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ABSTRACT

METHODOLOGY OF CITRIC ACID BASED FUNCTIONAL
BIOMATERIAL DEVELOPMENT

AND APPLICATION

Yi Zhang, Ph.D.

The University of Texas at Arlington, 2012

Supervising Professor: Jian Yang

Biomaterials play critical roles in modern strategies of biomedical applications, such as
tissue engineering, and theranostic therapy. Attempts to design ideal biomaterials for each
specific application have led to an enormous increase in the number of polymeric biomaterials.
Different biomedical applications require specific functionality of biomaterials. Unfortunately, the
limited versatility of currently available biodegradable polymers fails to meet the wide range of
requirement for biomedical applications. Therefore, a methodology of functional biomaterials
development would be beneficial to the biomaterial field.

It has been proved that citric acid can be utilized as a key element in the development
of novel biodegradable polymers. This work presents the methodology of three citric acid based
functional biomaterials design and application to meet the multifaceted needs of tissue
engineering and theranostic therapy. Firstly, urethane doped biodegradable polyester with dual
crosslinking mechanism is developed as scaffold materials to fulfill the wide range of
mechanical properties of soft tissue engineering. We hypothesize that doping of urethane bond

can greatly increase the mechanical strength and elasticity, and dual crosslinking mechanism



confers parameters to manipulate mechanical properties over a wide range. Secondly, novel
family of biodegradable photoluminescent polymers (BPLPS) is developed meet the increasing
needs of marriage between biodegradable polymers and bioimaging. We hypothesize that the
intrinsic strong fluorescence of BPLPs can be exploited as theranostic probes, and provide
possibility of real-time monitoring for implants. Lastly, BPLPs are doped with urethane bond
(UBPLPs) to achieve an ultra strong elastomer with strong fluorescence. We hypothesize that
the greatly increased mechanical strength makes UBPLPs suitable for engineering
cardiovascular tissue. It also can improve the stability of nanoparticles for theranostic
application. To test these hypotheses, we first developed the methodology of all three functional
biodegradable polymers. The synthesis, characterization, fabrication, and application of those
polymers were discussed. The relationship between materials chemistry and phenomenon were
devoted to the understanding of basic biomaterials science.

The results presented in this work show that all three functional polymers succeed to
fulfill the requirements of specific biomedical applications. The designing strategies can serve
as a guide for developing of new citric acid based biodegradable polymers. These enabling new
biodegradable polymers are able to address many of the existing challenges in tissue

engineering, and theranostic applications.
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CHAPTER 1
INTRODUCTION

1.1 Importance of Biodegradable Polymers

The development of novel biomaterials offers unique opportunities to tackle unmet
clinical problems. Biomaterials are critical components to all medical devices, most of which
require biodegradable materials, such as tissue engineering scaffolds, drug delivery vehicles,
and bioimaging probes. Biodegradable polymers shoulder missions such as defining three-
dimensional structure for neo-tissue formation, regulating cell differentiation and phenotype,
facilitating targeted delivery and localized release of therapeutic agents, and visualizing
diseased or abnormal tissue for diagnosis. Once those missions are completed, materials will
degrade and be absorbed/cleared by body, thus leaving no foreign materials. Successes of
biodegradable polymers have been previously demonstrated by tremendous number of studies
on tissue engineering, drug delivery, and bioimaging. Large selection of biodegradable
polymers provides desired mechanical properties, degradation rates, and functional groups for
modification. Therefore, by careful choosing and design, biodegradable polymers with desired
physical and chemical properties can be created for various biomedical applications.

1.2 Functional Biodegradable Polymers

As many biomedical applications require special properties, such as ultra-strong but
elastic mechanical property, dual crosslinking (tunable mechanical property) mechanism, and
fluorescence. For tissue engineering scaffold, a mismatch in mechanical compliance between
the materials and host tissue interface causes scar tissue formation, improper tissue in growth,
and much worse, failure of the implant. With the half century of development, only poly (L-
lactide) (PLA), poly (glycolide) (PGA), and their copolymers (PLGA) have been approved by U.

S. Food and Drug Administration (FDA) for medical device [1]. Although they are successfully



used to engineer hard tissues, their stiff nature compromises their success in soft tissue
engineering [2]. Therefore, many efforts have been made to develop biodegradable polymers
with wide range of mechanical properties. Soft tissue engineering with its complicated
architecture and unique mechanical properties, presents an enormous challenge to tissue
engineering [3, 4]. Choosing a biodegradable polymer with desired mechanical property is not
enough to address the challenge. In order to replicate the complicate architecture of native
tissue, such as heart valve and blood vessel, porous scaffolds are usually fabricated. Thus,
there is a tremendous loss of mechanical property upon fabrication. Therefore, the chosen
material should have ultra-strong but soft mechanical property cover this loss.

Recently, fluorescent labeling and imaging have fueled the significant growth of life science
and medical research due to the increasing demands on analyzing biomolecules, tracking biological
process, and visualizing diseases and therapeutic efficacy [5]. For tissue engineering,
fluorescence incorporated scaffold can help to understand some fundamental elements of
tissue engineering, such as predicting in vivo degradation [6]. It also provides the real-time
monitoring of neo-tissue formation/infiltration. For drug delivery, it has been well established that
polymeric drug delivery systems can enhance efficacy and safety for cancer therapy by
transporting chemotherapy agents directly to targeted tissue [7]. Fluorescence enabled drug
delivery vehicle can function as a theranostic probe which intertwines delivering therapeutic
agents and diagnosis.

1.3 Functional Biomaterials Design and Requirements

In review of the recent literature, many important design criteria must be met when
creating the functional materials for the intended biomedical application. The following sections
will discuss the design criteria and concerns that should be taken into consideration when

creating a functional biodegradable polymer.



1.3.1 Incorporation of Functionality

Due to the specific restrictions and requirements, many biomedical applications need
functional biomaterials to fulfill the task. For example, ultra-strong and elastic polymer may be
required for cardiovascular tissue engineering [8, 9]. Water solubility and in situ crosslinkability
are required for injectable hydrogel. Fluorescence is needed for real-time monitoring of the
implants. Two methods of incorporating functionality into biodegradable polymers are using
monomers with functional groups to initial synthesis and creating functionality after synthesis.
Due to the controllable manner of polymerization process, such as polycondensation and
polyaddition reactions, monomers with functional groups can be easily incorporated. For
example, vinyl containing monomers, such as maleic acid and poly (ethylene glycol) diacrylate
(PEGDA), can be involved to synthesize free radical crosslinkable polymers [10]. Fluorescent
labels, such as organic small molecule and inorganic quantum dots, can be conjugated to
enable fluorescence [11]. On the other hand, creating functionality after synthesis is based on
formation of new chemical bond or structure. For example, urethane bond can be formed by
reaction between hydroxyl and isocyanate groups, which can dramatically increase mechanical
property [12]. The presence of urethane bond can also bring the physical crosslinking point that
offers elasticity.
1.3.2 Biocompatibility

Biocompatibility is a term used to describe the ability of a material to perform with an
appropriate host response in a specific application. It is always the first concern to evaluate
biocompatibility of materials for biomedical applications. Biocompatibility will be influenced by
many effects, such as hydrophilicity, pH, and additives. Although there are many standards to
characterize biocompatibility, comparison with FDA approved ones in the same category is able
to provide strong evidence [13]. For biodegradable polymers, PLA, PGA, and their copolymer
PLGA have been approved by FDA for biomedical applications [14, 15]. Thus, those materials

can be set as standard for all biodegradable polymers [16]. Having one more concern than non-



degradable materials, biocompatibility of degradation products is also critical to biodegradable
polymers. For most biodegradable polymers, such as polyesters, polyurethane, and polyamide,
hydrolysis is the main process of biodegradation. Therefore, products of accelerated hydrolysis
in strong base solution need to be evaluated.
1.3.3 Mechanical Property

To evaluated a polymer for tissue engineering scaffold, mechanical strength is critical
character. Generally, stress-strain curve obtained from mechanical test is used to define many
important parameters. However, various kinds of mechanical tests are addressed for different
applications. Compression test is usually performed to test the toughness of engineered
scaffolds or tissues, such as bone tissue engineering. The toughness can be determined by
compressive strength-strain curve. Tensile test is used to evaluate polymers for engineering
elastic tissues, such as blood vessel, heart valve, and tendon. Tensile strength, elongation at
break, and Young’s modulus can be determined. Except for usual tensile test, some tissues
require specific mechanical test for materials. For example, for vascular tissue engineering,
burst pressure and suture retention strength are both critical. Burst pressure determines the
suitability for vascular implants, and suture retention strength represents the suitability for
surgical handling. Engineered heart valve is subjected to accelerated wear test to evaluate the
endurance of the implant.
1.3.4 Degradation

For biodegradable polymers, degradation can be concluded into two types, hydrolysis
and enzymatic degradation [17]. Although in vivo degradation is more complicate than in vitro,
degradation rate after implantation is usually predicted by in vitro study. In previous work, in
vitro degradation in PBS or enzymatic solution was carried out to evaluate the property of the
polymers [18].

Several factors can influence degradation rate, such as hydrophilicity and hydrolytic

resistance. Hydrophilicity influences rate of water uptake, which is considered to be the first step



of polymer degradation. It is determined by chemical structure of polymers. More hydrophilic
groups, such as hydroxyl and carboxyl groups, lead to high hydrophilicity. Normally, a more
hydrophilic polymer will have higher degradation rate. Moreover, water uptake rate will also be
raised by lower glass transition temperature (Tg). Hydrolytic resistance is determined by
chemical bonds that consist of polymer backbone or network. For example, urethane bond is
more resistant to hydrolysis than ester bond. Thus, polyurethane normally has lower
degradation rate than polyester.
1.3.5 Functional Groups for Conjugation

For many biomedical applications, free chemical group for conjugation of biofunctional
moieties are critical. Various conjugation strategies have been developed covering all the
functional groups that exist in conjugating moieties and biodegradable polymers. The most
commonly used conjugation chemistry is listed in table 1.1. Carboxyl group is present in many
biodegradable polymers, most of which are synthesized via ring-opening polymerization, such
as PGA, Poly (a-malic acid), and their copolymers. Carboxyl group can be easily activated by
carbodiimide for condensation. N,N'-dicyclohexylcarbodiimide (DCC) is suitable for water
insoluble condition, while 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) is for aqueous
environment. Although carbodiimide is able to conjugated both carboxyl and amino group, N-
Hydroxysuccinimide ester (NHS-ester) is more specific to amidation. Thiol group has its
specialty in quantum dot chemistry, and is present in many proteins, and peptides. Meanwhile,
thiolation for different molecule has been well established in organic chemistry. Polymers with
maleimide and pyridyidisulfide can be conjugated with thiolated molecules. Hydroxyl groups can
also be found in many organic compounds. Except for carbodiimide chemistry, hydroxyl group
can react with isocyanate group to form urethane bond in an active —H free environment. In
addition, hydroxyl group can also be oxidized into aldehyde group by some mild oxidant, such
as sodium periodate. Then aldehyde groups can be conjugated with hydrazide group. Recently,

click chemistry has been extensively studied, due to the easy introduction of azides and alkynes



[19]. Reaction can be conducted in a wide range of solvents (including water). Although the use
of Cooper-based catalyst has been a concern for biomedical application, catalyst free click
chemistry has been well established recently [20].

Table 1.1 Commonly used conjugation chemistry in biomedical application
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1.4 Biodegradable Polymers with Tunable Mechanical Property

1.4.1 Mechanical Requirements of Soft Tissue Engineering Scaffold

As tissue engineering scaffold, it was expected to shoulder at least one or more of
following tasks, supporting and regulating cell growth and proliferation, defining space for neo-
tissue formation, delivering and retaining cells and biochemical factors, and exerting mechanical
stimuli to modify cell behavior and tissue regeneration [21]. Various scaffold fabrication

techniques, such as salt leaching, thermal-induced phase separation (TIPS) [22], gas foaming


http://www.piercenet.com/browse.cfm?fldID=CE4D6C5C-5946-4814-9904-C46E01232683#pyridyldithiol

[23], and electrospinning, are exploited to offer different structure and morphology for intended

tissue engineering. Biofunctional moieties, such as growth factors, differentiation inducers, and

drugs, are incorporated to achieve biological functions. However, the mismatch in mechanical

compliance between tissue engineering scaffold and host tissue remains the issue for scientists.

Due to the varsity of soft tissues/organ in human body (Table 1.2), biodegradable polymers with

wide range of mechanical properties need to be prepared. From Table 1.2, it is shown that

human soft tissues and organs have a wide range of mechanical properties. Although many

biodegradable polymers have been developed as scaffold materials for tissue engineering,

there is no family of polymers that has tunable mechanical property in a wide range. It is urgent

to develop a family of elastic materials to fulfill the mechanical requirement of soft tissue

engineering.
Table 1.2 Mechanical properties of human soft tissues
. Tensile Strength | Young’s Modulus RN
Soft Tissue (MPa) (MPa) Elongation (%) | Reference
Human Bladder 0.27+0.14 0.25+0.18 0.69+0.17 [24]
Smooth muscle N/A 0.006 300 [25]
relaxed
Smooth muscle N/A 0.01 300 [25]
contracted
Aortic valve leaflet N/A 1516 21£12 [26]
(circumferential)
Ulnar cadaveric 9.8-21.6 N/A 8- 21 [27]
peripheral nerve
Medial cadaveric 9.8-30.4 N/A 622 [27]
peripheral nerve
Cerebral artery N/A 15.7 50 [28]
Cerebral vein N/A 6.85 83 [28]
Achilles Tendon 79422 8194208 8.8£1.9 [29]
Medial Collateral 84.4+22.2 1107.27+126.3 10.6+2.8 [30]
Ligament

1.4.2 Existing Biodegradable Polymers for Soft Tissue Engineering

Due to the mechanical behavior, polymers can be divided into three categories,

thermoset, thermoplastic, and elastomer. Biodegradable elastomers has been widely used as

scaffold materials for soft tissue engineering due to that their soft and elastic behavior is similar




to soft tissue. They can sustain and recover from multiple deformations without causing irritation
to the surrounding tissue in a mechanically demanding environment [31]. Different from
traditional biodegradable polymers, every biodegradable elastomer need physical or/and
chemical crosslinking to form three-dimension (3D) structure. Elastomers with only physical
crosslinking exhibits thermoplastic behavior, so called thermoplastic elastomer. Physical
crosslinking is formed by Van der Waals forces or hydrogen bonding, usually accompanied by
the crystalline regions or the high glass transition temperature (Tg) regions as crosslinking
points [32]. Elastomer with chemical crosslinking has thermoset behavior that expressing high
elasticity. The chemically crosslinked 3D network significantly reduces the relaxation and creep
of molecular chain, thus, maintaining the shape of final products.

1.4.2.1 Thermoplastic Biodegradable Elastomer

Segment polyurethane (SPU) is the most commonly used thermoplastic biodegradable
elastomer [33, 34]. Due to the isocyanate chemistry, various diol can be exploited as precursor
to synthesis SPU. Therefore, SPU family has a wide range of physical and chemical properties.
With the hydrolyzable urethane bond, biodegradability was endowed to SPU with biodegradable
or water-soluble precursors, such as PLA, poly caprolactone (PCL), poly (ethylene glycol)
(PEG), and polyhydroxyalkanotes (PHAS) [32]. Those low-molecular weight polymers (with a
molecular weight from 400 to 5000 g/mol) work as soft segments that have low Tg and high
elasticity. Hard segments are formed by strong intermolecular bonding among urethane bonds.
With different choice of diol and diisocyanate, 55 MPa of tensile strength and 1300% of
elongation at break can be obtained (Table 1.3). SPU is extensively used to engineer ligament
[35], meniscus [36], blood vessel [12], and heart valve [37].

Poly (ether ester) [38] and Poly (ester amide) [39] are two families of thermoplastic
elastomers. Polyester acts as hard segment in the former and soft segment in the later. Both of
them have many choices of soft and hard segments, thus, resulting in wide range of mechanical

properties and tunable degradation rate. With PEG as soft segment and poly (butylenes



terephthalate) (PBT) as hard segment, tensile strength of obtained poly (ether ester) can be
tuned from 8-23 MPa, and elongation from 500% to 1300% (Table 1.3).

Due to the wide accepted biocompatibility of PLA, many strategies of making
thermoplastic elastomers based on PLA have been developed [40, 41]. Since lactic acid has a
chiral nature, several distinct forms of PLA exist. Poly (D,L-Lactide) (PDLLA) is amorphous
which can serve as soft segment, such as in SPU. PDLA and PLLA are semicrystalline which
usually act as hard segment. Mechanical property of PLA based thermoplastic elastomers is
listed in Table 1.3. As shown, elongation at break can be as high as 1800% of chain-extended
PLA-PEO-PLA. Poly (1,3-trimethylene carbonate)-PLA diblock copolymer has a tunable tensile
strength from 1 to 38 MPa (Table 1.3).

Table 1.3 Mechanical properties of thermoplastic bioelastomers

Thermoplastic Tensile Strength Young’s P
bioelastomer (MPa) Modulus (MPa) Elongation (%) | Reference
PCL Diol/
1,4-butanediisocyanate 38-55 30.1-263.9 870-1200 [42]
PCL-PEO-PCL Diol/
1,4-butanediisocyanate 8-20 4.6-75 325-560 [43]
PCLA Diol 19.8-38.5 10.6-29.5 526-1300 [44]
1,6-hexanediisocyanate
PCL PHC Diol
1,4-butanediisocyanate 14-34 8-24 660-875 [45]
PDMEA Diol
1,6-hexanediisocyanate 229 20.2 560 [46]

1.4.2.2 Thermoset Biodegradable Elastomer

Chemically crosslinked elastomer exhibits thermoset behavior. It can be further divided
into two classes, thermal-cured and photo-cured. The general similarity of thermal-cured
elastomer is having reacting groups as side chain along polymer backbone. Those side chains
are normally hydroxyl and carboxyl groups that can be thermally cured to form ester bond.
However, thermal-cure elastomer is not suitable for in-situ crosslinking and delivering cells and

thermo-sensitive molecule. Photo-curable double bond is incorporated into biodegradable




polymers to enable photocrosslinkability. Mechanical property of thermoset biodegradable
elastomers is listed in table 1.4 and 1.5.

There are two types of thermal-cured biodegradable elastomers. One is based on
polyol and dicarboxylic acid, and the other one is based on diol and tricarboxylic acid. Polyol
represents a set of alcohols that containing more than two hydroxyl groups. After
polycondensation reaction with dicaboxylic acid, the extra hydroxyl groups along polymer chain
can be thermal-cured to form a 3D network. The most popular elastomer of this type is poly
(glycerol sebacate) (PGS). After the first report of PGS in the late 1990’s [47], Wang and co-
workers started to explore its use for biomedical application [31]. With a two-step synthesis, a
linear PGS prepolymer was obtained in the first step, and the pendant free hydroxyl groups
served as thermal-curable points in the second step. PGS is a soft (Young’s modulus of 0.282
MPa) and elastic (elongation at break of 267%) (Table 1.4) material that has potential for
engineering soft tissues such as arteries, veins, and nerves [9, 48, 49]. Except for glycerol,
many other biocompatible polyols have been involved to form a family of poly (polyol sebacate)
(PPS), such as poly (xylitol sebacate) (PXS), poly (sorbitol sebacate) (PSS), and poly (mannitol
sebacate) (PMS). Compared with PGS, more hydroxyl groups resulted in stronger (tensile
strength as high as 17.64 MPa) and stiffer (Young’s Modulus as high as 378 MPa) (table 1.4).
To adjust the mechanical property and degradation rate of PGS, sebacic acid has been partially
replaced with lactic acid to form PGSL, and fully replaced with dodecanedioic acid to form PGD.
However, the tensile strength and elasticity has not been significantly improved.

The other type of thermoset elastomer is based on polycondensation of diol and
tricarboxylic acid. Citric acid is key monomers for this family of elastomers. Citric acid is a
nontoxic, FDA approved, inexpensive, and robust multifunctional monomer. It is a ubiquitous
metabolite in citric acid circle. The valuable side carboxylic and hydroxyl groups can be thermal-
cured to form degradable ester-crosslinked 3D network. Citric acid based elastomers have

succeeded in small diameter vascular graft, bone tissue engineering, nerve tissue engineering,
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and biodegradable photoluminescent polymers. First citric acid based elastomer for biomedical
application was reported in 2004 [50]. Yang and co-workers synthesized poly (diol citrates)
(PDC) via a convenient and cost effective polycondensation reaction. It has a similar two-step
polymerization as PGS. Different aliphatic diols ranging from 3 to 16 carbon chain lengths were
involved in synthesis to obtain wide range of mechanical properties [51]. Controlling the post-
polymerization (thermal-cure) temperature and time provide another manipulation on
mechanical property. For poly (1,8-octanediol citrate) (POC), tensile strength of 6.7 MPa and
elongation at break of 265% can be achieved (Table 1.4). Except for aliphatic diols, xylitol and
PEG can also be involved in synthesis to obtain water soluble pre-polymers. The rationale
behind this design was to create polymers with non-toxic FDA approved monomer (xylitol) or
diols with outstanding biological properties (PEG). The hydrophilicity of those two diol will have
great contribution on controlling degradation rate [32]. More interestingly, those thermal-curable
water soluble polymers can also be conferred with photo-curability to achieve a dual-
crosslinkable hydrogel, which will be discussed later this section.

