P1: HoN-TTTT-AEAEAEAE-CONH» and P2:
HoN-TTTT-AKAKAKAK-CONH»), respectively. While the peptides controlled the
nanoparticle assembly the copolymer composition gave domains that self-assembled into
polymeric micro or nanoparticles for use as drug carriers that also possess the peptide
functionalities (P1-NP-P1 and P2-NP-P2). These nanoparticles then further self-assemble

into ‘nanoparticle fibers’ and eventually lead to 3D scaffolds with a ‘sponge-like’
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appearance in aqueous solution.

In the present work, we continue the study of the self-assembly behavior and test the
versatility of the methodology with a series of designed peptide-functionalized copolymer
(PI-ABA-P1 and P2-ABA-P2) with different particle size, and with additional peptides
(P1 and P2) to adjust the scaffold porosity and mechanical stability. Multiple drug
loading and control of the drug releasing rate from different nanoparticle compositions
are demonstrated in this work using several small molecules as model drugs, including
hydrophobic molecule (4’,5’-dibromofluorecein), moderately hydrophobic molecule
(nitrofurazone) and slightly water soluble hydrophilic molecule (amoxicillin). The
biocompatibility test is conducted by incubating the self-assembled 2D scaffold
membrane with fibroblast cells (NIH3T3 cell lines) in a humidified incubator at 37 °C for
2 weeks, showing non-toxicity and non-inhibition to the cell proliferation and migration.
The self-assembly of peptide-functionalized nanoparticles with additional host peptides
(P1 and P2) and with different concentration is also conducted to form nanoparticle

composite peptide hydrogels, to compare mechanical stability and morphology.
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3.2 Experimental Section

3.2.1 Materials

All reagents for peptide synthesis were purchased from AAPPTec LLC (Louisville,
KY) and used as received. Cleavage reagents, including trifluoroacetic acid (TFA, 99%),
thioanisole (99%) and anisole (99%), were purchased from Sigma-Aldrich, and
1,2-ethanedithiol (98.0%) was from Fluka. 1-Vinyl-2-pyrrolidinone (VP) (299%),
2-hydroxyethyl methacrylate (HEMA) (97%), methyl methacrylate (MMA) (99%),
1,4-dioxane (99+%), 2,2'-azobisisobutyronitrile (AIBN) (98%), dimethyl formamide
(DMF, 99.9%) and phosphate buffered saline (Biotech) were purchased from
Sigma-Aldrich. Ethyl alcohol (200 proof, anhydrous) was from PHARMCO-AAPER,
and diethyl ether (anhydrous) and dimethyl sulfoxide (DMSO) were from Mallinckrodt
Baker Inc. (Phillipsburg, USA). Model drugs of 4°,5’-Dibromofluorescein (DBF) and cell
adhesion peptide (RGDS) were from Sigma-Aldrich, nitrofurazone powder and
amoxicillin capsules were from Jungle Laboratories Corporation and Shopko pharmacy
(Made by Sandoz International, Germany, NDC code: 007881-2613-01). DBF and
nitrofurazone were used as received, amoxicillin powder was removed from the capsules
and was purified by dissolving in ethanol and removing undissolved components, and
recrystallized before use. VP and HEMA were purified prior to use by passing through a
neutral alumina column. MMA was distilled before use. All other reagents were used as
received. Fibroblast cells (NIH3T3 cell line) were purchased from ATCC and cell media
(DMEM/High Glucose) was from Hyclone Laboratories, Inc. (Utah, USA). Ultrapure
deionized water (>17.6 MQ-cm) was obtained from MEG-PURE SYSTEM (MP-190
LC).
3.2.2 Synthesis and self-assembly of ionic complementary peptides (P1 and P2)

Two ionic complementary peptides, P1 (HoN-TTTT-AEAEAEAE-amide) and P2
(HoN-TTTT-AKAKAKAK-amide), were synthesized by a standard semi-automatic solid
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phase peptide synthesis strategy (Endeavor 90, AAPPTec LLC, Louisville, KY, USA),
using Fmoc chemistry, on a rink amide resin. A detailed synthetic procedure, and
characterization of the products by MALDI-TOF MS (Microflex LRF, BrukerDaltonics,
Billerica, USA) and 'H-NMR (Varian Unity INOVA 400 MHz, McKinley Scientific,
Sparta, NJ, USA)were reported elsewhere (26).