Although there has been many ways to manipulate the mechanical properties, no
significant improvement on the strength has been achieved. Those elastomers with relatively
low tensile strength are not suitable for engineering strong soft tissues, such as blood vessel,
heart valve, and ligament. There is also a significant loss in mechanical property on porous
scaffold fabrication and in wet condition, which will worsen the mechanical mismatch between
polymeric scaffold and native tissues. Recently, urethane-doped POC (CUPE) elastomers were
prepared as stronger and more elastic (100% recovery after a stretch) degradable elastomers
than PGS and POC for use in scaffold fabrication of dynamic tissues like blood vessels and
ligaments [8]. The incorporation of urethane bond provided physical crosslinking point. Since
diisocyanate consumes the pendant hydroxyl and carboxyl groups of citric acid, CUPE is still
considered as thermoset biodegradable elastomer [52]. With different ratio between POC and

diisocyanate, tensile strength of CUPE can be increased to 41.07 MPa, which is seven-fold as
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high as POC (Table 1.4). The elongation at break of CUPE can also achieve as high as
291.26%. Although CUPE has a relatively long degradation time (16% mass loss within 60 d),
thi rate can be significantly accelerated by partially replacing POC with Poly (ethylene glycol
citrate) (PEC) [52]. After fabrication of biphasic tubular scaffold for vascular tissue engineering,
a burst pressure of 2602.50 mmHg can be obtained, which meets the standard of saphenous
veins [53]. Suture retention of 2.45 N is strong enough for surgical handling [54]. Those results

indicate that incorporation of urethane bond into a citric acid based elastomer has great

potential to offer strong and elastic materials for soft tissue engineering.

Table 1.4 Mechanical properties of thermo-cured bioelastomers

Thermo-cured Tensile Strength Young’s .

bioelastomer (MPa) ) Modulus %MPa) Elongation (%) | Reference
PGS 0.5 0.28 267 [9]
PPS 0.57-17.64 0.37-378 10.9-205.2 [55, 56]
PGSL 0.15 6.5-21 133 [57, 58]
PGD 0.46-7.2 1.08-136.55 123.2-225 [59]
POC Upto 6.7+1.4 0.92-11.4 265+10 [50]
CUPE 15.62-33.35 2.53-29.82 252.37-291.26 [12]

Although thermal-cured elastomers showed promising results for soft tissue

engineering, the heat dependence of the preparation and crosslinking restricts the abilities of
the elastomers to provide localized delivery of thermo-sensitive drugs and proteins for site-
specific action by in situ polymerization and crosslinking in or on a tissue, and makes it difficult
to process the elastomers into complex 3D scaffolds with cell entrapment and bioactive
molecules [60]. The photo-cured elastomers can overcome the shortcoming of thermal-cured
ones. The photo-curability can be conferred to polymers by incorporating vinyl group containing
monomers, such as acrylic units, maleic acid, and fumaric acid. The non-crosslinkable
polycarbonate (PC) and poly (e-caprolactone) (PCL) can be conferred with photo-curability by
incorporating vinyl groups [61, 62]. The mechanical property of those elastomers is listed in

Table 1.5. Tensile strength reaches 35 MPa, and elongation at break can be as high as 1500%.
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Another unique family of photo-curable elastomers is developed based on PGS and
POC. Those thermal-curable elastomers are conferred with photo-curability to enable dual-
crosslinking mechanism. PGS was reacted with acryloyl chloride to obtain acrylated PGS
(PGSA) [63]. For POC, citric acid was partially replaced with maleic acid/maleic anhydride to
obtain double bonding containing (POMC) [64]. With controlled degree of vinylation, PGSA has
a tensile strength between 0.05 - 0.5 MPa, and elongation at break between 42 - 189%. POMC
has a tensile strength between 0.7 - 1.29 MPa, and elongation at break between 38 - 382%
(Table 1.5). The dual-crosslinking mechanism not only provides more variables to manipulate
mechanical property, but also improves the processability of those elastomers. However, both
PGSA and POMC can only be dissolved in organic solvent. The harshness of solvent will limit
their use for cell encapsulation and gene/protein delivery. Therefore, maleic acid has been
incorporated into the synthesis of PEC to obtain a photo-curable elastomer (PPEGMC) [60].
PPEGMC has a tensile strength of 0.64 MPa, and elongation at break of 723% (Table 1.5). The
mild crosslinking condition (redox initiator, 37°C) and short cure time (less than 5 min) make
PPEGMC an injectable in situ crosslinkable hydrogel for cell delivery. Recent research showed
that hydrogel mimics the nature of cardiovascular system in the early development [65].
PPEGMC showed promising potential for stem cell encapsulation addressing cardiovascular
tissue engineering.

Table 1.5 Mechanical properties of photo-cured bioelastomers

Photo-cured Tensile Strength Young’s .
bioelastomer (MPa) ’ Modulus%MPa) Elongation (%) | Reference
PGSA 0.05-0.5 0.05-1.38 42-189 [18]
POMC 0.7-1.29 0.07-1.06 38-382 [64]
PPEGMC 0.311-0.638 0.389-0.777 138-723 [60]
Photo-cured
poly(trimethylene 0.95-35 1.12-10.5 108-847 [66, 67]
carbonate)
Photo-cured PCL 2.0-9.2 0.6-100 90-1500 [68]
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1.5 Biodegradable Fluorescent Materials

The marriage of biodegradable polymer and fluorescent imaging has resulted in an
important area of polymeric biomaterials: biodegradable fluorescent polymers. Researchers
have put significant efforts on developing versatile fluorescent biomaterials due to their
promising in biological/biomedical labeling, tracking, monitoring, imaging, and diagnostic
applications, especially in drug delivery, tissue engineering, and cancer imaging applications.
Biodegradable fluorescent polymers can function not only as implant biomaterials but also as
imaging probes. Currently, there are two major classes of biodegradable polymers used as
fluorescent materials. The first class is the combination of non-fluorescent biodegradable
polymers and fluorescent agents such as organic dyes and quantum dots (Qdots). Another
class of polymers shows intrinsic photoluminescence as polymers by themselves carrying
integral fluorescent chemical structures in or pendent to their polymer backbone, such as Green
Fluorescent protein (GFP). In the present section, we will review the fluorescent biodegradable
polymers with emphases on material fluorescence mechanism, design criteria for fluorescence,
and their cutting-edge applications in biomedical engineering.

1.5.1 Design Criteria of Fluorescent Materials for Biomedical Application

To develop an ideal biodegradable fluorescent material for various bioimaging, the
physiological, physicochemical, and photophysical properties should all be taken into
consideration. For different bioimaging application, fluorophore should be chosen with careful
consideration of its photophysical, physiological, and physicochemical property.

To better describe the photophysical property of a fluorescent material, there are
several parameters to be understood. Firstly, excitation and emission, they determine the color
of the fluorescence. As we discussed above, emission of quantum dots is size dependent, while
the one of inorganic compounds can be manipulated by chemical modification [69-71].
Considering the biomedical application, penetration depth in the biological tissue is important,

too. Light with the longer wavelength has longer penetration depth [71]. Brightness of
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fluorescence is second consideration after fluorescence color. Precisely speaking, the
brightness is determined by two parameters, extinction coefficient, and quantum vyield.
Extinction coefficient stands for how many photons a substance can absorb under a given
wavelength, which is excitation wavelength. Quantum yield shows the efficiency of a substance
emits light, specified at a given emission wavelength. In common word, it represents that how
many protons can be emitted, when 100 of them are absorbed. In the comparison of the
brightness of different fluorescent proteins, the product of molar extinction coefficient and
quantum yield has been used [72]. Although each fluorophore has a fixed value of extinction
coefficient and quantum vyield at given wavelength, but those values can be varied under
different circumstances, such as solvent, temperature, and pH. The endurance of fluorescent
materials to photobleaching is also a very important optical property. It is determined by the time
to bleach from an initial emission rate of 1,000 photons/s down to 500 photons/s [70, 72]. In
most cases, it stands for the photostability. The optical properties of some typical fluorescent
materials were listed in Table 1.6, 1.7 and Figure 1.1. Autofluorescence from the examined
objective is another concern. For in vivo imaging application, biological tissue has strong light
scattering and autofluorescence [73]. Plasma also has massive absorption at 400-670 nm
(hemoglobin) [74]. Therefore, near infrared (NIR) fluorophore is usually preferred for tissue
imaging to avoid an overlap with tissue-autofluorescence and light scattering/absorption.

Table 1.6 Optical properties of different fluorescent materials (for quantum yield and extinction
coefficient, sample was tested using water as solvent, unless specified)

Catedor Fluorescent | Emission | Quantum | Extinction Coefficient éll’é;é[]
gory Material (nm) Yield (M'em™) )

Cds 370-500 <0.60 100,000-950,000

Quantum Dot CdSe 470-660 [ 0.65-0.85 100,000-700,000
CdTe 520-750 | 0.30-0.75 130,000-600,000

0.97
FITC 541 (ethanol) 92,000 (ethanol)
Organic Dye Rhodamine 610 0.49 106,000 (ethanol)
B (ethanol)
Texas Red 615 0.93 140,000 (ethanol)
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Table 1.6 — Continued

(ethanol)
Cerulean 475 0.62 43,000 36
Fluorescent T-Saphire 511 0.60 44,000 25
Protein mOrange 562 0.69 71,000 9.0
mPlum 649 0.10 41,000 53
BPLP-Cys 437 0.62 133 (1,4-dioxane)
0.32 (1,4- L
Biodegradable BPLP-Ser 441 dioxane) 117 (1,4-dioxane)
Photoluminescent 0.12 (1,4- .
Polymers (BPLP) 535 dioxane) 51 (1,4-dioxane)
540 %'.02 (L4- 1 10 (1,4-dioxane)
ioxane)
Table 1.7 Comparison of properties among fluorescent materials
. Fluorescent
Property Organic Dye Quantum Dot Protein BPLPs
Emission All range from | All range from UV to B 434nm —
Range UVto IR IR (size dependent) 440nm — 643nm 725nm
cooRr | 2.5x104-25 % 105-106 1!3'31;:1615'1)(( 105 100 — 200
ct 105 Mem™ M-1cm-1 P Mem™
coefficient chain)
0.5-1.0 -
Quantum Yield | (visible), 0.05- 0.1-0.3 gw(?\:?ée)) 0.2- 0.10-0.79 0.02-0.62
0.25 (NIR) '
Size/Mw Up to 0.5nm 6-60nm ~27kD 1000-1500
g/mol
Fluorescent 1-10ns 10-100ns 1-10ns 1-5ns
lifetime
. Can be water- Different
Depending on . soluble via a o
- - Depending on . . solubility based
Solubility the chemical . series of site- :
surface chemistry ; on various
structure directed
. monomers
mutations
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Table 1.7 — Continued

Bioconjugation

Using
conjugation
chemistry
based on
functional
group, usually
multi-dyes on

Well-established
protocol of ligand
chemistry

Can be
conjugated
easily via
conjugation
chemistry, due
to the ubiquitous
presence of

Rich of —
COOH, and —
OH group,
which can be
used for
bioconjugation

single cysteine and
biomlecule lysine residues
Working
Small mdmdually as Used for
molecule, biosensor, but
. Normally used as scaffold,
Processability | usually loaded not as any :
; . fluorescent label . : nanoparticle,
with polymeric devices, like :
) : and biosensor
carrier nanoparticles,
scaffold
. <5.5nm, Rapid and
Retention and efficient renal Clearance from Completgly
Body clearance ) . degradation
. clearance; >15 nm, body via renal . .
clearance depending on . into non-toxic
prevented renal proximal tubules
dyes . monomers
excretion
Generally
Potential Main issue for the nontOX|_c to cell
. but still have Have the
cellular toxicity | use of QDots due to .
. issues due to comparable
Toxicity due to the the heavy metal, L -
: ) the over- toxicity with
aromatic and potential .
- expression, and PLA
structure nanotoxicity .
protein
aggregation
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Figure 1.1 Extinction coefficient, optimal emission wavelength, and corresponding quantum
yield of different fluorescent materials

From physiological point of view, biocompatibility of the fluorescent materials has the
first priority. Generally, traditional fluorescent probes, including organic dyes, quantum dots,
and GFPs, have different degrees of cytotoxicity [75-78]. Conjugation with or encapsulation in
polymers are the most common and effective way to considerably reduce the cytotoxicity. It has
been found that polymer coating can be effectively block the release of heavy metal ion from
the core, which is considered as the main course of its alarming cytotoxicity [79]. Polymers can
also provide potential for targeted delivery, and protection against physiological environment.
The dosage of fluorophore can be considerably reduced, in other words, lowering cytotoxicity.
Although there is no standard protocol to evaluate biocompatibility of custom-made fluorescent
materials, comparison with FDA approved ones in the same category is able to provide strong

evidence. For examples, biodegradable polymer should be compared with PLA, PGA, or PLGA.
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Indocyanine green (ICG) can be a standard to all organic dyes. To our knowledge, there is no
FDA approved quantum dot by now. However, the silicon based quantum dot, Cdot, has been
recently approved by FDA for clinical trial [80]. Therefore, Cdot can be set as a control for all
guantum dots. The body clearance should also be given great concern. Research has shown
that a nanosphere with a dynamic diameter smaller than 5.5nm can be rapidly cleared by renal.
However, like a double-edge sword, rapid body clearance greatly reduces the toxicity, but it also
increases the needed dosage of fluorophore for a sustained window. Biodegradable polymer
seems like a perfect solution. Increased size after conjugation or encapsulation with polymers
helps to avoid renal clearance. Some surface modification, such as PEGylation, confer
propensity to evade scavenging by the Reticuloendothelial system (RES) [81]. Thus, a
prolonged window period can be obtained, while everything can be still renal clearable after the
full degradation of polymers.

Meanwhile, the physicochemical property can also be improved by incorporation of
biodegradable polymers. Due to the aromatic nature of organic dyes and hydrophobic surface of
Qdots from synthesis, conjugation with water-soluble polymer or encapsulated with polymeric
colloids will considerably increase their aqueous solubility. Aggregation stability of the
fluorophore should also be concerned. For examples, Qdots with smaller size and damaged
surface shield exhibits low stability against aggregation [79, 82] . Moreover, negative surface
charge also causes unexpected ionic interactions with biological environment [79]. Sufficient
free functional groups are also crucial, due to the need for further conjugation of multiple
moieties, such as PEG, drug, and targeting moiety. Although numerous derivates of traditional
organic dyes have been synthesized with functional groups present, the limit number of
functional groups hinders multiple conjugations for various purposes such as targeting and
longer circulation time. Incorporating fluorophore within biodegradable polymers with sufficient
functional groups, such as PLGA, Poly (L-glutamic acid), and PCL has been a common solution

for the above concern.
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1.5.2 Organic Dyes Enabled Biodegradable Fluorescent Polymers

The first synthetic organic dye, Mauveine, was discovered by William Henry Perkin in
1856. It has been proved to be effective in dyeing silk and textile. Since its inception, thousands
of organic dyes have been prepared for a wide range of applications. For bioimaging purposes,
a large number of organic dyes have been developed to examine the fundamental processes at
the organ, tissue, cellular, and molecular levels [83, 84]. Based on chemical structure, they can
be divided into several classes, cyanine, porphyrin, squaraine, BODIPY, and xanthenes. All the
commonly used dyes are derivates from these classes, such as indocyanine green from
cyanine, fluorescein and rhodamineB from xanthenes. In order to meet the requirement for
different biomedical applications, various chemical modifications have been made upon
traditional dyes to tune emission wavelength, increase fluorescence intensity, and introduce
functional groups. A series of commercial organic dyes have been developed, such as Cy® and
Alex Flour® by Molecular Probes, and DyLight® by Thermo Fisher Scientific.

Of all the currently available organic dyes, only indocyanine green (ICG) have been
approved by the FDA for clinical use as diagnostic agents. Bare organic dyes tend to be non-
specific to target tissue, unstable, toxic, and rapidly cleared from the body. Major limitations of
bare organic dyes include the potential carcinogenesis, which comes from aromatic structure,
low threshold of photobleaching, and the lack of functional groups for further conjugation.
Incorporation with biodegradable polymers shows great potential to solve these obstacles. In
the present section, two approaches will be discussed thoroughly. One is single water-soluble
macromolecule conjugation, and the other is encapsulation with polymeric colloids. Organic
dye-conjugated polymeric scaffold will also be discussed.

1.5.2.1 Water-soluble Fluorescent Polymers

Tremendous efforts have been made to prepare polymer-dye conjugates. The
conjugates have several advantages over the bare organic dyes: (1) since the major content of

organic dyes is their aromatic structure, which is usually non-water soluble, conjugation with a
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water soluble polymer can dramatically increase the hydrophilicity; (2) conjugation with a
polymer can protect dyes from rapid metabolism and body clearance; (3) polymer provides
additional functional groups for conjugation of targeting and therapeutic moieties. With the rapid
growth of pharmaceutical and material science, various polymers have been considered for the
formulation. To include above benefits in one formulation, the chosen polymer should meet
several requirements: (1) biocompatible; (2) water solubility; (3) biodegradable for body
clearance; and (4) having functional groups that can be reacted with organic dye and
conjugation with other molecules, such as drugs and targeting moieties.

Among numerous water soluble polymers, poly (ethylene glycol) (PEG) is the most
commonly studied polymer, and its prodrug formulation with anti-cancer drug have received
regulatory approval in different countries [85]. The end-group chemistry of PEG has been
intensively studied. PEG with different molecular weight, and with different end groups are
commercially available, or can be synthesized with reported protocol. Multi-armed PEG
provides the multiple conjugation sites for different functional molecules. Although PEG is not
biodegradable, it can be served as a standard for PEG-based polymers and many other water
soluble polymers. Meanwhile, many efforts have been put on the strategies to produce
biodegradable derivatives of PEG. Zhao et al. [86] described the synthesis of a biodegradable
multiarm PEGs, and it has entered clinical trials. Poly (L-glutamic acid) (PG) is a biodegradable
polymer, and its breakdown product, L-(glutamic acid) can enter normal cellular metabolism.
Every repeating unit has carboxyl groups, so PG has sufficient sites for conjugation. The
prodrug of PG and Paclitaxel is now under phase Il clinical development in US [87]. Melancon
et al. [88] conjugated PG with a cyanine derivate, near infrared dyes (NIRF). After conjugation
of NIRF, there are still numerous free carboxyl groups for conjugation of targeting moieties, and
drug. Although this PG-NIRF was used to study in vivo degradation of PG based polymer-drug
conjugates, it showed great potentials for whole body imaging or tumor imaging. A number of

biodegradable N-(2-Hydroxypropyl)methacrylamide (HPMA) based copolymers (co-pHPMA)
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caught many attentions over the last 30 years [89]. Co-pHPMA can be conjugated with different
imaging moieties through copolymerization and chemical conjugation. Jensen et al. [90]
conjugated co-pHPMA with fluorescein-cadaverine, and used it to study the intracellular
metabolism of the copolymer. Dextran is another polymer that has been conjugated with organic
dyes for imaging. Helmchen et al. [91] used dextran-FITC/Rhodamine conjugates for high
resolution brain imaging. The vicinal diol structure could be oxidized by periodate and further
conjugated with various functional molecules [92].

In addition to linear polymers, dendrimer is a class of branched macromolecules
forming a star-like structure. The physiochemical properties can be easily tuned due to its step-
wise fashion synthesis. Theoretically, a generation 5 (G5) dendrimers will have 128 free
functional end-groups on surface. Thus, high density of functional groups on the outer layer of
dendrimer confers sufficient sites for the conjugation of organic dyes, targeting moieties, and
drugs. A major advantage of dendrimers over linear polymer is that hydrophobic molecules can
be encapsulated in the cavity formed by adjacent branch [93]. Some dendrimers with positive
surface charges, such as poly (ethyleneimine), have also been investigated as carries for
negatively charged DNA [94]. Polyamidoamine (PAMAM) is the most commonly used
dendrimer. Biodegradable PAMAM were prepared by many labs via different strategies, and
have been used for drug delivery and gene therapy [95]. Majoros et al. [96] conjugated
fluorescein isothiocyanate (FITC) onto PAMAM, and investigated it for both in vivo and in vitro
imaging. Interestingly, some of PAMAM have been found to have fluorescent properties [97-99].
The fluorescent mechanism has been discussed above. This unique property makes PAMAM a
dye-free imaging probe. Therefore, complexity of the design can be greatly reduced.

1.5.2.2 Dye Encapsulation

Biodegradable polymers can be fabricated into nanoparticles of different structures,
such as nanocapsules, nanospheres, and micelles depending on physicochemical properties of

polymers, and fabrication techniques. Nanocapsule is a core-shell structure with a polymer
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membrane and cavity inside, which can be a reservoir for organic dyes. Whereas nanosphere is
a polymeric matrix in which dye molecule can be evenly dispersed. Polymeric micelles can be
self-assembled in aqueous solution by amphiphilic polymers. Diblock, triblock, and random
copolymers of both hydrophobic and hydrophilic blocks can self-assemble into micelles. They
have a generally small size (<100nm), depending on the critical micelle concentration (CMC),
and a propensity to evade scavenging by the Reticuloendothelial system (RES). Those
structures confer protection to organic dye, and considerably improve the stability. Targeted
delivery can also be achieved by surface conjugation of targeting moieties. Organic dye
encapsulated nanoparticles have been generally exploited for the study of pure imaging
purpose, such as cellular uptake, intracellular fate, metabolism, and biodistribution [100-102].

1.5.2.3 Chemically Conjugation

Biodegradable polymeric colloids have been intensively investigated as delivery vehicle
for drugs, gene, protein, and cells. To save more loading space for those components and avoid
interference with aromatic fluorophore, organic dyes are chemically conjugated with polymeric
colloids either during the synthesis of polymers or via surface conjugation of polymeric colloids.
Poly (alkyl cyanoacrylate) (PACA) and its copolymers are a family of biodegradable polymers.
Droumaguet et al. [103] synthesized PACA copolymers by three monomers, hexadecyl
cyanoacetate, methoxypoly (ethylene glycol) cyanoacetate, and Rhodamine B conjugated
cyanoacetate. The fluorescent intensity can be tuned by varying the feeding ratios of dye
conjugated monomers. The resulted amiphiphilic polymers were self-assembling into
nanoparticles. Those nanoparticles have been demonstrated suitable for in vitro imaging of
human brain endothelial cells. Numerous of biodegradable polymeric colloids have functional
groups on surface, such as colloids made from PLGA, Poly (L-glutamic acid), poly (e-
caprolactone) (PCL), and their amphiphilic copolymers with PEG as hydrophilic block, as well as
nature polymers, such as chitosan, and gelatin. PLGA nanoparticles have been surface labeled

with FITC, Cy®, Alex Fluor®, and Rhodamine for various imaging studies [104-106]. The label
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of Near-Infrared cyanine dye (NIR-797) helped the real-time biodistribution study of PCL based
micelles [107]. For natural polymer-based nanoparticles, Nam et al. [108] conjugated Cy5.5 was
labeled on the surface of chitosan nanoparticles. This fluorescent nanoparticle has been
successfully used for the study of nanoparticle biodistribution and tumor accumulation.

1.5.2.4 In Situ imaging of biodegradable fluorescent polymeric scaffold

With the rapid development of biodegradable polymers for in situ tissue engineering,
non-invasively or minimal-invasively monitoring the behavior of polymeric implants becomes
crucial. Although the properties of biodegradable polymers have been carefully evaluated in
vitro, such as degradation speed and mechanical properties, understanding these material
properties remains elusive as the physiological environment provides a more complicated
degradation or erosion than in vitro. There is an urgent need to assess material properties in
situ and in real time.

Recently, Edelman et al. [6] presented a decent study on tracking polymeric scaffold
using fluorescence imaging. In this study, fluorescein was conjugated onto PEG, and then
mixed with dextran to form fluorescent hydrolyzable hydrogel. Enzymatically degradable
collagen labeled with Texas-red was also used to assess its enzymatic degradation. In vitro and
in vivo degradation were both performed for comparison. It was found that the in vivo
hydrolytical degradation rates of the PEG-based scaffolds could well correlate with the in vitro
degradation of the samples, while the enzymatic degradation of collagen samples has more
complicate behavior in different sites of body. This study represents an advance in tissue
engineering where there has been a dearth of understanding on the scaffold degradation and
tissue replacement in situ and in real time. Fluorescent scaffolds enable a real-time quantitative
evaluation of the scaffold evolution over time via a fluorescence imaging method. This study
also implies the added fluorescent properties can be beneficial in the design of next wave of

tissue engineering scaffolds to function as both implants and imaging probes.
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1.5.3 Inorganic Dyes Enabled Biodegradable Fluorescent Polymers

Generally, naked Qdots are not ready for bioimaging, due to the easy surface oxidation,
insufficient functional groups, and most importantly the water-insolubility [79]. To address these
problems, polymers have been introduced to make Qdots more suitable for bioimaging. Various
polymers can be incorporated with Qdots focusing on the different facets of benefits, such as
greatly increasing the stability and hydrophilicity of Qdots, lowering the toxicity, offering
sufficient sites for further modification, and providing a reservoir for drug loading [109]. As
illustrated in Figure 1.2A, polymer coating converts the hydrophobic surface of Qdots to
hydrophilic. Figure 1.2B showed that the tunable fluorescence of Qdots has been investigated
for multicolor fluorescence imaging of cancer cells under in vivo environment. Polymer layer
also improves the colloidal stability, and lower the chance of aggregation [110]. In addition,
simple polymer coating has proved to act as a significant barrier for heavy metal ion (Cd2+)
diffusion, which was considered as a major cause of toxicity of Qdots [79]. Polymers with
various functional groups, such as amine, carboxyl group, and maleimide, can be exploited to
further conjugate with antibodies, peptides, hydrophilic therapeutics, or aptamers. From
therapeutic point of view, the polymer network provides sufficient room for hydrophobic drug,
comparing to the solid semiconductor component of Qdots which is simply an imaging probe. A
large pool of polymers have been studied to encapsulate or conjugate with Qdots via various
techniques [111]. All those techniques can be classified into two ways, surface coating, and
bulky embedding. There are also numberous studies on incorporating Qdots with inorganic
substances, such as silica or titania, non-biodegradable polymers, such as Poly (maleic
anhydride alt-1-tetradecene), and dendrimers, such as poly (amido amine) [112, 113]. However,
we will only focus on the strategies of incorporating inorganic dyes with biodegradable polymers

below.
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Figure 1.2 Quantum Dots for biomedical applications (a) Schematic illustration of a
multifunctional Qdots coated with biodegradable polymers. (b) Cellular and animal imaging
showing Qdots with different color under same light source.

1.5.3.1 Biodegradable Polymers Coating on Qdots

Qdots are usually characterized for their photophysical properties, such as emission
wavelength, quantum yield, photostability, and physicochemical properties, such as size,
surface charge, and aggregation stability. Both of them may change after surface coating with
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biodegradable polymers [79]. There are two distinct strategies usually adopted for Qdot coating,
ligand exchange, and ligand capping.

Ligand exchange strategy involves completely replacing the surface bound ligands
remained during the decomposition of metal-organic or organometallic precursors at elevated
temperatures [114]. Those ligands include trioctylphosphine oxide (TOPO) and lipophilic
trioctylphosphine for most cases. Physicochemically, the advantage of ligand exchange is
maintaining the small final diameter. Choi et al. [115] pointed out that Qdots with a
hydrodynamic diameter smaller than 5.5 nm can be cleared rapidly from the body by renal
filtration and urinary excretion. Therefore, keeping a small final diameter after surface coating
can be beneficial in reducing toxicity. However, Qdots with small diameter after ligand exchange
suffer from low stability against aggregation [79]. From photophysical point of view, replacing
the original ligand of Qdots may result in several disadvantages. The exchange process raises
the risk of surface damage of Qdots, leading to a decrease of quantum yield. It also increases
the likelihood for surface oxidation, which will leads to a poor photostability, and blue shift of
emission wavelength.

Since there is a specific interaction between thiol group and heavy metal, such as gold,
silver, cadmium and so forth, thiolated polymers are the most common ligands involved in
ligand exchange strategy [116]. Thiolated PEG has been extensively exploited, due to its easy
synthesis, ease of handling, and versatile applications. Hou et al. [117] reported a disulfide
bond-bearing and symmetric PLLA-SS-PLLA synthesized by ring-opening polymerization, and
its reduced product PLLA-SH. The thiolated PLLA has been successfully coated onto CdSe with
ligand exchange strategy. A quantum yield of 53% was reported by tuning the molecular weight
of PLLA-SH, and the feeding ratios between ligand and Qdots. The hydroxyl groups on the
other end of PLLA-SH also provide sites for further conjugation. The synthesis of thiolated PLLA
sets as a protocol for thiolation of various biodegradable polymers that can be synthesized

through ring-opening polymerization, such as family of cyclic lactone, and morpholine-2,5-dione
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[118]. Except for thiol group, amine bond and phosphine bond have also been exploited for
ligand exchange [79]. However, rarely any biodegradable polymer has been reported involving
the latter two chemical groups.

Different from ligand exchange, ligand capping only caps the original ligands on Qdots
with suitable amphiphilic polymers. Without damaging the protecting ligands of Qdots, the
photophysical property will be better retained. The thicker layer of coating provides not only a
better protection against surface oxidation, but also a good chemical stability and a reliable
protection against aggregation. Typically, the coating will also increase the particle size by as
much as 5-10 nm [119]. This number depends on the molecular weight of both hydrophilic and
hydrophobic blocks. Larger size of Qdots after ligand capping may have a low renal clearance.
However, the bare Qdots still can undergo renal clearable after polymer coating is fully
degraded. On the other hand, longer circulation time can extend the targeting and potential drug
delivery window once injected in the blood circulation.

The surfaces of naked Qdots are occupied by hydrophobic ligands from
theorganometallic compounds during the syntheses of Qdots, such as the stabilizing ligand,
trioctylphosphine oxide (TOPO), or hexadecylamine [120]. Ligand capping strategy exploits the
physical interaction between hydrophobic ligand from Qdots and hydrophobic part of an
amphiphilic polymer. After the first successful case of coating amphiphilic polymers on Qdots by
Dubertret et al [121], many others have explored this approach to coat Qdots with small organic
molecule and non-degradable polymers. Although there have been extensive researches on
biodegradable amphiphilic block copolymers [122], however, very few studies have reported
coating Qdots with these polymers via physical interactions due to their weak binding.
Stabilization of the coating layer has been proved by crosslinking the coating polymers. Various
crosslinking methods have been introduced to stabilize the polymer layer, such as lysine or
diamine for polymers with abundant carboxylic group, and free radical crosslinking for polymers

with abundant double bond [79].
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Currently, most studies have focused on non-degradable amphiphilic polymers.
Nevertheless, those work provided general protocols for coating biodegradable polymers on
Qdots via ligand capping. Pellegrino et al. [123] have reported a general route to coat various
Qdots with poly (maleic anhydride alt-1-tetradecene) via ligand capping, and further crosslinked
the layer with bis (6-aminohexyl) amine. Gao et al. [69] reported that CdSe/ZnS was coated with
triblock copolymer consisting of polybutylacrylate segment, polyethylacrylate segment, and
polymethacrylic acid segment. Polymer layer was further crosslinked by peptide. This polymer
coated Qdots showed great potential in cancer imaging. These reports can serve as standard
approaches for any —COOH containing biodegradable amphiphilic polymers, such as
PEG/PLGA, and PEG/Poly (aspartic acid).

1.5.3.2 Qdots-embedded Biodegradable Polymers

A number of studies have attempted to embed Qdots into polymers such as polymeric
nano/microparticles, micelles. Similar to organic dye incorporation, techniques of incorporating
Qdots in polymers can be divided into two methods: chemical bonding, and physical
encapsulation.

To chemically bond Qdots with biodegradable polymers, functional groups should be
introduced on Qdots first, which can be achieved with either ligand exchange or ligand capping
strategies. Different from organic dyes, Qdots can be chemically bonded into polymer colloids
during the polymerization. Various polymers can be synthesized and form particles via emulsion
and dispersion polymerization. Many studies successfully demonstrated the incorporation Qdots
into polymer colloids [124]. During the process, Qdots are required to be dissolved in oil
droplets. In other word, there is no need for surface modification of Qdots to make them
hydrophilic. However, polymers that are applicable for emulsion polymerization are normally
non-degradable. Interestingly, a biodegradable polyurethane nanoparticle was fabricated via

miniemulsion techniques by Cramail et al [125]. Although no further research has been
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conducted on these polyurethane nanoparticles, it represents a new way of synthesizing
biodegradable polymer colloids in the presence of Qdots.

Although conjugating Qdots onto the surface of polymer spheres has been rarely
reported, Yeh et al. [126] reported a Qdots conjugated PLGA nanoparticles as a potential
candidate for gene delivery. By conjugating nuclear localization signal (NLS) on the surface of
nanoparticles, HeLa cells exhibit fluorescence at the nuclei region after incubating with the NLS-
nanoparticles. However, Qdots are normally encapsulated inside the polymer sphere due to
their relatively poor stability and potential cellular toxicity. Like organic dyes, Qdots can be
encapsulated into biodegradable polymeric colloids via different fabrication techniques. Desai et
al. [127] encapsulated CdSe/Zns into PLGA nanoparticles via nanoprecipitation. Kim et al. [128]
encapsulated CdTe/CdSe into PLGA nanoparticles via a double emulsion technique. The Qdots
loaded nanoparticles have a similar value of quantum yields to the bare Qdots (52%), and the
emission wavelength remained the same (760nm). Another group also reported the
encapsulation of protein-conjugated Qdots into PLGA via double emulsion technique [129]. The
carboxylic groups on the polymers were conjugated with Herceptin, a monoclonal antibody that
targets ErbB2 cell membrane receptors. Specific targeting to ErbB2-positive SKBR3 breast
tumor cells and intracellular controlled release of quantum dots was achieved. As we discussed
above, amphiphilic copolymers have been intensively studied for the surface modification of
Qdots. Due to the ability to self-assemble into micelles, those copolymers have been used for
encapsulation of Qdots. Due to the hydrophobic core/hydrophilic shell structure of micelles,
Qdots can be distributed within the hydrophobic core. Cao et al. [130] reported a PbS loaded N-
succinyl-N’-octyl chitosan micelles for targeted imaging of liver cancer. The emission
wavelength of PbS loaded micelles presents a red shift (800nm to 870nm) due to the
stabilization and energy transfer of Qdots. The unnoticeable toxicity both in vitro and in vivo
implied that low leakage of QDs from the micelle. However, the long term toxicity of the micelle

need to be further studied. After 12h of intravenously injection, micelle has been found to
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accumulate at tumor site via enhanced permeability and retention (EPR) effect. The strong
fluorescence can be observed up to 96h. Liu et al. loaded hydrophilic CdSe/ZnS into PLA-b-poly
(2-metharcyloyloxyethylphosphorylcholine) (PLA-b-PMPC). TEM imaging indicated that most of
the Qdots were located in the core of nanoparticles.

Stimulus-responsive polymers have also been used to load Qdos. The external stimulus
can trigger the conformation change of those polymers. Most notable stimulus-responsive
polymers are pH or temperature sensitive ones. The mechanism of loading Qdots in such
polymers is an expansion-uptake/shrink-entrap process. Xu et al. [131] reported a pH-sensitive
copolymer of N-isopropylacrylamide and 4-vinylpyridine (PNIPVP), and the loading of CdTe into
the PNIPVP nanoparticles. Qdots were loaded during expansion of PNIPVP nanoparticle under
pH 3, and entrapped within the particles at pH 3-10. Eventually, the Qdots can be released
when pH>11. Poly (N-isopropylacrylamide) (PNIPAM) also proved to be thermo-sensitive.
When the temperature is below lower critical solution temperature (LCST), PNIPAM
microparticles expand. Therefore, they are able to entrap Qdots, when temperature is higher
than LCST. However, the release of Qdots remains a problem when the temperature is lowered
below LCST. Gong et al. [132] loaded CdTe into PNIPAM microparticles, and exploited the
hydrogen bonding between surface ligands from CdTe and amide groups from PNIPAM to
stabilize the loaded Qdots. Although PNIPAM and its copolymers are not biodegradable, these
studies serve as good references for Qdots embedding in various biodegradable pH or thermo-
sensitive polymers. A number of polypeptides with pendant ionizable groups present pH-
sensitive property, such as poly (aspartic acid), poly (glutamic acid), poly arginine, poly
histidine, poly lysine, and their copolymers [118]. Meanwhile, many PNIPAM based polymers
have been proved to be biodegradable. Biodegradable PNIPAM-b-PLA has been synthesized
by ring-opening polymerization of lactide initiated by PNIPAM-OH [133]. Similar approach has
been used to prepare PNIPAM-b-poly (glutamic acid), and PNIPAM-b-Poly (L-lysine) [118].

Radical polymerization techniques, including Reversible Addition-Fragmentation chain Transfer
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(RAFT), and Atom transfer radical polymerization (ATRP), have been used to prepare PNIPAM-
based copolymers, such as PNIPAM-poly (3-hydroxybutyrate)-PNIPAM triblock copolymer
[118]. All these polymers could potentially be used for Qdots embedding.
1.5.4 Green Fluorescent Proteins

In 1956, Shimomura et al discovered green fluorescence from Aequorea jellyfish as a
companion protein to aequorin. Since then, this green fluorescent protein (GFP) has become
one of the most useful biological tool in the past decade [134, 135]. The primary structure of
Aequorea GFP was deduced from the cDNA sequence. Aequorea GFP is a protein of 238
amino acids with a molecular weight of 27 or 30 kDa. The chromophore of GFP is formed from
the primary amino acid sequence, residues 65-67, which are Ser-Tyr-Gly (Figure 1.3a). After
conformational folding and a series of reactions, including cyclization, dehydration, and
oxidation, the chromophore, (p-hydroxybenzylidene)-5-imidazolinone is formed. This structure
has later been confirmed by two-dimensional NMR and the cDNA sequence [134]. To fulfill the
requirements for various applications, tremendous effort have been placed on preparing yellow
and red fluorescent proteins. The GFP variants can be classified by different emission colors,
from cyan (475nm) up to far-red (649nm) [72]. Shaner et al. [70, 72] have made significant
contributions to the family of GFP, such as the only bright and photostable far-red FP, mPlum,
superior photostable red FP, mCherry, brightest orange FP, mOrange, yellow FP, mCitrine,

brightest cyan FP, Cerulean, and the UV-excitable GFP, T-Sapphire (Figure 1.3b).
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Figure 1.3 Green Fluorescent Proteins for biomedical applications (a) The formation and final
chemical structure of the fluorophore of GFP. (b) Different color from various fluorescent
proteins

The most important advantage of GFP is that it can be genetically encoded into protein
and expressed in living cells and organisms [136]. Due to this distinct benefit, GFP has been
extensively used as an intrinsic intracellular indicator of a specific protein, other than an imaging
probe for many drug/gene delivery systems. There are rarely any reports on combining GFP
with biodegradable polymers. The criteria on how to choose a fluorescent protein and specific
application of GFP has been summarized elsewhere [70]. GFP has been exploited as pH
sensitive and redox sensitive indicator for dynamic intracellular activity. Based on the variety of

fluorescent protein, there are many chances of crosstalk in excitation and emission channels

33



from two fluorescent proteins, which confers great opportunity for fluorescence resonance
energy transfer (FRET) on pair of fluorescent proteins [137]. The FRET effect of fluorescent
proteins has been exploited for studying protease action and Ca** sensitivity [138].

1.6 Specific Aims

In the present work, we aim to address the aforementioned challenges by developing
citric acid based functional biomaterials. The governing hypotheses are: 1) Citric acid can be
used as a versatile multifunctional monomer to produce biodegradable polymers with low
cytotoxicity, good processability. 2) Introduction of maleic acid and urethane doping into
polymers confer multiple ways to manipulate the mechanical property to cover a wide range. 3)
Incorporation of amino acid brings inherent fluorescent property to BPLP, therefore reducing the
need of complex conjugation or encapsulation with other fluorescent materials. 4) The
abundance of functional group for modification and the excellent processability of BPLPs make
them appealing for various applications. 5) BPLP with urethane doping can achieve strong and
elastic fluorescent materials.

The Impacts of this work lie in that: 1) Developing a family of biodegradable polymers
with tunable mechanical properties may address the issue of scaffold/tissue mechanical
mismatch in soft tissue engineering; 2) unveiling the intriguing fluorescence mechanism and the
design strategies for the syntheses of biodegradable photoluminescent polymers will
significantly advance fluorescent biomaterials science; and 3) the development of BPLPs and
Urethane doped BPLPs can potentially bring a paradigm shift in the use of biodegradable
implant biomaterials in a broad range of biological and biomedical fields including biosensing,
cellular imaging, drug delivery, tissue engineering, and theranostic nhanomedicine.

To achieve these goals, we propose the following specific aims:

1) Syntheses and characterization of crosslinked urethane doped poly poly (octamethylene
maleate citrate) (CUPOMC) with enhanced processability and tunablemechanical properties for

soft tissue engineering.
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2) Syntheses and characterization a family of biodegradable photoluminescent polymers
(BPLPs) and their applications for tissue engineering, drug delivery, and bioimaging.

3) Development of BPLPs under controlled syntheses and unveiling the intriguing fluorescence
mechanism of BPLPs.