Peptide self-assembly was tested in aqueous solution using different salt (NaCl)
concentrations to study the effect of NaCl concentration on the self-assembly behavior of
the designer peptides. Briefly, P1/deionized water solution (11 mg/mL) and P2/deionized
water solution (11 mg/mL) were prepared by dissolving P1 in deionized water with 0.03
mM of NaOH(pH 9.0) and P2 in deionized water with 0.03 mMHCI (pH 5.4). The
solutions of P1 (0.5 mL) and P2 (0.5 mL) were combined with magnetic stirring and
sonicating for 30 min to give a uniform mixture, and then the NaCl concentration in the
combined P1/P2 solution was adjusted to 0.03 mM, 10 mM and 30 mM by adding the
appropriate amount of the NaCl solution (1 M). The combined P1/P2 solution was
allowed to self-assemble for 24 h at room temperature.

Approximately 10 uL of each self-assembled peptide hydrogel was transferred onto
the surface of a newly cleaned silicon wafer (cleaned by 10 wt.% HCI and 10 wt.%
NaOH solutions each for 10 h respectively, and then washed by ethanol and deionized
water several times with sonication) and air dried for 1 h at room temperature. The
assembled peptide membrane was rinsed with 100 puL of deionized water to remove
unattached peptides and salt. The rinsing and washing process was repeated three times,
and the specimen was allowed to air dry. Once dry, the peptide-covered wafer was coated
with a platinum layer (10 nm) for FESEM characterization (Hitachi S-4700, Hitachi High
Technologies America, Inc.).

In addition to testing the peptide self-assembly in aqueous solution at different salt

concentrations, the process was studied at different total peptide concentrations of 5.5
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mg/mL and 11 mg/mL (P1:P2=1:1 wt./wt.) at a singleNaCl concentration (10mM). The
self-assembled peptide gel was prepared on the silicon wafer surface in the same way as
before and characterized by FESEM.
3.2.3 Synthesis of amphiphilictriblock copolymers with reactive terminals by RAFT
polymerization

Amphiphilictriblock copolymers of PVP-b-PMMA-b-PVP and
PHEMA-b-PMMA-b-PHEMA, were synthesized by RAFT  polymerization
usingS,S’-bis(a,a’-dimethylacetic acid) trithiocarbonate (BDAT) as chain transfer agent
(CTA) and AIBN as initiator. This CTA gave reactive carboxylic acid terminals at both
chain ends (HOOC-ABA-COOH). The synthesis of BDAT was described elsewhere (26).

The polymerization was done in two steps to build up the amphiphilic block
copolymer. In the first step the hydrophilic block(PVP or PHEMA) was prepared in
dioxaneat 70°C (24 h under nitrogen atmosphere) usingthe following ratio of reagents:
[M]o:[BDAT]o:[AIBN]o=1000:5:1. The product was precipitated in cool diethyl ether to
obtain the PVP or PHEMA block as a solid. The precipitation was repeated 3 times to
remove any unreacted monomer. The polymer containing the hydrophilic block was
vacuum-dried at 50 °C for 12 h. In the second step, the hydrophilic polymer was used as
a macro-CTA to copolymerize with MMA in a dioxane/DMF (4:1 v/v) solvent mixture
with additional AIBN added (0.0012 g). The reaction was continued at 70 °C (48 h) under
nitrogen atmosphere to obtain the amphiphilic triblock copolymer. The as-made
copolymer solution was purified by precipitating in cool diethyl ether 3 times to remove
unreacted residues and vacuum-dried at 50 °C for 12 h.

The length of the hydrophilic block was maintained as a constant (with actual Xn=
78 for PVP and 64 for PHEMA, see Table 3.1) but the length of the PMMA block,
synthesized in the second step, was varied to adjust the ratio of the hydrophilic to

hydrophobic block in the nanoparticles. This resulted in different core sizes, as well as
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different nanoparticle sizes. The reactant ratios, and molar mass and yields of the

copolymer products are summarized in Table 3.1.

Table 3.1. Reactant ratios and products (Macro-CTA and Copolymer) by RAFT.

Yield
Macro-CTA [M]o:[CTA]o:[I]o Xn? Mn?, Da
%
PVP 1000:5:1 78 8954 84.0
PHEMA 1000:5:1 64 8557 92.8
Mass Ratio Yield
Copolymer XnXm M, Da
(Macro-CTA )o:(MMA)o %
PVP-b-1.5PMMA-b-PVP 1:1.5 78/86 17564 72.8
PVP-b-3PMMA-b-PVP 1:3 78/186 27576 70.2
PVP-b-6PMMA-b-PVP 1:6 78/524 61417 53.7
PHEMA-b-3PMMA-b-PHEMA 1:3 64/102 18769 65.8
M N M BDAT

a. Mx tested by MALDI-TOF; X, =

Monomer

b. My calculated from '"H NMR by ratio of integrated peaks.