4) Development of super strong and elastomeric urethane doped BPLPs (UBPLPs) and their

application for blood vessel tissue engineering.
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CHAPTER 2
DUAL-CROSSLINKABLE URETHANE DOPED POLYESTER
2.1 Introduction

Finding an ideal biomaterial is one of the major goals in the field of tissue engineering.
Many of the native tissues in the human body have elastomeric properties. Thus, the
biomaterials selected to repair these tissues should have similar elastic properties in order to
sustain and recover from multiple deformations without causing irritation to the surrounding
tissues [9]. It has been proven that mechanical stimuli can enhance cellular growth, alignment,
and extracellular matrix production. Previous research has also shown that the appropriate
mechanical constraints can help yield both fibril alignment and the geometry of a native heart
valve [139, 140]. Moreover, the addition of mechanical stimuli has also been shown to have an
influence on the stem cell differentiation [141, 142]. Mechanical mismatch between host blood
vessels and vascular grafts may contribute to the development of myointimal hyperplasia, a
major reason for graft failure [143]. Therefore, a suitable biomaterial for soft tissue engineering
should have the appropriate mechanical properties similar to the target tissue, and be capable
of transmitting mechanical stimulus to the seeded cells.

Recently, many researchers have focused their work on the development of
biodegradable polyester and polyurethane elastomers for soft tissue engineering.
Biodegradable polyurethanes (BPUs) are a family of elastomers, which have been used in a
wide variety of biomedical applications due to their good mechanical properties (up to 29 MPa
tensile strength) and elasticity (up to 895% elongation) [34, 144-147]. However, due to their
aliphatic nature BPUs are susceptible to permanent creep under cyclic mechanical loading.
Therefore, the potential long-term success of polyurethanes as scaffold materials for dynamic

tissues like blood vessels and ligament is still questionable [12].
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Elastomeric polyesters are another family of polymers that have attracted interest due
to the appropriate biodegradability, biocompatibility, and elasticity for various biomedical
applications [8, 52]. Thereof, crosslinked polyester elastomers have attracted much attention
recently due to their excellent elasticity without permanent deformation under cyclic deformation
such as poly (glycerol sebacate) (PGS) and poly(octamethylene citrate) (POC) [9, 50, 51, 148].
PGS and POC have shown excellent biocompatibility in vitro and in vivo. The crosslinking
nature of PGS and POC also confer excellent elasticity to these polymers. However, the
mechanical strength of PGS and POC are still relatively weak which range from 0.5£0.2 MPa to
2.9£0.1 MPa, especially when they are made into porous scaffolds. The reported tensile
mechanical strength of POC porous scaffolds are only 0.3+0.1 MPa [143]. The processability of
PGS and POC is also limited with only a salt-leaching method reported for this type of polymer.
A commonly used thermally induced phase separation (TIPS) or freeze-drying method for
scaffold fabrication cannot be applied to these polymers due to the sticky nature of their low
molecular weight pre-polymers, which are the only processable forms for these polymers.

To improve the mechanical properties of POC but retain the excellent elasticity, we
have recently reported a crosslinked urethane-doped polyester (CUPE) elastomer. 1,6-
hexamethylene diisocyanate (HDI) is used to extend the POC pre-polymer chains to obtain a
pre-CUPE polymer. Pre-CUPE can be further thermally crosslinked into a urethane-doped
polyesters (CUPE) elastomeric network. The tensile strength of CUPE was as high as
41.07+6.85 MPa with corresponding elongation at break of 222.66+27.84% [12].

Given that there has been great interest in using photopolymerization techniques for
various biomedical applications such as 3-dimensional (3-D) tissue construction and cell
entrapment [149-151], an in situ crosslinkable biodegradable polyester network which was
referred to as poly(octamethylene maleate citrate) (POMC) has been recently synthesized
based on POC. Unsaturated maleic acid is reacted with citric acid and 1,8-octanediol to form a

photocrosslinkable POMC pre-polymer (pre-POMC). However, similar to POC in addition to the
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photocrosslinkability, POMC is still relatively weak and the processability of pre-POMC is still
limited due to its low molecular weight.

Aiming at synthesizing a biodegradable elastomer with photocrosslinkability and
excellent processability, we have synthesized and characterized a new family of polymers,
crosslinked urethane-doped poly (octamethylene maleate citrate) (CUPOMC), in the present
study. The rationale behind this polymer is: (1) the major chemical structure of CUPOMC is
composed of urethane and ester bonds that have been used in many biodegradable polymer
designs [8, 34]. (2) The presence of vinyl groups makes it possible for free radical
polymerization such as photocrosslinking. (3) The unused pendant functional groups (-COOH
and —OH) after free radical polymerization can be used for post polymerization through
polycondensation or for bioconjugation [50]. (4) The urethane-doped structure should result in a
material with strong mechanical properties similar to CUPE [12]. In addition, controlling the
feeding ratio of the different monomers should create a material with tunable the mechanical
properties and degradation rates. In this work, we describe the synthesis, characterization and
cytocompatibility of the CUPOMCs. Porous scaffolds are also fabricated using a thermally
induced phase separation (TIPS) method to demonstrate the processability and potential of
CUPOMC in soft tissue engineering applications.

2.2 Experimental

2.2.1 Polymer Synthesis

The synthesis of the CUPOMCs was carried out in following steps. The synthesis
schematic is shown in Figure 2.1. Briefly, 0.11 mole of 1,8-octanediol, 0.8 mole of maleic acid,
and 0.2 mole of citric acid were melted in a round bottom reaction flask under 160°C. Once all
the monomers had been melted, the temperature was reduced to 140°C, and the mixture was
bulk polymerized through polycondensation for 4h to obtain the POMC prepolymer. The
prepolymer was purified by drop wise precipitation in deionized water. After purification, the

prepolymer was then lyophilized. The molecular weight of the POMC prepolymer was
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characterized by Matrix assisted laser desorption/ionization mass spectroscopy (MALDI-MS) as
680 Da. 0.02 mole of POMC prepolymer was dissolved in 1,4-dioxane to obtain a 3% W/V
solution. Next, 0.02 mole of 1,6-hexamethylene diisocyanate (HDI) was added into reaction
system to synthesize pre-CUPOMC. The reaction was carried out under constant stirring with
stannous octoate as a catalyst (0.1% wt). The reaction temperature was maintained at 55°C. A
small amount of reaction solution was taken out and checked by Fourier transform infrared (FT-

IR) after 48h. The reaction was terminated when the isocyanate peak at 2267cm-1 disappeared.
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Figure 2.1 Synthesis schematic of CUPOMC polymers
To obtain a thermo-crosslinked polymer, the pre-CUPOMC polymer solution was cast

into a Teflon mold and dried in a chemical hood equipped with laminar airflow to evaporate all
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the solvent. The resulting thermo-CUPOMC film was placed into an oven under 80°C for
predetermined time periods.

The free radical reaction was carried out by UV-crosslinking. Briefly, the pre-CUPOMC
solution was mixed with 0.3% w/v Irgacure 784, which was used as the photoinitiator. Then the
polymer solution was casted into a Teflon mold and placed under UV light for predetermined
time period to synthesize photo-CUPOMC.

Polymers with different feeding ratios of 1,8-octanediol, citric acid, and HDI were
synthesized using the same steps. Different CUPOMCs were abbreviated as follows:
CUPOMC-ratio of citric acid-maleic acid-1,8-octanediol-HDI (ex. CUPOMC-0.2-0.8-1.1-1.0). The
prepolymer of CUPOMCs was abbreviated as Pre-CUPOMC. In our following study, CUPOMC
represents thermo-CUPOMC unless otherwise specified.

2.2.2 Mechanical Test

The mechanical tests of different Pre-CUPOMC and CUPOMC films were conducted on
an MTS Insight 2 machine equipped with a 500N load cell. The testing samples were cut into a
dog bone shape samples, as per ASTM D412a (25 x 6 x 0.5 mm, length x width x thickness).
The testing sample was pulled at a rate of 500 mm/min and elongated to failure. The initial
modulus was calculated from the initial slope. 8-10 samples were measured and averaged.
2.2.3 In Vitro Degradation Study

For the in vitro degradation study, the polymer films were cut into disk-shaped
specimens 7mm in diameter and 0.5mm in thickness. The degradation studies were conducted
in both phosphate buffer saline (PBS, pH 7.4) and 0.05M NaOH solutions. To rapidly obtain
relative degradation rates, each specimen was placed in a clean glass tube containing 10ml
NaOH solution, and then incubated under 37°C for predetermined time points. At each time
point, the samples were washed three times with deionized water and lyophilized. The mass
loss was calculated by comparing the initial mass (WO0) with the mass measured after

lyophilized (Mt), as shown in equation:
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W0 — Wt
Mass loss (%) = —wWo x 100

The final result was obtained from the average value of six individual samples.
2.2.4 Toxicity Test of Degradation Products

NIH 3T3 fibroblasts (3T3) were cultured in a 50 mL culture flask with Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 5% fetal bovine serum. Cell culture was
maintained in a water-jacket incubator equilibrated with 5% CO, and 95% humidity at 37 °C.
After confluence of cell proliferation, the cells were trypsinized, centrifuged, and suspended in
culture media before seeding. According a method described previously [152], the cytotoxicity of
the CUPOMC degradation products was carried out by completely degrading the materials and
exposing the degraded product solution to the cultured cells. Polymers were hydrolytically
degraded in accelerated conditions. The difference between CUPOMC and CUPE with 2 d oven
crosslinking was compared. Poly (D,L-lactide-co-glycolide) (PLGA 75/25) was used as control.
All polymers were placed in 50ml 1N NaOH solution and incubated under 37 °C. The polymers
took 24 h to be completely degraded. The solution was then filtered through a cellulose acetate
membrane filter (0.2 pm pore diameter). The pH was adjusted to 7.4 with 1N HCI. The solution
was filtered again for sterilization and then diluted by 2, 10, 50 and 100 times with culture
media. Then the solutions with culture media were added to the cultured cells in 96 well plates
(100 pl/well) and incubated at 37 °C and 5% CO2 for 24h. After incubation, cell viability was
testified using methylthiazole tetrazolium (MTT) assay. Six samples were tested for each
polymer.
2.2.5 In Vitro Cell Proliferation

Both CUPOMC and CUPE films were oven-crosslinked for 2 d and cut into discs with a
diameter of 6 mm. PLGA films were selected as a control. All the samples were sterilized by
incubation in 70% v/v ethanol for 15 min followed by UV light exposure for 1 h. 3T3’s were
seeded on the films at a density of 2.0x10° cells/ml in a 96-well plate. After 1 h pre-incubation,

200 pL of culture media was added into each well. After incubation for predetermined time
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points, the cell viability on each sample was testified using MTT assay. The result was obtained
from average value of six samples. The morphology of 3T3 on the CUPOMC films was
observed directly under microscopy.
2.2.6 Scaffold Fabrication

The CUPOMCs were fabricated into porous scaffolds by a thermally induced phase
separation (TIPS) method as described previously [153]. Briefly, a 3% w/v pre-CUPOMC
solution in 1,4-dioxane was frozen under -80°C for 2h and then freeze-dried to obtain a porous
scaffold. The morphology of the TIPS scaffold was observed by scanning electron microscope
(SEM).
2.2.7 Statistical Method

Data were expressed as the mean + standard deviation. The statistical significance
between two sets of data was calculated using a One-way ANOVA. Data were considered to
have significant difference, when a p-value of 0.05 or less was obtained.

2.3 Results and Discussion

The FT-IR spectra of pre-CUPOMC-0.8-1.1-1.0, pre-POMC, and pre-CUPE were
compared in Figure 2.2. All the three polymers had a sharp peak at 1730cm™, which was
assigned to the carbonyl group (C=0). Amide | at 1670cm™ and amide Il at 1560cm™ vibrations
were found on the spectra of pre-CUPOMC and pre-CUPE, which indicates the successful
doping of urethane [12]. The characteristic peak of the double bond at 1647cm™ was
overlapped by the amide | peak. However, the peak of trans-double bond at 980cm™ could be
observed from the spectra of the pre-POMC and pre-CUPOMC. These results indicated that the
double bond was maintained after the chain extension reaction. It also demonstrated that during
the synthesis of pre-POMC, the cis- structure of double bond from maleic acid had turned into

trans- structure.
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Figure 2.2 FT-IR spectra of representative prepolymers.
(a) Pre-CUPe; (b) Pre-CUPOMC,; (c) Pre-POMC.

The mechanical properties of different polymers were compared through tensile tests.
To evaluate the impact of the HDI ratio, mechanical tests were performed on prepolymers of
CUPOMC-0.2-0.8-1.1-0.5, CUPOMC-0.2-0.8-1.1-1.0 and CUPOMC-0.2-0.8-1.1-1.5. The results
are shown in Figure 2.3A and B. With the increase of the HDI, the tensile strength and initial
modulus ranged from 0.94+0.08 and 5.60+0.48 respectively. Compared with POMC, the tensile
strength of which is lower than 1MPa [154], the presence of the urethane bond dramatically
increased the tensile strength of the materials. The materials’ elongation ranged from
181.92+10.64% and 295.85+30.06, which covers the elongation of native arteries and veins
(~260%).

CUPOMC-0.2-0.8-1.1-1.5 was selected to analyze the impact of different thermo-
crosslinking times on the material mechanical properties. From Figure 2.3C, it showed an

increasing trend with the increasing thermo-crosslinking times from 0 day to two days. Since
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there was only 0.2 molar ratio of citric acid in the polymer, there was no significant difference for
the tensile strength and initial modulus after two-day thermo-crosslinking suggesting the
crosslinking reactions were completed within two days. The elongation of the polymers
remained similar after one-day crosslinking (Figure 2.3D).

CUPOMC-0.2-0.8-1.1-0.5 was UV-crosslinked with Irgacure 784 for 20 and 30min. As
shown in Figure 2.3E and F, the polymer crosslinked for 20 min under UV irradiation was almost
three times as strong as the original pre-polymer. However, the additional UV-crosslinking times
seemed to not change the mechanical properties significantly. Since UV-crosslinking only
consumed vinyl groups from the polymer chain, the functional groups on the pendent chain can
be saved for thermo-polymerization or further chemical modification. The UV-crosslinking is a
much milder polymer processing method than the thermo-crosslinking providing advantages

when thermo-sensitive biomolecules have to be incorporated or conjugated to the polymers.
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Fig. 2.3 Different impacts influencing the mechanical property of CUPOMCs. (a) Tensile
strength and Young’s Modulus, and (b) Elongation of Pre-CUPOMC-0.2-0.8-1.1 synthesized
with various molar ratio of HDI, 0.5, 1.0, and 1.5. (c) Tensile strength and Young’s Modulus, and
(d) Elongation of CUPOMC-0.2-0.8-1.1-1.5 with different thermo-crosslinking time, from 1d to
4d, and its prepolymer. (e) Tensile strength and Young’s Modulus, and (f) Elongation of
CUPOMC-0.2-0.8-1.1-0.5 with different UV-crosslinking time and its prepolymer. **p<0.01,
*p<0.05, #p>0.05; N=8.

The mechanical properties of the selected biodegradable elastomers and soft tissues
were listed in Table 2.1. The tensile strength of pre-CUPOMC and CUPOMCs under the known

synthesis conditions ranged from 0.731£0.12 and 10.91+0.63MPa (Figure 2.3A and C), which
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are similar to POC and much stronger than PGS and POMC. Importantly, the elongation range
of pre-CUPOMC and CUPOMCs covered all the selected polymers and the soft tissues in Table
2.1. These results indicated that doping urethane bonds in POMCs created strong CUPOMCs
without losing the elasticity. It should be noted that even the tensile strength of pre-CUPOMCs
synthesized under the known conditions ranged from 0.73 £+ 0.12 and 5.60 * 0.48. This is very
different from the other published pre-POC, pre-PGS and pre-POMC polymers which could not
even be tested for their tensile mechanical properties due to their sticky nature. In other words,
pre-CUPOMCs can be used as implant materials for various applications without even a further
post-polymerization (thermo- or photo-). The tunable mechanical properties of CUPOMCs
suggested that CUPOMCs may be viable candidate materials for soft tissue engineering
applications.

Table 2.1 Mechanical properties of selected biodegradable elastomers and soft tissues

Tensile Young’s Elongation
Tissue/Polymer Strength Modulus (%) Reference
(MPa) (MPa)
Human Bladder 0.27+0.14 0.25+0.18 0.69+0.17 [24]
Smooth muscle relaxed N/A 0.006 300 [25]
Smooth muscle contracted N/A 0.01 300 [25]
Aortic valve leaflet N/A 1546 2112 [26]
(circumferential)
Ulnar cadaveric peripheral 98-216 N/A 8_21 [27]
nerve
Medial cadaveric peripheral 98-304 N/A 622 [27]
nerve
Cerebral artery N/A 15.7 50 [28]
Cerebral vein N/A 6.85 83 [28]
Poly (octanediol-citrate) ~ 5.80+0.76 6.44+0.28 367+15 [51]
Poly (glycerol sebacate) >0.5 0.282+0.025 >267 [9]
PLGA 41.4 —55.2 1.4-28 3-10 [155]
Caprolactone soft segment 15 3.7 60 [156]
polyurethane

The degradation rates of pre-CUPOMCs could be varied by changing the feeding ratio
of monomers. As shown in Figure 2.4A, pre-CUPOMC-0.2-0.8-1.1-1.0 polymers were fully

degraded after 14 weeks of incubation in PBS. Increasing the HDI ratio and decreasing the diol
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ratio resulted in slower degradation rates (Figure 2.4B and C). This was explained that
increasing the HDI ratio and decreasing the diol ratio could both increase more hydrolysis-
resistant urethane and amides bonds than ester bonds, which were in agreement with previous
findings on POC and CUPE [12, 50, 51]. Compared to the long degradation times for some
polyesters (18-60 months for PLLA and 24 months for PCL), the 14-week in vitro degradation
time period for pre-CUPOMC can potentially be more suitable for tissue engineering. Normally,
polyurethanes undergo even longer degradation times [17]. The degradation study in base
solution also provided strong evidence that the degradation rate of CUPOMCs could be

controllable in vivo.
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Fig. 2.4 (a) In vitro degradation of Pre-CUPOMC-0.2-0.8-1.1-1.0 in PBS (b) In vitro degradation
of Pre-CUPOMC with different ratio of HDI in NaOH (c) In vitro degradation of Pre-CUPOMC
with different ratio of 1,8-Octanediol in NaOH
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The cell morphology of 3T3s on pre-CUPOMC-0.2-0.8-1.1-1.0 films are shown in Figure
2.5A and B with different magnifications. It was observed that 3T3 fibroblasts had a stretched

morphology on Pre-CUPOMC-0.2-0.8-1.1-1.0 films, which indicates that this polymer supported

3T3 fibroblast adhesion.

Fig. 2.5 Images of fibroblast on the Pre-CUPOMC-0.2-0.8-1.1-1.0 film under microscopy with
20X (a) and 32X (b) magnification.

To study the cytotoxicity of the CUPOMC degradation products, the maximum release
of degradation products was achieved by an accelerated degradation in strong base solution
[152]. The degradation solution of the polymers was then incubated with 3T3 fibroblasts. All the
values of absorbance were normalized to the PLGA at 100x dilution. The results are shown in
Figure 2.6A. The viability of 3T3s cultured in the presence of the CUPOMC degradation
products was 1.80+0.07%, 5.66+0.66%, 40.53+4.63%, and 81.96+11.23% for 2%, 10x, 50%, and
100x dilutions, respectively. The results indicated that CUPOMC had a dose-dependent
cytotoxic effect. CUPOMC degradation products produced similar or slightly higher cytotoxicity
compared to the PLGA degradation products at 100x dilution.

The cytocompatibility of CUPOMC was evaluated by cell adhesion and proliferation on
CUPOMC-0.2-0.8-1.1-1.0 films. From the MTT assay results (Figure 2.6B), PLGA had a higher
cell adhesion than both CUPe and CUPOMC during the initial phase of cell adhesion and

proliferation. After 3 days cell culture, there was no significant difference in the cell number
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between CUPOMC and PLGA. CUPOMC displayed higher cell viability than PLGA after 5 and 7
days cell culture, but CUPe was even higher. It was demonstrated that although the presence of
double bond from maleic acid slightly affects the biocompatibility of the resulting polymer,
CUPOMC still supported higher cell proliferation rates than PLGA. The cytotoxicity studies
demonstrated that CUPOMCs have the potential to be used as cell delivery carrier such as in

tissue engineering applications.
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Fig. 2.6 In vitro cell proliferation evaluation (a) Cytotoxicity evaluation of degradation products of
CUPOMC-0.2-0.8-1.1-1.0 with 2d thermo-crosslinking under 80°C at 2x, 10x, 50x, and 100x
dilutions. (b) Cell viability and proliferation assay (MTT assay) for 3T3 fibroblasts cultured on

CUPOMC-0.2-0.8-1.1-1.0 film with 2d thermo-crosslinking under 80°C. **p<0.01, *p<0.05,
#p>0.05; N=8.

As we have studied, pre-CUPOMC possessed excellent mechanical properties even
without further crosslinking. We have also studied the processability of pre-CUPOMC by
scaffold fabrication. The morphology of the TIPS scaffold fabricated from pre-CUPOMC-0.2-0.8-
1.1-1.0 was observed on a Hitachi 3000 SEM. CUPOMC-0.2-0.8-1.1-1.0 TIPS scaffolds are
shown in Figure 2.7. Pictures of both the surface and cross section were taken. Figure 2.7A and

B shows that the TIPS fabrication technique could form a scaffold with a highly interconnected

porous structure. The morphology of the scaffold was also observed after 1d thermo-
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crosslinking. The porous structure was maintained in both the surface and cross section of the

scaffold as shown in Figure 2.7C and D.

Figure 2.7 SEM images of the TIPS scaffold. Surface area (a) and cross section (b) for Pre-
CUPOMC-0.2-0.8-1.1-1.0 prepolymer. Surface area (c) and cross section (d) for 80 °C1d
CUPOMC-0.2-0.8-1.1-1.0
2.4 Conclusion

We have developed a new family of polyester elastomers, poly (1,8- octamethylene
maleate citrate) urethane (CUPOMCs). CUPOMCs possess tunable mechanical properties and
degradation rate. CUPOMCs could be either thermo-crosslinkable and/or UV-crosslinkable
providing flexibility to use these polymers in various applications. CUPOMC prepolymers
exhibited excellent processability offering advantages over the previous developed
biodegradable elastomers. Preliminary biocompatibility evaluation in vitro supported that
CUPOMCs may be good candidate materials for cell delivery carriers. The development of
CUPOMCs should expand the choices of available biodegradable elastomers for broad

biomedical applications such as soft tissue engineering.
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CHAPTER 3
BIODEGRADABLE PHOTOLUMINESCENT POLYMERS
3.1 Introduction

Biodegradable polymers have been central in biomaterial science for a wide variety of
biomedical applications such as drug delivery, tissue engineering, and medical devices [8, 14,
157]. Owing to their chemical stability, sufficient functional groups, and fully body clearance,
they have succeeded as a vehicle for therapeutic or diagnostic molecules [157, 158].
Fluorescent diagnostic dyes, such as quantum dots and small organic dyes, have been
incorporated into biodegradable polymers, and utilized as biological imaging probes [159, 160].
These dyes require protection from in vivo circumstances due to their unstable physical or
chemical properties. Biodegradable polymers are perfect candidates to protect the
aforementioned fluorescent dyes in that they can provide not only increased biocompatibility
and stability, but also sufficient functional groups for further modification. Unfortunately, the
intrinsic toxicity from the heavy metal and aromatic structure still remains an issue, which
substantially hinders the clinical use in patients. In addition, in many instances the polymer layer
coating can also be a barrier blocking the fluorescence. In the search for a less toxic fluorescent
material, green fluorescent protein has attracted increased interest due to its high fluorescence
and alleviated toxicity [70, 161]. Green fluorescent proteins bring a beam of dawn light on the
field, and have succeeded as many cell-biology tools. However, research has shown that these
proteins are hard to manipulate, suffer from photobleaching, and are toxic at cell level [70, 78].
Recently, great effort has been made to create new fluorescent materials that are highly
fluorescent, biocompatible, easy to process, and most importantly, fully biodegradable.
However, the conventional fluorescent mechanism of many organic compounds is a conjugation

system [84], which is hormally based on an aromatic structure. By obeying the conventional rule
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of a conjugation system [162], fluorescence seems to be an irreconcilable conflict with
biodegradability as water and fire. Clearly, to achieve both fluorescence and biodegradability,
simultaneously, remains the bottleneck in the development of the next generation of fluorescent
materials.

In this section, we introduce a new philosophy of polymer design to solve the puzzle. A
methodology of inherently fluorescent polymer design based on ester and amide bonds, both of
which are biodegradable, is introduced with exciting results prompting the need for further
understanding and application. Biodegradable photoluminescent polymers (BPLPs) are
synthesized from three monomers, 1,8-octanediol, citric acid, and a-amino acids [52]. BPLP has
shown complete degradation, and high fluorescence, which can be tuned by choice of amino
acids, monomer feeding ratio, and even excitation. These unique properties make BPLP the
first biodegradable polymer with inherent fluorescence circumventing the need for toxic dyes.
The rationale behind the fluorescent polymer design are: 1) polymers with inherent fluorescence
circumvent the use of toxic dyes, and are implantable with no need of modification; 2) using
polycondensation reaction to form polymers with hydrolyzable bonds (ester and amide bond),
which confers the fully biodegradability of the polymer; 3) Citric acid and essential amino acids
are involved in many human metabolism and 1,8-octanediol has been used many other
biomaterials. Those monomers promise the biocompatibility of polymer; 4) to increase the
manufacturing potential, we chose to use inexpensive monomers and a cost-effective synthesis
procedure performed under mild heating without the use of any catalysts; 5) functional
monomers, such as PEG and Maleic acid, can fully or partially involved in synthesize to create
water-soluble and photocrosslinkable fluorescent polymers.

The following sections will discuss the development of new family of biodegradable
photoluminescent polymers (BPLPs), including water-soluble BPLP (wsBPLP), and
photocrosslinkable BPLP (pcBPLP). The synthesis and characterization of all polymers will be

discussed. The results show that BPLPs are a family of biodegradable and implantable
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biomaterials with tunable fluorescence and low cytotoxicity. It has great potential for various
applications from drug delivery to tissue engineering.

3.2 Experimental

3.2.1 Synthesis of BPLP pre-polymers

All chemicals were purchased from Sigma-aldrich (St. Louis, MO) and used as
received, unless stated otherwise. All amino acids are L isomer unless stated otherwise. All
BPLPs are named with the abbreviation of the amino acid. Polymer synthesis and
characterization were conducted for BPLP-Cys as a representative BPLP, except where
otherwise specified. BPLP-Cys pre-polymers were first synthesized by carrying out a controlled
condensation reaction as described in Figure 3.1. Briefly, citric acid (CA), 1,8-octanediol (OD),
and cysteine were added to a 250 mL three-necked round bottom flask fitted with an inlet and
outlet adapter. Next, a flow of nitrogen gas was introduced into the flask, and the contents were
melted at 160 °C while stirring at 360 rpm. The temperature of the system was subsequently
lowered to 140 °C and allowed to react for 2 h to form the unpurified pre-polymer. Next, the pre-
polymer was dissolved in 1,4-dioxane and purified by drop wise precipitation in deionized water
to remove any of the unreacted monomers. The undissolved pre-polymer was collected and
lyophilized in a Freezone 6 Freeze Dryer (Labconco, Kansas City, MO) to obtain the purified
BPLP-Cys. The ratio of CA to OD was kept as 1: 1.1. Various BPLP-Cys were synthesized at
different molar ratios of cys/CA 0.05, 0.2, 0.4, 0.6, and 0.8 to yield BPLP-Cys 0.05, BPLP-Cys
0.2, BPLP-Cys 0.4, BPLP-Cys 0.6, and BPLP-Cys 0.8. Each of the 20 essential amino acids

was used to synthesize a family of BPLP-amino acid polymers.
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Water soluble BPLP (wsBPLP) was synthesized by completely replacing OD with PEG
(MW 200) (Figure 3.2A). Briefly, CA, PEG, and Cys were reacted together as previously
described above. For purification, the prepared wsBPLP-Cys was dissolved in deionized water
and dialyzed with a 500 Da molecular weight cutoff membrane for 2 days followed by
lyophilization to achieve a purified pre-polymer. To synthesize photocrosslinkable BPLP
(pcBPLP), CA was partially replaced by maleic acid (MA). Two ratios of MA to CA were used for
synthesis as 8/2 and 6/4. The synthesis (Figure 3.2B) and purification were as same as BPLP-

Cys.
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Figure 3.2 Synthesis schematic of (A) wsBPLPs and (B) pcBPLPs.
3.2.2 BPLP Fabrications
To evaluate the processability of BPLP and its potential for various biomedical
applications, BPLP-Cys was fabricated into 2D dense film, 3D porous scaffold, and aqueous
nanoparticle solution. To fabricate 2D dense films, purified BPLP-Cys was dissolved in 1,4-
dioxane to obtain a 10% wi/v solution. Next, solution was cast into a poly (tetrafluoroethylene)
(PTFE) dish, and placed in chemical hood for 24 h to remove solvent. Polymers were cured in
oven for desired time period to yield 2D dense films. To fabricate 3D porous scaffold, purified
BPLP-Cys was dissolved in 1,4-dioxane to form a 30% w/v solution, followed by addition of
sieved salt with desired size. The resulting slurry was cast into PTFE dish and placed in
chemical hood for 24 h to evaporate solvent. The mixture was transferred into an 80 °C oven.
The salt in the resulting composites was leached out by deionized water every 12 h for 96 h.
The resulting porous sponge-like scaffold was lyophilized for 24 h and stored in desiccators. For
nanoparticle preparation, 0.4 g of BPLP-Cys was dissolved in acetone (10 mL). The polymer

solution was added dropwisely to deionized water (20 mL) under magnetic stirring (600 rpm).
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The setup was left in chemical hood for 6 h in chemical hood to evaporate acetone. Desired
concentration of nanoparticle solution can be achieved by evaporating water and dilution.
3.2.3 BPLPs Chemical Characterization

'H NMR and *C NMR spectra for BPLP-Cys and BPLP-Ser were recorded on a JNM
ECS 300 (JOEL, Tokyo, Japan) at 300 MHz. The pre-polymers were dissolved in dimethyl
sulfoxide-d6 (DMSO-d6) (10 mg mL™). The chemical shifts in parts per million (ppm) were
referenced relative to tetramethylsilane (TMS, 0.00 ppm) as the internal reference. The number
average molecular weight (Mn) was determined by matrix assisted laser desorption/ionization
mass spectroscopy (MALDI-MS) using an Autoflex MALDI Mass Spectrometer (Bruker
Daltonics, Manning Park, MA). Fourier transform infrared (FT-IR) spectra were obtained using a
Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA) at room temperature.
Pre-polymer samples were prepared by a solution casting technique. A dilute solution of the
pre-polymer in anhydrous 1,4-dioxane (3% w/v) was smeared onto a potassium bromide (KBr)
pellet and allowed to dry for 12 h in a vacuum hood before being tested.
3.2.4 Characterization of Crosslinked BPLPs

In this study, BPLPs prepolymers were thermo-crosslinked to yield an elastic polymer
network. Briefly, BPLP-Cys pre-polymer was dissolved in 1,4-dioxane at 30% wi/v. The solution
was cast into a PTFE circular dish, and then placed in oven for thermo-crosslinking at 80 °C for
1, 2, 3, and 4 d. PcBPLP was photocrosslinked to form a gel. Briefly, pcBPLP was dissolved in
dimethyl  sulfoxide (DMSO) and mixed with photoinitiator (Pl) 2-hydroxy-1-
[4(hydroxyethoxy)phenyl]-2-methyl-1 propanone (Irgacure 2959) (1 wt. %). The solution was
cast into a polypropylene microcentrifuge tubes, and exposed to a 365 nm long wave ultraviolet
light (UVP, Upland, CA) at room temperature.

Tensile mechanical testing was conducted according to ASTM D412A on an MTS
Insight 2 fitted with a 500 N load cell (MTS, Eden Prairie, MN). Briefly, the dog bone shaped

samples were cut, and dimension (length, width, and thickness) was measured and noted.
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Samples were loaded and pulled at a rate of 500 mm min™, and elongated to failure. Values
were converted to stress-strain and initial modulus was calculated from the initial gradient of the
curve (0 — 10% elongation). The results are presented as means +* standard deviation (n = 6).
The water uptake of crosslinked BPLP (cBPLP) was measured by the mass differential
after the incubation in PBS (pH = 7.4). Briefly, cBPLP film with 1 d oven crosslinking was cut
into discs (1 mm thick) using a cork borer. The discs were weighted and noted as initial mass
(Wy), and placedin 10 mL PBS. Samples were removed from PBS at pre-determined time points
and weighted for wet mass (Wx), until it reaches equilibrium. The water uptake percentage at

each time point was calculated using the formular from equation (3.1):

Wx-Wwo
wo

Water Uptake (%) = x 100

The reported values are the means * standard deviation (n = 6).
3.2.5 In Vitro Degradation

Degradation studies were performed in PBS (pH = 7.4) and NaOH solutions (0.05 M).
NaOH degradation was used to screen the polymer degradation in a relatively short period of
time. Briefly, 6 disc specimens (6 mm in diameter; 1 mm thick) were cut from films of cBPLP
using a cork borer. The samples were weighted (W), placed in a tube containing 10 mL PBS or
NaOH for up to 32 weeks or 24 h respectively, and incubated at 37 °C. After pre-determined
time point, samples were taken out and thoroughly washed with deionized water for 3 times,
lyophilized for 1 week. The weight of dry sample was measured (W,). The remaining mass was
calculated by comparing the initial mass (W,) with the remaining mass (W,), as shown in

equation (3.2):

Wx-wo
wo

Remaining mass (%) = x 100

The reported values are the means + standard deviation (n = 6).
3.2.6 Characterization of BPLPs fluorescent properties
All  photoluminescence spectra were acquired on a Shimadzu RF-5301 PC

fluorospectrophotometer. Both the excitation (exc) and the emission (emi) slit widths were set at

57



1.5 nm for all samples unless otherwise stated. BPLP solutions (2% wi/v) in 1,4-dioxane were
loaded in a quartz cuvette with a path length of 10 mm. The spectra of BPLP nanopatrticle
solution was evaluated in the same manner. To collect the excitation and emission spectra for
scaffolds and films (size of = 12 mm x 40 mm), samples were held diagonally in a quartz cuvette
with a path length of 10 mm. The absorbance spectra were collected on Shimadzu 1501
ultraviolet-visible (UV-Vis) spectrophotometer. All tested solutions were loaded in a quartz
cuvette with a path length of 10 mm, and same volume of pure solvent was place in same
cuvette as control. The absorbance was scanned from 700 nm to 200 nm, with UV/Vis sources
switching at 355 nm.

The extinction coefficient (€) of each sample was measured by standard protocol [163].
Briefly, 5% BPLP solution was prepared. Extinction coefficient of all samples was measured in
1,4-dioxane unless noticed otherwise. The emission spectra of sample solution were obtained
at various excitation wavelengths. Optimal excitation wavelength was determined as the one
that generated the highest emission intensity. Next, absorbance spectrum was collected at a
series of solution with gradient concentration, and the absorbance (within the range of 0.01-0.1
Abs units) at the optimal excitation wavelength was noted. Graphs of absorbance vs.
concentration were plotted. The slope was determined as extinction coefficient. The quantum
yields of the BPLP polymers were measured by the Williams’ method [164]. Briefly, 5% BPLP
solution was prepared. Quantum vyield of all samples was measured in 1,4-dioxane unless
noticed otherwise. The solution was scanned at various excitation wavelengths. Optimal
excitation wavelength was determined as the one that generated the highest emission intensity.
Then, UV-vis absorbance spectrum was collected with the same solution and the absorbance at
the optimal excitation wavelength was noted. Next, a series of solution was prepared with
gradient concentration, so that the absorbance of the each solution was within the range of
0.01-0.1 Abs units. The fluorescence spectrum was also collected for the same solution in the

10 mm fluorescence cuvette. The fluorescence intensity, which is the area of the fluorescence
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spectrum, was calculated and noted. Five solutions with different concentrations were tested
and the graphs of integrated fluorescence intensity vs. absorbance were plotted. The quantum

yields of the BPLP polymers were calculated according to equation (3.3):

D, = Doy (SLEX) (X)2

Slope st” ‘nst

where, ® = quantum yield; Slope = gradient of the curve obtained from the plot of intensity
versus absorbance; n = Refractive index of the solvent; x = subscript to denote the sample, and
ST = subscript to denote the standard. Anthracene was a commercially available organic dye
with a quantum yield of 0.27 in ethanol. It was used as a standard.
3.2.7 In Vitro Evaluation of cytotoxicity

Cell compatibility of cBPLP-Cys and cBPLP-Ser was evaluated in vitro using both
qualitative and quantitative methods. cBPLP films with 2 d oven crosslinking were cut into discs
(6 mm in diameter) and sterilized in 70% ethanol for 3 h. After incubation in ethanol, the
samples were exposed to UV light for another 30 min and washed with sterilized PBS. NIH 3T3
fibroblasts were used as model cells for evaluation of cytotoxicity. The cells were cultured in
Dulbecco’s modified eagle’s medium (DMEM), which had been supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin streptomycin. The T75 culture flasks were kept in an
incubator maintained at 37 °C, 5% CO,, and 95% relative humidity. The cells were allowed to
grow to confluence at fourth passage, and washed with sterilized PBS twice before treatment of
trypsin. Next, the cell suspension was centrifuged, and resuspended into complete culture
media to obtain a seeding density of 1 x 10° cells mL™ for seeding on samples.

For qualitative evaluation, cells were allowed to attach, grow, and proliferate on cBPLP
films for 3 days, and 7 days. After incubation, the cells were fixed with the addition of a 2.5%
w/v gluteraldehyde PBS solution. The films with fixed cells were then sequentially dehydrated
by treatment with a graded series of ethanol, lyophilized, and sputter coated with silver. The
samples were then observed under scanning electronic microscope (SEM) to view the cell

morphology.
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The quantitative assessment of the cell proliferation on cBPLP films was also performed
using a methylthiazoletetrazolium (MTT) cell proliferation and viability assay kit. Disc shape
samples were prepared and sterilized as mentioned above. PLLA films were used as a relative
control. Fibroblasts were seeded on disc samples in the same manner as mentioned above
using 96-well plate. MTT assay analysis was performed at 1, 3, and 7 days of culture as
specified by the manufacturer’'s protocol. Briefly, at each time point, the old media were
discarded, and each sample was washed with sterilized PBS twice to remove any dead or
loosely attached cells. Next, incomplete media (100 pL) (free of FBS) was added to each well. A
3-(4,5-dimethylthiazol-2yl)-diphenyltetrazolium bromide solution (10 pL) was then added to the
well, and allowed to incubate for 3 h. At the end of incubation period, DMSO (100 pL) was
added to the media. Dissolution of the formazan crystals was facilitated by constant agitation of
the well plate on an orbital shaker for 20 min. The absorbance was measured on an Infinite200
microplate reader (Teacan Group Ltd., Switzerland) at 570 nm.

The cytotoxicity of the cBPLP degradation products was also evaluated with MTT
assay. cBPLP-Cys and cBPLP-Ser films with oven crosslinking for 4 days were incubated in 0.1
M NaOH for accelerated degradation. Following complete polymer degradation, the pH of the
solution was adjusted to 7.4 with 0.1 M HCI. The degradation solutions were then diluted in
complete media into various concentrations to create the cytotoxic media. All solutions were
passed through a 0.22 um syringe filter for sterilization. Next, approximately 10,000 3T3 mouse
fibroblasts were seeded into each well of a 96-well plate and incubated for 24 h to reach a 60%
confluence. After 1 day of culture, the normal media was replaced with 200 pL of cytotoxic
media, and cells were allowed to incubate for an additional 4 h and 24 h. MTT assay was
performed on each time point in the same way mention above. The degradation products of
PLLA were used as a control. Viability of cells in the presence of degradation products was

normalized to the viable cells cultured with complete media only.
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3.2.8 In Vivo Imaging of Tumor Targeting

For nanoparticle bioimaging in vivo, BPLP-Ser 1.2 nanopatrticles (2% wt in DI Water, 80
nm in diameter) were sterilized by filtering through a syringe filter (0.22 um) and injected
subcutaneously in Black mice (C57BL/6 J). 100 pL of nanoparticle solution was injected at each
spot. The mice were then imaged using a Kodak Imaging System, as described previously
immediately after the implantation. To evaluate the in vivo tumor targeting efficiency of BPLP
nanoparticles via Enhanced Permeability and Retention (EPR) effect, BL6F10 malenoma cells
were implanted orthotopically on the back of Black mice. After the size of tumor reached 1 x 1 x
1 cm® 100 puL of BPLP-Ser nanoparticle solution was injected intravenously via tail. The
accumulation of nanoparticles on tumor site was monitored at pre-determined time point.
Animals were cared for in compliance with the regulations of the animal care and use committee
of The University of Texas at Arlington.
3.2.9 Statistical Methods

Data ware expressed as means + standard deviation. The statistical significance
between two sets of data was performed using two-tail student’s t-test or non-parametric one-
way ANOVA tests. Data were considered to be significantly different, when p < 0.05 was
obtained.

3.3 Results and Discussion

Although traditional fluorescent dyes, such as quantum dots and small organic dyes
have been widely used in biomedical application, they have to be incorporated with other
implantable materials to accomplish the task. There has been tremendous research on
combination of biodegradable polymers and fluorescent dyes [79, 100, 158]. However, the
incorporation of biodegradable polymers will have some negative effect on property of
fluorescent dyes in both photophysical and physicochemical way [79]. Many efforts have been
made to develop implantable and biodegradable polymers with inherent fluorescence.