3.2.4 Characterization of hydrophilic block and tri-block copolymers

The number average molecular weight (Mn) of the hydrophilic block (PVP and
PHEMA) was determined by MALDI-TOF MS and the number average degree of
polymerization (Xn) was calculated from the measured Mn. These results are given in
Table 3.1. A detailed analysis of the MALDI-TOF MS spectra is described elsewhere
(26). '"H-NMR spectra (performed in DMSO-d6) and peak assignments are shown in
Figure 3.1 (a, b). The integrated peak area from the PVP and PMMA blocks gives the
block ratio Xpyp:Xpmma and thus the number average molecular weight of the triblock
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copolymer is determined. For example, analysis of PVP-b-1.5PMMA-b-PVP shows that
theintegratedarea of the peak at &: 3.14 (-CH»-N, from PVP block) and the peak areas at
0: 3.56 and 3.35 (-OCH3 from PMMA block, -CH- from PVP backbone) are used to

calculate the block ratio of Xpvp: Xpmma= 1:1.10 according to equation (1).

2X _ Area oy, 1141
3X ppis + Xy Area_pey oy 2449

(1

The actual block ratios of other copolymers (PVP-b-3PMMA-b-PVP,
PVP-b-6PMMA-b-PVP and PHEMA-b-3PMMA-b-PHEMA) are similarly calculated to
be 1:2.38, 1:6.72 and 1:1.60. According to the known Xx and the actual block ratios
calculated, the Xx and My of tri-block copolymers are thus determined and listed in
Table 3.1.

The peak assignments for the 'TH-NMR spectra of copolymers were made as shown
below. PVP-b-PMMA-b-PVP (in DMSO-d6, 3): 0.73-1.04 (-CH3), 1.40-1.82 (-CH>-),
3.34 (-CH»-N-), 3.53 (-OCH3, from PMMA block, also contains some -CH- from the PVP
block). PHEMA-b-PMMA-b-PHEMA (in DMSO-d6, &): 0.72-1.13 (-CH3), 1.42-1.77
(-CH>-), 3.53 (-OCH3, from PMMA block, also contains —CH»>-OH from the PHEMA
block), 3.87 (-CH2-O-C=0).

3.2.5 Coupling reaction of copolymer with P1 and P2

The synthesized peptides (P1 and P2) were coupled with the desired amphiphilic
copolymer to form peptide-copolymer conjugates. The coupling reaction was performed
betweenthe carboxylic acid terminals of the desiredpolymer and the amine terminalsof
the desired peptide using 2-(7-aza-1-H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium
(HATU) as the coupling agent, as shown in Scheme 3.1. The process for the
PVP-b-6PMMA-b-PVP system is described in greater detail as an example. The
copolymer (1.0 g, ~1.6 x 10> mol) was dissolved in DIPEA/DMF (8.0 mL, 0.9 M DIPEA
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in DMF) at room temperature in a 25 mL three neck round bottom flask with magnetic
stirring. The reaction solution was degassed for 15 min with nitrogen and then HATU
(0.012 g, ~3.2 x 10°mol) was added to activate the carboxylic acid groups. P1 (0.10 g,
8.2 x 10°mol) was pre-dissolved in DMF (5.0 mL) in a glass vial, and then transferred
into the activated copolymer solution via syringe. The reaction was continued for 45 min
at room temperature with magnetic stirring and nitrogen gas bubbling through solution.
P2 was similarly coupled with a second batch of copolymer. The peptide-copolymer
conjugate was precipitated in cool diethyl ether and centrifuged to remove un-reacted
chemicals. The precipitation was repeated 3 times to obtain purified conjugate solids, and
dried under reduced pressure for 12 h at 50 °C before storing in a sealed vessel in the

refrigerator at 4 °C.