Unfortunately, there has not been any report of such material to our knowledge.
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3.3.1 Characterization of Chemical Structure

-C=0
—— BPLP-Cys
-CONH —— BPLP-Thr
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Figure 3.3 FT-IR Spectra of BPLP-Cys, BPLP-Thr, and BPLP-Ser

FT-IR spectrum of BPLP-Cys, BPLP-Ser, and BPLP-Thr is depicted in Figure 3.3. It
show the presence of -C(=O)NH- at 1,527 cm™, -C=0 at 1,731 cm™, -CH,- at 2,931 cm™, and —
OH at 3,467 cm™. The formation of amide bond confirms the successful corporation of amino
acids into the polymers. In the 'H-NMR spectrum of BPLP-Cys (Figure 3.4), peaks at 1.23 ppm
and 1.50 ppm represent -CH,- from 1,8-octanediol, and the multiple peaks at 2.75 ppm
represent —CH,- from citric acid. Interestingly, release of hydrogen sulfide was detected by
hydrogen sulfide test strip during the synthesis of BPLP-Cys (Figure 3.1C). Two small peaks at
5.85 and 6.57 ppm was assigned to —(C=CH,)- from cysteine [165]. In the BC-NMR spectrum of
BPLP-Cys (Figure 3.5), the peaks = 170 ppm were assigned to carbonyl (-C=0) groups from
citric acid and cysteine. The peaks = 63.8 ppm and 28.5 ppm were assigned respectively to —O-
CH,CH,- and —O-CH,CH,- from 1,8-octanediol. The —C(=0)-CH,- carbon from citric acid was
assigned to the peak at 61.2 ppm. The —NH-CH- carbon from cysteine was assigned to the

peak at 54.5 ppm. There were 4 peaks assigned to the central carbon atom of citrate units in
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various chemical environments (inset of Figure 3.5). Peaks at 72.9 and 73.4 ppm were assigned
to central carbon when —COOH and —OH group on the central carbon was reacted with 1,8-
octanediol and remained unreacted respectively. Those two peaks were also found on **C-NMR
of pre-POC. Peaks at 72.1 and 72.4 ppm were assigned to the central carbon when it formed
amide bond with cysteine only and a six-member ring structure respectively. The “*C-NMR
results suggests the presence of a 6-membered ring formed on BPLP-Cys as depicted in Figure
3.1B. This ring structure is proposed to be the fluorophore of BPLP, which will be discussed in
next section. The number average molecular weight of BPLP-Cys measured by MALDI-MS was

1,334 Da.

BPLP-cys ‘H-NMR

7.0 6.0 5.0 4.0 3.0 2.0

Figure 3.4 "H-NMR spectra of BPLP-Cys
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Figure 3.5 "*C-NMR spectra of BPLP-Cys
3.3.2 Fluorescent Properties
Fluorescent properties of every synthesized BPLP were listed in Table 3.1. Polymers
include BPLPs with 20 essential amino acids, wsBPLP-Cys, and pcBPLP-Cys. All 22 polymers
have significant fluorescence. This indicates that fluorescence of BPLPs can be control by using
different amino acids. It is not only restricted within 20 essential amino acids, but also includes
large pool of unessential ones.

Table 3.1 Fluorescent properties of BPLPs

Extinction Quantum
Name Diol Diacid Amino Acid Coefficient .
(M em™) Yield (%)
HO. (o) (0]
wsBPLP- | A9~"on ”OMOH Ho*ﬁsﬁ
Cys n I \H, 67.3 32.3
PEG Citric acid L-Cysteine
Citric acid 0.2
+
pchI;’SLP- HOHEQH Op—P° L-Cysteine 90.2 11.1
1,8-octanediol HO OH
Maleic acid 0.8
(o]
BPLP-Ala 1,8-octanediol Citric acid HO/\S)\ 6.2 5.3
NH,
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Table 3.1 — Continued

Alanine
NH
. i . HO NJ\NhQ
BPLP-Arg | 1,8-octanediol Citric acid N, 4.6 0.9
Arginine
(0]
NH,
BPLP-Asn | 1,8-octanediol Citric acid Hom 16.6 11.0
2
Asparagine
(0]
OH
BPLP-Asp | 1,8-octanediol Citric acid ”Om 170.2 11.3
2
Aspartic acid
O
BPLP-Cys | 1,8-octanediol Citric acid ”O)KNQS” 90.2 62.3
L-Cysteine
(] (]
BPLP-Glu | 1,8-octanediol Citric acid HOWOH 17.8 0.3
Glutamic acid
(0] (0]
BPLP-GIn | 1,8-octanediol Citric acid Ho NH, NH: 14.4 13.9
Glutamine
o)
BPLP-Gly | 1,8-octanediol Citric acid HOJK/NH2 679 10.9
Glycine
(0]
N
BPLP-His | 1,8-octanediol |  Citric acid Hom,?H 7.2 1.9
2
Histidine
0
BPLP-lle | 1,8-octanediol Citric acid “Okﬁv 9.2 1.2
2
Isoleucine
(o]
BPLP-Leu | 1,8-octanediol Citric acid "o 4.8 1.0
2
Leucine
[e]
NH,
BPLP-Lys | 1,8-octanediol Citric acid “OJ\m 3.2 9.4
Lysine
O
S
BPLP-Met | 1,8-octanediol |  Citric acid “Okp ~ 8.4 05
2
Methionine
O
BPLP-Phe | 1,8-octanediol |  Citric acid "l 4.6 0.8

Phenylalanine
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Table 3.1 — Continued

BPLP-Pro | 1,8-octanediol Citric acid HO 10.6 0.4

o
ZT

Proline

3

BPLP-Ser | 1,8-octanediol Citric acid HO OH 97.8 26.0

NH,
Serine

<

BPLP-Thr | 1,8-octanediol Citric acid HO OH 84.0 34.2

NH,
Threonine

o

HO

BPLP-Trp 1,8-octanediol Citric acid N, 93.8 12.1
Tryptophan

z
I

OH

e

BPLP-Tyr | 1,8-octanediol Citric acid HO 2.4 3.1

NH,
Tyrosine

bo

BPLP-Val 1,8-octanediol Citric acid HO 22.6 1.0

NH,
Valine

The successful fabrication of films, scaffolds, gel, and nanoparticles demonstrated the
good processability of BPLPs. Strong fluorescence of BPLP was inherited to all forms of
products. The exc and emi spectra were depicted in Figure 3.6, and final form of each product
was put in inset. Compared with fluorescence of BPLP-Cys in solution, the optimal emission
wavelength remains the same for all products. It demonstrated that fluorophore was preserved
intact through fabrication procedure. Those results indicated that BPLP is an implantable and
ready to use material with strong inherent fluorescence. However, there is significant lost in
fluorescent intensity for all products compared to the solution. This is because of the self-

qguenching of fluorescence when fluorophore are getting too close to each other [166].
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Figure 3.6 Emission Spectra of (a) BPLP-Cys Solution and (b) BPLP-Cys Film. Excitation and
Emission Spectra of (d) BPLP-Cys Scaffold, (d) BPLP-Cys Nanopatrticles, and (e) pcBPLP gel.

3.3.3 Mechanical Properties

Figure 3.7 shows the tensile strength and the Young’'s modulus of BPLP-Cys films with
different postpolymerization time. The tensile strength ranged from 2.44+0.28 MPa to 4.54+0.59
MPa. Young’s Modulus was in a range of 1.96+0.04 MPa to 5.88+0.35 MPa. It was found that
the tensile strength and the modulus of BPLP-cys increased with an increased
postpolymerization time. However, it caused a decrease of elongation from 137.61+13.27 to
82.02+13.63. Mechanical properties can also be controlled by feeding ratio of cysteine (Figure
3.8). With increased feeding ratio of cysteine, both strength and elasticity of BPLPs have
significantly increased. After 2 d of postpolymerization, BPLP-Cys 0.8 has a tensile strength of
7.35+0.58, Young’'s modulus of 5.05+£0.28, and elongation of 222.341+6.711%. Those results
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indicated that the mechanical properties could be adjusted by varying ratios of monomers and
by altering polymerization conditions. Increased amount of cysteine will result in more amide
bonds, which will increase the mechanical property of polymer. Film of BPLP-Cys can be
elongated up to 222%, which is comparable with reports of such values for arteries and veins
[50]. Although pre-BPLPs have low molecular weight and sticky nature, postpolymerization

improves the processability, and makes BPLP an implantable material.
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Figure 3.7 Mechanical Properties of BPLP-Cys 0.2 Films with Different Oven Crosslinking Time
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3.3.4 In vitro degradation

Degradation studies were conducted in PBS on both pre-BPLPs and oven crosslinked
BPLP (Figure 3.9). All of the polymers reached complete degradation after certain time period.
Prepolymer degraded within 22 days in PBS. As an important parameter for biodegradable
implant, degradation rate is always the concern for choosing right materials [167, 168].
Degradation rate of BPLPs can be tuned by many ways, such as feeding ratio and
postpolymerization time. Previous studies show that reaction between the amine and citric acid
will first happen to the side carboxyl group from citric acid [169, 170]. This fact will have two
consequences. Firstly, the amidation on the side will not affect the degradation of polymer
backbone. Therefore, with an increased feeding ratio of cysteine, pre-BPLP-Cys 0.6 reached full
degradation 4 days faster than per-BPLP-Cys 0.2 (Figure 3.9A). Secondly, the occupation of
side chain of citric acid will results in a lower crosslinking density. Although BPLP-Cys 0.8 had
higher mechanical property than BPLP-Cys 0.2 after 4 days postpolymerization, it degraded 8
weeks faster (Figure 3.9B). The manipulation of degradation rates confers BPLP great potential

for various biomedical applications that require different degradation rate.
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Figure 3.9 In vitro degradation of BPLP-Cys (a) Prepolymer and (b) with 4 day
postpolymerization

The fluorescence change over degradation in PBS was also studied. From Figure 3.10,

fluorescence of BPLP-Cys dimed completely with full degradation. At the beginning of
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degradation, fluorescence showed a slow decrease compared to the degradation rate. This is
because that amide bond involved in 6-membered ring is more resistant to hydrolysis than ester
bond. After degradation reaches 50%, fluorescence showed a dramatically decrease due to the

cleavage of most polymer backbone
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Figure 3.10 Fluorescence change of BPLP-Cys prepolymer over degradation in PBS

3.3.5 In vitro cytotoxicity

In order to analyze the cytocompatibility of BPLP-cys, the 3T3 cells were grown on
BPLP-Cys and Ser films. POC and PLGA were used as controls. Cell adhesion and proliferation
were quantitatively evaluated by MTT assay (Figure 3.11A). After 1 d cell culture, both BPLP-
Cys and BPLP-Ser showed a higher cell adhesion than POC and PLGA. Viable cell numbers on
BPLP films were significantly higher than those on controls POC film and PLGA film after 3, 5,
and 7 d of cell culture. The morphology of 3T3 on BPLP films were observed by SEM. Images
(Figure 3.12) of the cells grown on BPLP-cys films showed the morphology healthy fibroblast
after 2 d cell culture. The confluent cell layer can be observed after 6 d. The results
demonstrated that BPLP films supported 3T3 mouse fibroblast adhesion and proliferation.
Cytotoxicity of degradation products is also important. Cytotoxicity evaluation for degradation
products suggested that the degradation of BPLPs and crosslinked BPLPs generated similar

cytotoxicity to the controls POC and PLGA (Figure 3.11B).

70



(b) Il POC 80°C 4days

@ 40, EERPOC film "~ 160 JHE CBPLP-Cys0.2 80°C 4days

[ CBPLP-Cys0.2 film (80°C 4 days) S5 [ CBPLP-Ser0.2 80°C 4days 4
0.351 [ CBPLP-Ser0.2 film (80°C 4 days)
0.304 I PLGA film
® 0.254
8
3 0.204
? 0.151
e}
< 0.10;
0.054
0.004
2X 10X 50X 100X
Culture time (Day) Dilution of degradation products

Figure 3.11 In vitro study of cytotoxicity (a) Cell viability and proliferation assay (MTT assay) for
3T3 fibroblasts cultured on BPLP-Cys film. (b) Cytotoxicity evaluation of degradation products of
BPLPs (-Cys and -Ser) and crosslinked BPLPs (-Cys and -Ser) at 2x, 10x, 50x and 100x
dilutions. All the values of absorbance were normalized to the PLGA at 100x dilution. **p<0.01,
*p<0.05, #p>0.05; N=6.

3.3.6 In vivo Imaging

In vivo imaging studies has also been conducted for further evaluation. Different
concentrations of BPLP-Ser nanoparticles were injected subcutaneously onto the back of Black
mice (C57BL/6 J). The fluorescent intensity showed a linear relation with the concentration of
BPLP nanoparticles (Figure 3.13a). The in vivo cancer targeting of BPLP nanoparticles via an
enhanced permeability and retention effect (EPR) [171] was studied by implanting melanoma
skin tumors onto the backs of black mice (C57BL/6 J). After intravenous injection of the
nanoparticle solution via the tail vein, the mouse was observed for 40h. After 18h a significant
increase of fluorescent intensity indicated a remarkable accumulation of BPLP-Ser
nanoparticles at the tumor site (Figure 3.13b) (Point of Interest). The results proved that BPLP-
Ser nanoparticles could be effectively targeted to tumor site through the EPR effect, and with

sufficient functional groups on the surface, BPLP-Ser nanoparticles can be conjugated with

variety of tumor specified moieties to further enhance the targeting efficiency.
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Figure 3.12 SEM images of 3T3 fibroblasts cultured on BPLP-Cys films (a) 2 days and (b) 6
days

500.00 1375.00 225000 3125.00 4000.00

(B)  Before 30min 18hr 24hr 40hr

9200 1450 2000 2550 3100

Fig 3.13 In vivo imaging study (a) BPLP-Ser nanoparticles with different concentration injected
subcutaneously on the back of white mouse (b) In vivo cancer targeting of BPLP-Ser
nanoparticles. Photoluminescence of cancer implantation site was recorded at different time
point. Exc/emi pair is 550nm/600nm.
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3.4 Conclusions

We described the methodology of a family of aliphatic biodegradable photoluminescent
polymers that emit tunable, strong, and stable fluorescence. The synthesis and fabrication of
BPLPs was straightforward and cost-effective. BPLP families possess excellent processability
for micro/nano fabrication and desired mechanical properties, potentially serving as implant
materials and bioimaging probes in vitro and in vivo. The development of BPLPs represent a
new direction in developing biodegradable materials and may have wide impact on basic
sciences and a broad range of applications such as tissue engineering, drug delivery, and

bioimaging.
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CHAPTER 4
FLUORESCENT MECHANISM OF BIODEGRADABLE PHOTOLUMINSCENT POLYMERS
4.1 Introduction

Before putting any fluorescent materials into application, the fluorescent mechanism is
always the first puzzle to put on. To better exploit this promising fluorescent property of BPLPs,
the following sections will be addressed to explore its fluorescent mechanism and the structure
fluorescence relationship. Series of BPLPs will be synthesized with expressly selected start
monomers to conclude the general fluorophore. The understanding of structure and
fluorescence relationship will be studied in detail, thereby allowing for manipulation of BPLPs to
fit for a particular bioimaging application at will.

4.2 Attempts to Explore Fluorophore

4.2.1 Introduction

All fluorescent materials can be concluded into two categories, inorganic and organics.
Accordingly, there are two fluorescent mechanisms for each category.

Quantum dot (Qdots) is the major type of inorganic semiconducting fluorescent
materials. It not only includes cadmium selenide (CdSe) but also of many other semiconducting
materials derived from the Il and VI elemental groups (CdTe, CdS, CdHg, ZnS) and Ill and V
elemental groups (InAs, InP, GaAs) of periodic table [172]. The key word for their fluorescent
mechanism is energy gap. All semiconductors have an energy gap (Eg) (Figure 4.1a) between
conduction band and valence band. When a photon is absorbed, the electron can be excited
into conduction band, and leave a hole on valence band. Why only Qdots have fluorescence
while bulk semiconductors don’'t? This question leads us to another key word, quantum
confinement. In the case of Qdots, the separation between excited electron and hole is smaller

than their Bohr radius so that the exciton was squashed into a smaller space with more energy
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[173]. Therefore, the emission of Qdots is size dependent. The smaller size is, the more
energetic exciton is, and more blue-shifting emission is. On the contrary, the bigger size is, the
more red-shifting emission is. The tunable fluorescence of Qdots has been investigated for
multicolor fluorescence imaging of cancer cells under in vivo conditions [69]. Since different
compositions vary in energy gap, from 0.14 (HgTe) to 3.8 (ZnS) [174, 175], range of emission is
different for each Qdots. For example, CdSe can emit from 470nm to 670nm, with a size
change from 2nm to 8nm, whereas, PbSe can emit from 1120nm to 1320nm, with a size change
from 3nm to 4nm. Generally, small energy gap leads to higher emission wavelength. Recently,
quantum dots are capped with a shell of another semiconductor, mostly ZnS [111]. In the case
of CdSe core/ZnS shell, quantum yield was raised from 5-15% to 30-50%, and the emission

range was also moved to a higher emission.
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Figure 4.1 Fluorescent mechanism (a) Fluorescent Mechanism of Quantum Dots, (b)
Delocalized Electron Structure of Benzene

Organic fluorescent materials include fluorescent polymer, small molecule dye, and
green fluorescent protein. The widely accepted fluorescent mechanism is the conjugation
system. According to International Union of Pure and Applied Chemistry, conjugation is the
overlap of one p-orbital with another across an intervening sigma bond. Therefore, organic
compounds with alternating single and multiple bonds, normally an aromatic ring obeying
Huckel's rule [162], have a system of connected p-orbitals and allow a delocalization of 1
electrons across the system (Figure 4.1b). Structure of some traditional small molecule dye is
listed in Figure 4.2. The energy gap of these materials is created by the conjugated 1 system.

The more extended conjugation system is, the more red-shifting emission is. Although small
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molecular dye has totally different content from Qdots, they have some drawbacks in common,
such as cellular toxicity, and poor physical and chemical stability. Therefore, they both have

been studied extensively to incorporate with biodegradable polymer for bioimaging application.

-0 Oz
N 'O’ﬁ §‘“0Na+
Cas (0] 0 SO,CI
FITC Indocyanine Green Texas Red

Figure 4.2 Chemical structure of traditional small molecular dye (red represents the conjugated
system)

Fluorescent polymers can be divided into two classes. One is having conjugated
system pendent to the backbone (Figure 4.3). The other one is with the conjugated system
along the backbone, like Poly (p-phenylene vinylene) (Figure 4.3). The fluorescent mechanism
is the same as small molecular dye. Recently, there is a new family of fluorescent dendrimers
with the tetramine group, including poly (amido amine) (PAMAM), poly (propyleneimine) (PPI),
and poly (ethyleneimine) (PEI). The first proposed fluorescent mechanism was the oxidation of
hydroxyl end groups of PAMAM [176]. This hypothesis was later disproved by Imae’s group that
PPl and PEI with various end groups can emit blue fluorescence [97]. With more detail studies,
Imae et al. [99] found that a more rigid, crowded structure of tertiary amines exhibits a higher
fluorescence yield. Although the fluorescent mechanism still remains unclear, the tertiary amino
on the dendritic backbone is speculated to be the key of fluorescence [99], which is still under

the rules of conjugation.
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Figure 4.3 Chemical structure of fluorescent polymers, Poly(2-vinylnaphthalene), Poly(9-
anthracenylmethyl acrylate), and Poly(p-phenylene vinylene) (from left to right) (red represents
the conjugated system)

With the tremendously increased researches on Green Fluorescent Protein (GFP), the
fluorescent mechanism has been studied in details. Although there are still some arguments,
researchers have agreed on a cyclic ring fluorophore, p-hydroxybenzylideneimidazolinone
[134]. With the well-done study on the primary, secondary, tertiary, and quaternary structure of
GFP, the cyclic ring is composed of residue Ser or Thr65, Try66, and Gly67. Figure 4.4
illustrates the currently accepted mechanism of the fluorophore formation. After a series of
folding, cyclization, dehydration, and aerial oxidation [177], the conjugated system is formed. As
a nature organic compound, the fluorescent mechanism of GFP still obeys the conjugated
system. Therefore, emission of GFP can also be tuned by extended conjugation system. The
task can be achieved by oligomerization and conjugating more aromatic structure onto the
fluorophore by series of folding mutation. Gross et al. [178] has reported a red fluorescent
protein “DsRed”. The red fluorophore results from the autonomous multi-step post-translational
modification of residues GIn66, Tyr67, and Gly68 into an imidazolidinone heterocycle with p-
hydroxybenzylidene and acylimine substituents. Shaner et al. [70, 72] has concluded

monomeric fluorescent proteins that emit from yellow to red.
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Figure 4.4 Formation and final chemical structure of the fluorophore of GFP

4.2.2 Experimental

Ser or Thr65 -_
R=H or Me H OH

Cyclization

Gly67

Tyr66 O

@/MN/%

NS S

R
N

4.2.2.1 Synthesis of BPLP with Different Monomers

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received, except where mentioned otherwise. To explore the chemical structure of fluorophore,
various BPLPs were first synthesized by incorporating different monomers via controlled
condensation reaction (Figure 2.5) in the same manner as previously described. Various pre-

BPLP polymers were synthesized with different monomers, listed in Table 4.1. The overall ratio

between diol, diacid, and amino acid was kept at 1.1:1:0.2.

4.2.2.2 Fluorescent Property of BPLPs Characterization

Photoluminescence spectra of all BPLPs were acquired on a Shimadzu RF-5301 PC
fluorospectrophotometer. All polymers were dissolved in 1,4-dioxane and concentration was

finalized at 2% (w/v). Both the excitation and the emission slit widths were set at 1.5 nm for all
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samples unless otherwise stated. Optimal emission wavelength, quantum vyield, and extinction
coefficient were measured in the same manner as previously described.
4.2.3 Results and Discussion

The fluorescence of all BPLPs was listed in Table 4.1. We have demonstrated that poly
(octamethylene citrate) (POC) synthesized from citric acid and 1,8-octanediol only had
negligible fluorescence. Water-soluble BPLP (wsBPLP) was synthesized with 1.8-octanediol
replaced with PEG 200. WsBPLP-Cys has strong fluorescence at 434nm, which is same as
regular BPLP-Cys. BPLPs-Cys synthesized with poly(propylene glycol) also has the optimal
emission wavelength at 434nm. It can be concluded that diol has no contribution of fluorophore.
Although citric acid has a melting point at 159 °C, there are reports that it has potential to have
thermo-decomposition at lower temperature [179]. To eliminate the effect of decomposition,
BPLP-Cys was synthesized under 110 °C, under which no decomposition of citric acid has been
reported. The resulted polymer also has same fluorescence as regular synthesized BPLP-Cys.
Thus, it has been proved that decomposition has no effect on fluorescence. Fluorescent
intensity of BPLPs can be tuned by feeding ratios of amino acid. UV-Abs spectra of BPLP-Cys
and BPLP-Ser with different ratio of amino acids were plot in Figure 4.5. It was found that
absorbance at optical excitation wavelength was in proportion to the feeding ratio of amino
acids. This result further confirmed the hypothesis that the fluorophore is closely related to
amino acid.

Table 4.1 Fluorescent properties of BPLPs synthesized with different monomers

Optimal Quantum Extinction
Diol Diacid Amino Acid Emission : Coefficient
Yield 1.
(nm) (M~ cm™)
HO.__O o
° oy
A9 on I ”O)SNHAS“ 434 32.3% 67.3
2
PEG Citric acid L-Cysteine
O
/é OH L .
n Citric acid L-Cysteine 434 26.1% 58.1
PPG
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Table 4.1 — Continued

HOMSOH Citric acid L-Cysteine 434 62.3% 115.4
1,8-octanediol
Citric acid 0.2
+
1,8-octanediol Oy, — P L-Cysteine 434 11.1% 90.2
Maleic acid 0.8
Os_OH
B
1,8-octanediol . No Distinctive Fluorescence
HO OH L-Cysteine
Tricarballyic acid
o)
HO
1,8-octanediol I OH L-Cysteine No Distinctive Fluorescence
Succinic acid
O NH,
1,8-octanediol Citric acid HO)_J\)\_ No Distinctive Fluorescence
3-aminobuanic
acid
o)
1,8-octanediol Citric acid HO s OH 434 70.2% 109.37
2
a-methyl-serine

To understand the structure-property relationship of the pendant functional groups
provided by citric acid, tricarballylic acid and succinic acid (Table 4.1) were used to replace citric
acid, but neither of the resulting polymers has distinct fluorescence (Figure 4.6A). A
fundamental hypothesis can be drawn from those simple reactions in that the side carboxylic
and hydroxyl group from citric acid, together with an amino acid, results in fluorescence. All 20
essential a-amino acids have distinct fluorescence, especially glycine (the only achiral nature
amino acid). This further excludes the R group of the amino acid from the list of indispensables.
Amidation and esterification are two possible reactions among amine, hydroxyl, and carboxyl
group. Considering the reacting rate and energy, the fastest reaction is between the amine and
the side carboxyl group from citric acid [169, 170] . Based on product of this amidation, we
hypothesize a 6-membered ring structure to be the fluorophore (Figure 4.7). This hypothesis

was supported by the result that the additional methylene group from 3-amino acid switched off
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the fluorescence due to a seven-member ring structure, which is unstable in nature. Due to the

special chemical environment, a-H of a-amino acid contributes important chemical properties.

To eliminate the contribution of a-H to the fluorophore, a-methyl-serine (Table 4.1) was used to

synthesize BPLP-MSer. From Figure 4.6B, BPLP-MSer still had even higher fluorescent

intensity than BPLP-Cys at 434 nm. This result indicated that a-H has no contribution to the

fluorophore. Another unique property of amino acid is that all a-amino acids have two isomers

except for glycine. To demonstrate the effect of isomerism on fluorescent property, L-serine, D-

serine, and DL-serine have been used for synthesis. From emission spectra (Figure 4.6C),

there was no significant difference of optimal emission wavelength and fluorescent intensity.

This result indicated that isomerism was irrelevant to the fluorescence of BPLPs.

@

Abs (a. u.)

0+

——BPLP-Cys 0.8
——BPLP-Cys 0.6
——BPLP-Cys 0.4
——BPLP-Cys 0.2
—— BPLP-Cys 0.05

200

400 500 600 700
Wavelength (nm)

Abs (a. u.)

——BPLP-Ser 0.8
—— BPLP-Ser 0.6
——BPLP-Ser 0.4
—— BPLP-Ser 0.2
—— BPLP-Ser 0.05

0
200 300 400

Wavelength (nm)

600 700

Figure 4.5 UV-Vis absorbance spectra of (a) BPLP-Cys and (b) BPLP-Ser with different feeding
ratio of amino acids
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Figure 4.6 Emission spectra of BPLPs solution in 1,4-dioxane synthesized with (a) Different
diacids, (b) Different amino acids, and (c) Different optical isomers
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3C-NMR also provides evidence for the ring structure. In the **C-NMR spectrum of
BPLP-Cys (Figure 2.6), the peaks =170 ppm were assigned to carbonyl (C=0) groups from
citric acid and L-cysteine. The peaks =63.8 ppm and 28.5 ppm were assigned respectively to -
O-CH,CH,- and -O-CH,CH,- from 1,8-octanediol. The -C(=0)-CH,- carbon from citric acid was
assigned to the peak at 61.2 ppm. The —HN-CH- carbon from L-cysteine was assigned to the
peak at 54.5 ppm. There were 4 peaks assigned to the central carbon atoms of citrate units in
various chemical environments. Peaks at 72.9 and 73.4 were assigned to C1 when R' is -
(CH,)s-OH and -H respectively. Peaks at 72.1 and 72.4 ppm were assigned to C2 and C3
respectively. However, the BC-NMR of pre-POC only showed 2 peaks of central C of citrate
units at 72.9 and 73.4 ppm. The 3C-NMR results supported the presence of a 6-membered ring
formed on BPLP-Cys.

For organic compounds, conjugation is the only known law of fluorescence. The basic
requirement of a structure being conjugated is planarity. The hypothesized 6-membered ring
has a similar structure as morpholine-2,5-dione. In present case (Figure 4.7), hydrogen on C2 is
substituted with R-group, while hydrogens on C1 are substituted by polymer chains. Studies
from other groups have proven the planarity of the ring, when hydrogens on C1 and C2 have
been substituted [180]. In order to explain the conjugation of the whole ring structure, the theory
of hyperconjugation needed to be introduced. This is a well-studied phenomenon, which was
first defined by R. S. Mulliken in the late 1930s. It refers to the interaction of & with adjacent 1
orbital. There is evidence to show that hyperconjugation can not only extend the conjugation ,
but also lead to fluorescence on its own [181]. In the current 6-membered ring, the carbonyl
group on C3 and electronic pair from O1 both interact with C-C & bond on C1 to form

hyperconjugation to explain the conjugation of 6-membered ring.

83



C2
0 s~
o) N:/C3
Cl\ e}

Red part from amino acid
Blue part from citric acid

Figure 4.7 Hypothesis of 6-membered Ring as Fluorophore

4.2.4 Conclusion

In this section, a series attempts have been made to obtain the chemical structure of
fluorophore. All the possible reactions among monomers have been examined. The contribution
of each monomer and functional group to the fluorophore was evaluated by being replaced by
other monomers. After synthesizing a series of BPLPs with various diacids, diols, and amino
acids, the fluorophore has been concluded as a 6-membered ring structure formed by citric acid
and L-cysteine. This ring structure has been confirmed by BC-NMR, and the conjugation has
been explained using both conjugation and hyperconjugation theory. Although no direct
characterization has confirmed the structure of this 6-membered ring, it has so far been the
most plausible fluorophore structure.

4.3 Factors Affecting Fluorescence

4.3.1 Introduction

As we discussed above, the fluorescent properties of all fluorescent materials can be
manipulated in respective ways. Since fluorescence of quantum dots is directly affected by Bohr
Radius, size of the quantum dots is the decisive factor to the emission of fluorescence. Due to
the different range of Bohr Radius, each quantum dot has unique range of fluorescence. For
example, with controlled size, CdS has a range of emission from 400 to 460 nm [172]. By

changing the anionic substances, CdSe has a fluorescence at 460~660 nm, while it moves to
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530~750 nm for CdTe [172]. With different semiconducting element, PbSe has a range of
emission from 1120~1330 nm [172]. Recently, quantum dot with a core-shell structure has been
widely studied. The shell is composed of a few atomic layers of a material with a larger band
gap on top of the quantum dot core. Materials normally used for coating layer are CdSe and
ZnS [79, 120]. Physicochemically, it efficiently averts surface defects, and protects the surface
atoms from oxidation. Photophysically, the quantum vyield and photostability can be greatly
improved, and emission can shift to red [79]. For example, the range of emission of CdTe
moves from 530~750 nm to 630~860 nm with a CdSe layer [172].

Different from quantum dots, fluorescence of organic materials is determined by
conjugation system. As discussed above, larger conjugation system has more room for the
movement of delocalized electrons, thus, leading to a red shift of emission. Based on chemical
structure, organic dyes can be divided into several classes, cyanine, porphyrin, squaraine,
BODIPY, and xanthenes. All the commonly used dyes are derivates from these classes, such
as indocyanine green from cyanine, fluorescein and rhodamineB from xanthenes. To
manipulate the emission, different chemical modifications have been made upon traditional
dyes to expend conjugation system. Series of commercial organic dyes have been developed,
such as Cy® and Alexa Fluor® by Molecular Probes, and DyLight® by Thermo Fisher Scientific.
For example of Cy3 and Cy5, with extension of a propylene group, emission moves from 570
nm of Cy3 to 670 nm of Cy5 [182]. Following the same theory, emission of fluorescent polymers
can also be manipulated. With different molecular weight and modification of pendant groups,
Poly (p-phenylene vinylene) is able to emit from yellow to red [183]. For another special class of
fluorescent materials, fluorescent mechanism of Green Fluorescent Protein (GFP) has been
discussed above, and its fluorophore also follows the role of conjugation system. Due to the
can-core structure of GFP [134], chemical modification is difficult to reach the fluorophore.

Therefore, by changing sequence of GFP (mutation) and secondary structure (folding), and
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formation of oligomer, emission of fluorescent protein can be tuned from 440 nm (EBFP) to 650
nm (mNeptune) [184].

In the case of BPLPs, the fluorescence can be manipulated in several ways, such as
control of initial feeding ratio and using different amino acid. It is noteworthy that BPLP-Ser and
BPLP-Cys has different behavior under continuous changing excitation. BPLP-Cys has a fixed
emission at 434 nm, independent from concentration, feeding ratio, and excitation. On the other
hand, emission of BPLP-Ser is dependent on various factors. Most remarkably, the emission is
able to shift as red as 725 nm [52]. This phenomenon demonstrates that BPLP has its own way
to make itself fluorescent at near infrared without any modification of fluorophore. As the
tremendously growing of near infrared fluorescent materials development, BPLP-Ser has a
great potential as a biodegradable NIR dye for biomedical application. The following sections
will synthesize a series of BPLPs with different amino acids. The fluorescent property of those
polymers will be studied to explore the fluorescence-structure relation of BPLP.

4.3.2 Experimental

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), except where
mentioned otherwise. To study the fluorescence of BPLP-Cys, three s-containing amino acids
were involved in synthesize. They are Homocysteine, S-methyl-cysteine, and Penicillamine,
yielding BPLP-HMCys, BPLP-SMCys, and BPLP-Pen, respectively (Table 4.2).

Photoluminescence spectra of all BPLPs were acquired on a Shimadzu RF-5301 PC
fluorospectrophotometer. All polymers were dissolved in 1,4-dioxane and concentration was
finalized at 2% (w/v), except where mentioned otherwise.

Table 4.2 Excitation dependent emission of BPLPs with different a-amino acids

Polymer Amino acid Excitation Dependent Emission
o)
BPLP-Cys HO SH No
NH,
L-Cysteine
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Table 4.2 — Continued

(0]
BPLP-Ser HOMOH Yes
NH,
L-Serine
(@]
BPLP-MSer HOWOH No
NH,

a-methyl-serine

(@]
SH
BPLP-HMCys HOM No
NH,

Homocysteine

(0]
-~
BPLP-SMCys HO)K(\S Yes
NH,

S-methyl-cysteine

BPLP-Pen HO Yes
NH,

Penicillamine

4.3.3 Results and Discussion

The emission spectra of BPLP-Cys, BPLP-Ser, BPLP-MSer, BPLP-HMCys, BPLP-
SMCys, and BPLP-Pen with changing excitation wavelength have been shown in Figure 4.8
and 4.9. All involved BPLPs have distinctive fluorescence. The spectra of those polymers
showed that only BPLP-SMCys has excitation dependent emission similar to BPLP-Ser, while
all the rest showed no excitation dependence. More important is that all the excitation
independent BPLPs show similar emission around 435 nm. It can be assumed that all the
excitation independent BPLPs have some similarity in structure. It was found that hydrogen
sulfide was released during the synthesis of BPLP-Cys. This phenomenon gives us a clue that
release of hydrogen sulfide leaves a double bond attached to the fluorophore. This is further
confirmed on *H-NMR (Figure 2.6) with two peaks at 5.85 and 6.57 ppm [[165]]. In the case of
BPLP-Ser, due to the higher bond energy of C-O than C-S, the elimination of one molecule of
H,0 is more difficult than hydrogen sulfide, which has a boiling point of only 60°C. Considering

the steric hindrance of polymer chain and lack of strong base, the elimination of hydrogen
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sulfide is believed to go through E1 mechanism, during which a carbocation was formed as
intermediate. In order to form the most stable carbocation, Wagner-Meerwein rearrangement
has taken place, and is illustrated in (Figure 4.10). For BPLP-Cys, the thiol group first leaves the
structure, and forms a carbocation. This primary carbocation is the least stable form. Therefore,
it will migrate to form a more stable tertiary carbocation. Since tertiary carbocation is the most
stable, second step of E1 elimination will happen on this tertiary carbocation. Thus, a double
bond will be formed pendent to 6-membered ring. Same carbocation rearrangement also
happens to BPLP-HMCys (Figure 4.10). Only difference is that there are two step of
rearrangement. As illustrated in Figure 4.10, the primary carbocation will first be formed and
rearrange to form a more stable secondary carbocation. Then, a second rearrangement will
take place to form the tertiary carbocation. The elimination will happen on this carbocation. For
BPLP-Pen, when the thiol group leaves, a tertiary carbocation will be directly formed. Thus,
there is no rearrangement happen in the synthesis of BPLP-Pen. In the case of BPLP-SMCys,
the alkanethiol group is not able to leave as easily as thiol group. Therefore, no elimination will
take place. Interestingly, BPLP with a non s-containing amino acid, a-methyl-serine (MSer), has
the exactly same emission wavelength as BPLP-Cys. Its emission is also independent from
excitation. Therefore, it can be hypothesized that BPLP-MSer should have the similar structure
to BPLP-Cys. As illustrated in Figure 4.10, the hydroxyl group leaves the structure and forms
primary carbocation. After one-step rearrangement, the tertiary carbocation is formed and
elimination takes place. After elimination, all the fluorophores have a double bond that extends
the conjugation system. This may also explain the enhanced fluorescence of BPLP-Cys and

BPLP-MSer.
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Figure 4.8 Emission spectra under different excitation of (a) BPLP-Cys, (b) BPLP-Ser, (c)
BPLP-MSer, (d) BPLP-HMCys, (e) BPLP-SMCys, and (f) BPLP-Pen. (2% w/v)

89



Emi (a. u.)

500
Wavelength (nm)

700

Phase Il

300 400 500 600 700
Wavelength (nm)

—— exc 280nm
— exc 300nm

exc 320nm

—— exc 340nm
—— exc 360nm
—— exc 380nm
—— exc 400nm

exc 420nm

—— exc 440nm
—— exc 460nm

exc 480nm

—— exc 500nm
— exc 520nm
—— exc 540nm
—— exc 560nm
—— exc 580nm

exc 600nm

—— exc 620nm
—— exc 640nm
—— exc 660nm
—— exc 680nm

800

exc 280nm
— exc 300nm
—— exc 320nm
—— exc 340nm
—— exc 360nm
—— exc 380nm
exc 400nm
—— exc 420nm
—— exc 440nm
— exc 460nm
—— exc 480nm
—— exc 500nm
—— exc 520nm
—— exc 540nm
exc 560nm
—— exc 580nm
exc 600nm
—— exc 620nm
—— exc 640nm
—— exc 660nm

exc 680nm

800 900

900

(b)

Emi (a. u.)

(d)

Emi (a. u.)

700
600 A
500
400+
300+
200+

100+

400+
350+
300
2504
2004
1504
100

504

exc 280nm
—— exc 300nm
—— exc 320nm
—— exc 340nm
—— exc 360nm
— exc 380nm
—— exc 400nm
exc 420nm
—— exc 440nm
—— exc 460nm
exc 480nm
—— exc 500nm
—— exc 520nm
—— exc 540nm
exc 560nm
— exc 580nm
—— exc 600nm
—— exc 620nm
—— exc 640nm
—— exc 660nm

’A\‘\;\ ——exc 6800

/

04 2 X
300 400 500 600 700 800 900

Wavelength (nm)

Phase Il —— exc3200m
—— exc 340nm
exc 360nm
—— exc 380nm
—— exc 400nm
—— exc 420nm
exc 440nm
exc 460nm
—— exc 480nm
—— exc 500nm
exc 520nm
—— exc540nm
—— exc560nm
—— exc 580nm
—— exc 600nm
—— exc 620nm
—— exc 640nm
—— exc 660nm
—— exc 680nm

0 T T
300 400 500 600

700 800 900
Wavelength (nm)

Figure 4.9 Emission Spectra under Different Excitation of BPLP-Ser with Different

Concentration: (a) 1% w/v, (b) 2% w/v, (c) 4% w/v, and (d) 6% wi/v.

90



SH ®
0 o) 0 @ 0 )
HN HN HN HN HN
— — — —
o) o] o] o) o]
o o o) o) o
SH
@
O 0} 0
HN HN HN
— —
(0] (6] (0]
o) l¢) 1) (No rearrangement)
SH ®
o o ® o o
HN HN HN HN
— — —
(0] (o] (0] (0]
(0) (0) O (0]
OH @
o o ® o o
HN HN HN HN
— —> —
O o (0] (0]
O ¢} (@) O

Fig 4.10 Wagner-Meerwein rearrangement of BPLP-HMCys, BPLP-Pen, BPLP-Cys, and BPLP-
MSer (from top to bottom)

The excitation dependent emission of BPLP-Ser is a remarkable property, not only
because it makes the fluorescence more controllable, but also pushes it into the window of near
infrared. After careful characterization, all BPLPs based on 19 essential amino acids except for
cysteine have this property. However, only BPLP-Ser still sustains strong fluorescence at near
infrared. From the emission spectra of BPLP-Ser (Figure 4.9), the emission spectra are shifting
to red with the increasing excitation wavelength. Moreover, under lower concentration (Figure
4.9A and B), the emission spectra can be analyzed in two phases. In phase |, BPLP-Ser emits

at 434 nm, with varying excitation wavelength under 434nm. This phase is similar to BPLP-Cys.
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In phase I, with the excitation higher than 434nm, it begins to show the shifting spectra with
increasing excitation wavelength. From the emission spectra of BPLP-Ser at higher
concentration (Figure 4.9C and D), the phase | begin to fade. Only phase Il can be observed
from the emission spectra of BPLP-Ser with concentration higher than 6% wi/v.

These excitation dependent emission spectra has been studied in detail and termed as
Red-Edge Effect (REE) [185-187]. It can be concluded that fluorescence spectra can depend on
excitation wavelength, when polar fluorophores embedded into different rigid and highly viscous
media [186]. It is applicable for almost all kinds of organic dyes, including small molecule dyes
[188], fluorescent polymer [186], and GFP [187]. The fluorophore of BPLPs is a pendent
structure on the polymer chain. Thus, although the concentration of BPLP-Ser is only under 8%
(w/v), the polymer backbone still provides a rigid media to the pendent fluorophore. This is
confirmed by the fact that the REE of BPLP-Ser is more distinct in higher concentration.
Fletcher [[188]] pointed out that a rotatable auxochrome (or chromophore) is necessary for a
fluorophore to have REE. This well explains that BPLP-Cys does not having REE because of
the not rotatable double bond. Consequently, all the BPLPs that go through elimination and
result in double bond do not have Red Edge Effect.

4.3.4 Conclusion

The strong fluorescence and excitation dependent emission of BPLP-Ser was explored.
After evaluating the fluorescent property of a set of BPLPs synthesized with sulfur-containing
amino acids, the occurrence of elimination was demonstrated and possible rearrangement of
carbocation was hypothesized. The happening of elimination was found to be crucial to the
excitation dependence.