P1
H.N— TTT-AEAEAEAE
o CH; S CH, p  DIPEA/DMF -
I, I { \ [l i ' v d I HATL
JC—C—w ,L—sz%s—c—s-rmz}—rm,jn—r:,—c\ — -
m Yoo . -
HO) CH,, H, OH RT, M, gas =3 .
H,N—TTTT-AKAKAKAK
O CH, ? CH.Sﬁ
H | Vo 4 3 | - H
FAFAFAF:E-.-TTTT—\—E—C—o:—h-‘ﬁ—ﬁ:l'-.d;__.j:s—(:—S—{—M‘.}—{M.FC—C—N-WTT-.&F.&F,&FAF
| * 1 voomh h |
CH, CH,

a. P1-copolymer conjugates

O CH, S CH,O
Hi | 7oy | | foon L IH
KAKAKAKA-TTTT -N-C —C M.} e‘m;,} S—C—8 M, HM }-C—C—N-TTTT-AKAKAKAK
| v m A nt N
CH, CH,

]

b. P2-copolymer conjugates
Scheme 3.1. Synthesis of peptide-copolymer conjugates by coupling reaction of peptide

amine terminal with copolymer carboxylic acid terminals.
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Other copolymers that possessed different block ratios were coupled with P1 and P2
using the same procedure. The peptide-copolymer conjugates were characterized by
FT-IR (Spectrum One, Perkin Elmer, Massachusetts, USA) to verify the coupling
reaction. The sample designationsfor the peptide-functionalized copolymer conjugates are
shown in Table 3.2.

3.2.6 Self-assembly study of peptide-copolymer conjugates in aqueous solution

All peptide-copolymer conjugates were first self-assembled in aqueous solution to
form the peptide-functionalized nanoparticles (P1-NP-P1 and P2-NP-P2). Then the
individual nanoparticles bearing complementary peptides (P1-NP-P1 and P2-NP-P2)
were combined together where they then assembled into 1D nanoparticle fibers and
eventually formed 3D scaffolds as directed by the ionic complementary assembly
between P1 and P2.

The assembly process of the nanoparticles into nanoparticle fibers was accomplished
in three steps as follows. First the P1-copolymer conjugates (20 mg) were dissolved in
DMSO (2 mL) to give a clear precursor solution, and then the precursor solution was
slowly injected (0.4 mL/min) into weakly basic deionized water (10 mL, pH 9.0, adjusted
by 1 M NaOH solution) via a 31 G syringe while being stirred at 600 rpm by a magnetic
stirrer to self-assemble into a P1-NP-P1 suspension. After completing the injection of the
precursor solution, the magnetic stirring was continued for 30 min and then sonicated 2
min to form a stable peptide-nanoparticle suspension. In the second step, the
P2-copolymer conjugates were first solvated in DMSO to form a precursor solution and
then added into weakly acidic deionized water (10 mL, pH 5.4, adjusted by 1 M HCI) to
form a P2-NP-P2 suspension and sonicated for 2 min.

The purpose of forming the nanoparticle suspensions in weakly basic (pH 9.0) and
weakly acidic (pH 5.4) deionized water was to completely ionize the carboxylic acid side

groups from P1 and amine side groups from P2 to bear negative and positive charges
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respectively. This gave two separate suspensions of nanoparticles bearing complementary
peptides that were self-repulsive ensuring no assembly until the two separate suspensions

are combined.

Table 3.2. Hydrodynamic diameter of the peptide-copolymer conjugate nanoparticles by
DLS and self-assembly time for each nanoparticle pair.

Assembled NP Size Assembly
Peptide-Copolymer Conjugate
NP name (nm) time (h)
P1-PVP-b-1.5PMMA-b-PVP-P1 P1-NP1-P1
178+72 3

P2-PVP-b-1.5PMMA-b-PVP-P2 P2-NP1-P2
P1-PVP-b-3PMMA-b-PVP-P1 P1-NP2-P1

227497 6
P2-PVP-b-3PMMA-b-PVP-P2 P2-NP2-P2
P1-PVP-b-6PMMA-b-PVP-P1 P1-NP3-P1

580+264 10
P2-PVP-b-6PMMA-b-PVP-P2 P2-NP3-P2

P1-PHEMA-b-3PMMA-b-PHEMA-P1  P1-NP4-P1
283+125 6
P2-PHEMA-b-3PMMA-b-PHEMA-P2  P2-NP4-P2

Table 3.2 shows the hydrodynamic diameter of the individual nanoparticle-peptide
conjugates before scaffold assembly, and the time allowed for scaffold assembly after the
complementary nanoparticle conjugates are combined. When larger nanoparticle
conjugates were used the allowed assembly time was increased. For example, the stable
P1-NPI1-P1 suspension was injected into the stable P2-NP1-P2 suspension with gentle
magnetic stirring at 400 rpm for 30 min to give a uniformly mixed suspension. Within 10
minutes after the stirring was discontinued there was visual evidence of assembly with
the appearance of a ‘sponge-like’ phase that was settling at the bottom of the vial. The
allowed assembly time ranged from 3-10 h, with longer times being allowed for the larger

nanoparticles.
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The self-assembled nanoparticle scaffolds from smaller peptide-nanoparticles (from
P1-NP1-P1 and P2-NPI1-P2) and larger peptide-nanoparticles (from P1-NP3-P1 and
P2-NP3-P2) were applied to silicon wafers to allow observation by FESEM. Briefly, the
assembled nanoparticles (100 pL) were transferred onto a cleaned silicon wafer surface
(cleaned by 10 wt.% HCI solution and 10 wt.% NaOH solution for 10 h respectively, and
then washed by ethanol and deionized water several times with sonication). The
nanoparticle layer on silicon wafer surface was air dried to leave an assembled
nanoparticle membrane (designated as a 2D scaffold) and then vacuum dried at 50 °C for
6 h. The nanoparticle membrane was coated with platinum (Pt, ~5Snm) prior to FESEM
characterization.

3.2.7 Self-assembly study of peptide-functionalized nanoparticles with additional
peptides

A self-assembly study of the peptide-functionalized nanoparticles was performed in
the presence of excess“free” peptides (P1 and P2) to determine if their presence effected
the porous structure and mechanical stability of the final 3D nanoparticle scaffolds.
P1-NP3-P1 and P2-NP3-P2 suspensions (Table 3.2) were similarly prepared in deionized
water as described before, and the nanoparticle suspensions were dialyzed 24 h to remove
organic solvent in 2 L of fresh weak basic deionized water (pH 9.0 for P1-NP3-P1) and
weak acidic deionized water (pH 5.4 for P2-NP3-P2) with replacing fresh deionized
water every 12 h. The concentration of both purified nanoparticle suspensions was
gravimetrically determined to be 2.6 mg/mL.

Then 0.5 mL of P1-NP3-P1 suspension was well mixed with 0.5 mL of P1 solution
(11 mg/mL in deionized water with pH at 9.0) to form a mixed suspension of
P1-NP3-P1/P1 (1.3 mg/mL of nanoparticle with 5.5 mg/mL of P1). A suspension of
P2-NP3-P2/P2 (same concentration as P1-NP3-P1/P1) was similarly prepared. Then the

P1-NP3-P1/P1 suspension was combined with the P2-NP3-P2/P2 suspension by magnetic
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stirring at 400 rpm for 2 h, and allowed to settle during self-assembly to form
nanoparticle/peptide  co-assembled composite hydrogel after adjusting NaCl
concentration to be 10 mM by adding 1M NaCl solution. The concentration of the
nanoparticle/peptide composite hydrogel was 1.3 mg/mL of nanoparticle with 5.5 mg/mL
of total peptides (P1 and P2). Using same procedure, 1.3 mg/mL of nanoparticle with 11
mg/mL and 22 mg/mL of total peptides were prepared to compare their stability and
porous structure of 3D nanoparticle/peptide hydrogel scaffolds.

10 uL of the self-assembled nanoparticle/peptide composite hydrogel was dropped
onto a cleaned silicon wafer surface to air dry, giving2Dnanoparticle/peptide membranes.
The membrane was then rinsed with 100 uL of fresh deionized water 3 times to remove
un-bonded peptides and salts and again allowed to air dry. Another 10uL of the composite
hydrogel (1.3 mg/mL nanoparticle with 22 mg/mL P1 and P2) was placed in a silicon
wafer and dried under reduced pressure at room temperaturewithout washing with
deionized water in order to compare the 3D morphologies of the
co-assemblednanoparticle/peptide scaffold because vacuum drying can quickly remove
solvent to retain a 3D structure, but air drying only gives a compact 2D membrane.
Allsamples were then coated with a layer of platinum (5 nm) for FESEM

characterization.

3.2.8 Controlled release test with hydrophobic fluorescein as model drug

A controlled release study was performed for 23 days in deionized water using
4’,5’-dibromofluorescein (DBF) as model for a small hydrophobic drug. The
peptide-copolymer conjugates together with the DBF were dissolved in DMSO to form
two host solutions, DBF/P1-PVP-b-1.5PMMA-b-PVP-P1 (38 mg + 0