4.4 Conclusion

The fluorescent mechanism of BPLPs family has been explored. The plausible general

fluorophore of this newly developed biodegradable polymer family was a 6-membered ring

structure. This ring structure is a conjugation system with both usual conjugation and
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hyperconjugation. As an organic compound, fluorescent mechanism of BPLPs follows the
theory of conjugation. The unique excitation dependent emission of BPLPs has been studied
with synthesizing a set of careful designed BPLPs. The results of fluorescent property show that
the occurrence of elimination on the fluorophore leads to the high fluorescence and excitation
independent emission of BPLP-Cys and BPLP-MSer. With no elimination of BPLP-Ser, it has a
red edge effect to yield an excitation dependent emission. This unique property confers near
infrared fluorescence on BPLP-Ser, and make it competitive candidate in various bicimaging
applications, which will be the focus of the following sections. The understanding of structure
fluorescence relationship will provide solid foundation for designing versatile biodegradable

fluorescent polymers.
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CHAPTER 5
URETHANE DOPED BIODEGRADABLE PHOTOLUMINESCENT POLYMERS
5.1 Introduction

During the last two decades, biodegradable materials have become the ideal choice for
the non-permanent biomedical device, such as tissue engineering scaffolds, drug delivery
vehicles, and bioimaging probes [32, 157, 189, 190]. Using biodegradable polymers as implant
materials is beneficial as the implants may be degraded and cleared by the body once their missions
are complete, leaving no foreign materials in the body. Large number of biodegradable polymers
has been studied for various biomedical applications. Two FDA approved biodegradable
polymers, poly (L-lactic acid) (PLLA) and poly (glycolic acid) (PGA), including their copolymers,
are successful in engineering hard tissues [191, 192]. The controlled degradation and ready-to-
use surface functional groups agitated their extensive applications as drug delivery carrier [157,
193]. Although those biodegradable polymers showed success, they are not suitable for all
kinds of applications. For tissue engineering, aliphatic polyesters failed to be used for vascular
tissue engineering due to the mismatch of the mechanical property from native tissue. Recently,
some elastomers, such as poly (octylene citrates) (POC) and poly (glycerol sebacate) have
attracted much attention due to their soft and elastic property [31, 50]. Nevertheless, the
tremendously loss of mechanical property under wet condition and fabrication of porous scaffold
created a mismatch from the mechanical property of native blood vessel. Studies have showed
that chemically doping urethane bond into polymers can significantly increase mechanical
strength, for instance, from 6.7MPs tensile strength (POC) to 33.35MPa after urethane doping
[194]. This high strength is not only providing sufficient room for loss from scaffold fabrication or
physiological environment, but also strong enough to support surgical handling. For drug

delivery, PLGA has several drawbacks including low stability (negative surface charge) and low
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drug loading capacity [195, 196]. Many newly developed biodegradable polymers, especially
amphiphilic copolymers, have been proved to be beneficial in many aspects [197, 198].
However, stability of nanoparticles, low loading efficiency, and burst initial release facilitate the
pace on searching new biodegradable materials as drug carrier.

Meanwhile, the fluorescent labeling and imaging endowed biodegradable materials with
more promising potentials. Fluorescence incorporated tissue engineering scaffold helps some
fundamental understandings on the key elements, such as predicting in vivo degradation rate [199,
200]. The non-invasive imaging also provided real-time monitoring in situ scaffold degradation and
tissue regeneration/infiltration. For drug delivery, biodegradable polymeric hanopatrticles combined
with fluorescence enable the theranostic probes. Most commonly, traditional dyes, such as small
molecule organic dye and inorganic quantum dots, were incorporated to enable fluorescence [201,
202]. However, those fluorescent dyes have drawbacks that limit their further use. Small molecule
organic dyes, such as Indocyanine Green (ICG) and fluorescein, have been proved to be cytotoxic
at cellular level, and have low dye-to-reporter molecule labeling ratios [203]. Quantum dots have
been extensively studied in fluorescent-based bio-applications such as in vitro cellular labeling and
in vivo cancer labeling. However, toxicity from heavy metal content evoked great concern for their
biomedical application [204]. Green fluorescent protein (GFP) has attracted tremendous attention for
their unique intrinsic fluorescence. However, it suffers from photobleaching and instability, and may
cause cellular toxicity from aggregation inside the cells [205]. All those fluorescent dyes require
incorporation with biodegradable polymers to achieve implantable fluorescent materials, which
brings complexity to the system. Recently, a family of biodegradable photoluminescent polymers
(BPLPs) has been developed in author’s lab. BPLPs have strong (quantum yield as high as 62.33)
and tunable intrinsic fluorescence (up to 725nm) that requires no need of fluorescent dyes. Due to
its good processability, BPLPs can be fabricated into dense films, porous scaffolds, and
micro/nanoparticles without losing fluorescent properties. However, the tensile strength (6.5 + 0.8

MPa tensile strength) is not high enough for vascular tissue engineering. In aspect of theranostic
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probe, although BPLP nanoparticle showed suitable size (80 nm) and stable zeta potential (-20.2
mV), the sticky nature and low molecular weight increased aggregation potential.

In this study, we reported the synthesis and characterization of a urethane doped
biodegradable photoluminescent polymer (UBPLP), and showed the proof of concept for a
triphasic graft used for in situ tissue engineered vascular grafts and stable biodegradable
theranostic probes. The synthesis and fabrication are described. Crosslinked UBPLPs
(CUBPLPs) process desire mechanical property and elasticity. The porous triphasic scaffold not
only meets the requirements for tissue engineering vascular graft and surgical handling, but
also retains strong and tunable fluorescence. The in vivo detectable fluorescence confers the
real-time monitoring of scaffold degradation and tissue infiltration/regeneration. Fabrication and
characterization of UBPLPs nanoparticles as theranostic probe for cancer treatment are also
described. Stable and evenly distributed nanoparticles can be formed in PBS. Therapeutic
function is demonstrated with loading 5-fluorouracil by chosen formula. This cyto-compatible
nanoparticle exhibits high drug loading efficiency and sustained release. The in vivo imaging
demonstrates its potential as diagnostic probe. Taken together, UBPLPs have several
advantages: (1) hydrolyzable ester bond and urethane bond leading to biodegradability (2) cyto-
compatible (3) strong mechanical property retaining strength of porous scaffold (4) increased
stability of nanoparticles (5) sustained release of anti-cancer drug (6) in vivo detectable
fluorescence provided real-time monitoring of tissue engineering scaffold and cancer diagnosis.

5.2 Experimental

5.2.1 UBPLP synthesis

UBPLP pre-polymers were synthesized in two distinct steps (Figure 5.1A). The step one
involves the synthesis of BPLP pre-polymer same to previously published methods [52]. Briefly,
BPLP was first synthesized by reacting 1:1.1:0.2 monomer ratio of citric acid, 1,8-octanediol,
and L-Cysteine/L-Serine, respectively, in a three-necked round bottom flask fitted with an inlet

and outlet adapter at 160°C under a constant flow of nitrogen. Once all the monomers had
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melted, the temperature of the system was lowered to 140°C, and the reaction mixture was
allowed to continue for 2h to create the BPLP pre-polymer. The obtained pre-polymer was then
purified by drop-wise precipitation in deionized water. The precipitated pre-polymer was

collected and lyophilized for 24h to obtain the purified BPLP.
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Figure 5.1 Synthesis of UBPLPs (a) Synthesis schematic of UBPLP polymers. (b) Stress-Strain
curve of UBPLP-Cys 0.2 1.2 and BPLP-Cys

In the second step, BPLP was used as precursor to react with 1,6-hexamethyl
diisocyanate (HDI) to obtain UBPLP. BPLP was dissolved in 1,4-dioxane (3% wi/v), and the
resulting solution was allowed to react with HDI in a clean reaction flask under constant stirring
at 55°C using stannous octoate as a catalyst (0.1% wi/v). Various UBPLP pre-polymers were
synthesized using different molar feeding ratios of BPLP:HDI (1:0.9, and 1:1.2), and different
precursor (BPLP-Cys, and BPLP-Ser), which are referred to as UBPLP-Cys 0.9, UBPLP-Cys

1.2, UBPLP-Ser 0.9, and UBPLP-Cys 1.2). The reaction was terminated upon the
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disappearance of the isocyanate peak located at 2267 cm™, which was determined by FT-IR
analysis. UBPLP polymers can further be thermally cured to form a crosslinked UBPLP
(CUBPLP).
5.2.2 Fluorescent property

Photoluminescence spectra of UBPLP solutions were acquired on a Shimadzu RF-5301
PC fluorospectrophotometer. All samples were set to concentration of 3% (w/v). Both the
excitation and the emission slit widths were set at 1.5 nm for all samples unless otherwise
stated. The emission spectra of UBPLP-Cys, and UBPLP-Ser under different excitation
wavelength were recorded under same circumstance. The Williams method was used to
measure the fluorescent quantum yield of the BPLP polymers.
5.2.3 In vitro degradation

Degradation studies were conducted in both phosphate buffered saline (PBS, pH=7.4)
and NaOH solutions (0.01M). NaOH degradation was used to screen the polymer degradation
in a short period of time. The polymer films were cut into 7mm disc using a cork borer. The
initial weight of the samples was noted as W1, and they were placed in test tubes containing
10ml degradation fluids and incubated at 37°C for the period of study. At pre-determined time
points, the samples were removed and washed thoroughly with deionized water (3 times) to
remove any residual salt or base. The samples were then lyophilized for 3d to remove traces of
water and weighted as W2. Degradation was determined as (W1-W2) / W1 x 100%.
5.2.4 Triphasic graft fabrication

Multi-phasic small diameter vascular grafts were fabricated to replicate the stratified
architecture of native vessels. Briefly, 3 mm outer diameter steel rods were dip coated with a
pre-polymer solution (3% w/v) in 1,4-dioxane, and coated with NaCl (99% purity) with an
average size of 1-20um. Next, NaCl with an average size of 1-20 um was mixed with a pre-
polymer solution in a 1:5 polymer to salt ratio, and mixed until a viscous paste was formed. The

paste was then transferred onto the steel rods to create a 200 um-thick layer. Next, NaCl with
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an average size of 150-250um was mixed with a pre-polymer solution in a 1:10 polymer to salt
ratio, and mixed until a viscous paste was formed. The paste was then transferred onto the
steel rods to create an 800 um thick layer. The steel rods were placed in a laminar flow hood
overnight, and then transferred to an oven maintained at 80C for 4 days. After polymer
crosslinking, the steel rods were immersed in deionized water with complete water changes
every 6 hours. The complete removal of NaCl was determined with silver nitrate, and the
vascular grafts were dried using lyophilization. Graft morphology was examined by scanning
electron microscopy (SEM) (Hitachi S-3000N, Hitachi Science System, Ibaaki, Japan).

5.2.5 Mechanical Test

Tensile testing, suture retention, and burst pressure were carried out on the biphasic
scaffolds. All mechanical testing was carried out on a MTS Insight2 mechanical tester (MTS
System, Minneapolis, MN) fitted with a 10N load cell (Model 569326-02, MTS System,
Minneapolis, MN). A sample size of n=5 was used for all the following tests.

For tensile tests, the triphasic scaffolds were cut into rectangular strips and their
dimensions were recorded using a digital caliper. The samples were pulled at a rate of
500mm/min and elongated to failure. Values were converted to strss-strain and the initial
modulus was calculated from the initial gradient of the resulting curve (0-10% elongation). The
results are presented as the means * standard deviation. Suture retention was tested as
previously described methods. Briefly, the scaffolds were cut into rectangular specimens with 15
x 6mm (length x width) dimensions. At 2mm from the short edge of the rectangular segment, a
Prolene 5-0 suture (Ethicon) was inserted and tied to form a loop. One set of clamps of the
tensile tester was used to secure the sample and the second set was used to clamp and pull the
looped suture at a deflection rate of 2mm/s, till suture pull out occurred. The peak load recorded
was reported as the suture retention strength. Burst pressure of triphasic graft was evaluated
using previously described technique. Briefly, one end of the graft was connected to a digital

pressure gauge (VWR International) and the other end was connected to a 60mL syringe. The
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syringe was filled with PBS and mounted on an Infusion/Withdrawal pump (Harvard Apparatus,
Millis, MA) which have been pre-programmed with an output rate of 0.67 mL/min. The burst
pressure was recorded as the maximum pressure measured by the gauge before the graft
burst.

5.2.6 Nanoparticle Fabrication and drug release

The UBPLPs nanoparticles were prepared using a nanoprecipitation technique. To
prepare polymer solutions for nanoprecipitation, UBPLPs were synthesized in tetrahydrofuran
(THF) instead of 1,4-dioxane. Concentration of final solution was finalized to 3% (w/v). 10 mL of
a polymer solution was added dropwisely to 20 ml of deionized water/PBS under magnetic
stirring at a speed of about 400 rpm. The setup was left overnight in a chemical hood to let the
acetone evaporate. Particle size was measured by Dynamic Laser Scattering (DLS).
Morphology of nanoparticles was observed by transmission electron microscope (TEM).

For drug release, 5-fluouracil (5F) was loaded into nanoparticles by two formulae.
Formula A: 0.01g 5F was dissolved in 10mL UBPLPs polymer solution (in THF) with gentle
heating in a sealed glass tube. The mixture was added dropwisely into 20mL PBS. Formula B:
10mL regular polymer solution was added dropwisely into 20mL PBS with 0.01g 5F pre-
dissolved in. Setup of both formulae was left overnight in a chemical hood to let the acetone
evaporate. To determine the drug loading efficiency, 1mL 5F-loaded nanoparticle solution was
diluted in PBS to make a final volume of 20mL. The diluted nanoparticle solution was ultra-
speed centrifuged, and absorbance of the liquid was examined by Infinite200 microplate reader
(Tecan Group Ltd., Switzerland) at 270nm. Loading efficiency was calculated using following

equation:

Initial amount of drug—amount of drug in solution

Loading efficiency% = —
Initial amount of drug

The in vitro drug release study was performed in an sealed glass beaker with 100mL
phosphate buffer saline (PBS, pH 7.4) at 37 °C. Next, 5-FU-loaded UBPLP nanopatrticles from

each formula were placed in a dialysis bag (Mw cut-off of 1000 Da). The dialysis bag was then
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immersed in the release medium and kept in a horizontal laboratory shaker at a constant
temperature (37 °C) and stirring (100 rpm). To measure the drug release content, samples (1
mL) were removed periodically and an equivalent volume was replaced by the fresh PBS. The
amount of released 5-FU was analyzed with a microplate reader at 270 nm. 5 samples were
tested to obtain average.
5.2.7 In Vitro Cytotoxicity

Cytotoxicity of UBPLP was evaluated in vitro by seeding the polymer films with the NIH
3T3 fibroblasts (ATCC). The cell proliferation was performed using Methylthiazoletetrazolium
(MTT) cell proliferation and viability assay kit. PLGA (25/75) film was used as control. All testing
films were cut into cylindrical discs (7mm in diameter) and sterilized in 70% ethanol for 3h,
followed by another 30min of UV light exposure. The cells were cultured in Dulbecco’s modified
eagle’s medium (DMEM), which had been supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin streptomycin. The culture flasks were maintained in an incubator at 37°C, 5%
CO,m and 95% relative humidity. The cells were allowed to grow to the fourth passage,
trypsinized, centrifuged, and suspended into media to obtain a seeding density of 1 x 10°
cells/mL. MTT assay analysis was performed at 1, 3, and 7d of culture. At the end of each time
point, the assay was performed as per the manufacturer’s protocol. Briefly, the old media was
aspirated, and each specimen was thoroughly washed 3 times with PBS to remove any loosely
attached cells and dead cells. 100 ml of incomplete media (DMEM without serum) was added to
these specimens. 10 ml of 3-(4,5-dimethylthiazol-2yl)-diphenyltetrazolium bromide solution was
then added to the wells containing the cells and the blanks, and they were incubated at 37 °C
for 3 h. At the end of incubation period, the mixture of the MTT solution and incomplete media
was aspirated and replaced with 100 ml of MTT solvent. Dissolution of formazan crystals was
facilitated by constantly agitating the well plate on an orbital shaker for 15 min. Absorbance was
analyzed with an Infinite200 microplate reader (Tecan Group Ltd., Switzerland) at 570 nm, with

a reference wavelength of 690 nm, within 30 min of MTT solvent addition.
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5.2.8 In vivo fluorescence Imaging

For nanopatrticle/scaffold bioimaging in vivo, UBPLP-Ser 1.2 nanoparticles (2% wt in
PBS, 80 nm in diameter, sterilized by filtering through a syringe filter (0.22 um) and UBPLPs
triphasic scaffolds (5mm in length, sterilized by 70% ethanol and UV light) were
injected/implanted s.c. in Black mice (C57BL/6 J). The mice were then imaged using a Kodak
Imaging System, as described previously immediately after the implantation. Animals were
cared for in compliance with the regulations of the animal care and use committee of The
University of Texas at Arlington.
5.2.9 Statistical Method

Data were expressed as the mean + standard deviation. The statistical significance
between two sets of data was calculated using a One-way ANOVA. Data were considered to
have significant difference, when a p-value of 0.05 or less was obtained.

5.3 Results and Discussions

In previous study, BPLPs showed strong elasticity and good processability. However,
the great loss of mechanical property upon scaffold fabrication jeopardizes its use for
cardiovascular tissue engineering. In the other hand, the instability of BPLP nanoparticles
makes it difficult to be exploited as theranostic probes. A higher molecular weight and stronger
mechanical property need to be achieved to address those issues. Urethane bond doping is a
commonly used method for chemically crosslinking and increasing mechanical properties [194].
The mild reaction condition and specificity of isocyanate chemistry will only consume hydroxyl
and carboxylic groups and keep fluorophore intact. The consumption of functional groups will
also reduce the sticky nature, thus increase the stability of nanoparticles.

The stress-strain curves were characteristic of elastomers (Figure 5.1B). After 1d
postpolymerization, tensile strength of CUBPLP-Cys 1.2 has been increased by 8 folds,
compared to BPLP-Cys. Elongation was also raised from 160% of BPLP-Cys to 420%. The

results not only confirm the successful incorporation of urethane bond, but also prove the
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concept that urethane bond doping will dramatically increase the mechanical strength and
elasticity. The effect of postpolymerization conditions on the mechanical properties of UBPLP-
Cys 1.2 was also investigated. From Figure 5.2A and B, postpolymerization increased polymer
tensile strength and Young’s modulus with a corresponding decrease in elongation. However,
mechanical property of UBPLP-Cys 1.2 showed no significant change after 1d
postpolymerization. This is because the side hydroxyl and carboxyl groups of octylene citrates
have been partially occupied by cysteine and also partially reacted by isocyanate, which
lowered the postpolymerization potential. It was found that mechanical property could be
controlled by feeding formulae (Figure 5.2C and D). After 1d postpolymerization, tensile
strength has been raised from 13.708+2.192 MPa of CUBPLP-Cys 0.9 to 39.314+6.966 MPa of
CUBPLP-Cys 1.2. Stronger mechanical property and elasticity with increased feeding ratio of
diisocyanate is due to the increased amount of urethane bond. CUBPLP-Ser 1.2 had a tensile
strength of 49.926+7.002MPa which is higher than that of CUBPLP-Cys 1.2. Due to the —OH
containing R-group of serine, BPLP-Ser provided more active sites for isocyanate reaction. The
increased crosslinking site resulted in loss of elasticity. Compared with CUBPLP-Cys 1.2,
Young’s modulus of CUBPLP-Ser 1.2 was 18.867+2.234MPa, which is higher than
13.293+1.962MPa. The elongation was also decreased from 381.838+25.340% to
313.22+26.139%. Conclusions can be drawn that mechanical property of UBPLPs can be
manipulated by (1) postpolymerization condition (2) feeding ratio of diisocyanate and (3) choice
of amino acids. Tensile strength up to 49.410+6.165MPa and elongation up to
456.603+62.499% were obtained under the investigated synthesis conditions. This is a dramatic
improvement over the previously reported mechanical property of BPLP, which had tensile
strength up to 6.5+0.8MPa and elongation up to 240+36% [52]. The elasticity of UBPLP can be
tailored to match that of the cardiovascular tissue, such as smooth muscle tissue that exhibit

elongation of 300% [8].
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Fluorescent property of UBPLPs was also evaluated. The fluorophore of BPLPs has
been studied in detail previously, and 6-membered ring structure was claimed to contribute to
the fluorescence. Among all BPLPs based on 20 essential amino acids, BPLP-Cys and BPLP-
Ser had strongest fluorescence with quantum yield of 62.3% and 26.0% respectively. Due to the
Red-edge Effect (REE) [186] BPLP-Ser exhibited excitation-dependent emission spectra which
are different from BPLP-Cys which had a fixed emission wavelength. The emission spectra of
UBPLP-Cys 1.2 and UBPLP-Ser 1.2 solution were first recorded under different excitation

wavelength. Figure 5.3A showed that UBPLP-Cys 1.2 inherited excitation-independent emission

spectra from its precursor. Same inheritance from BPLP-Ser to UBPLP-Ser has been proved.
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UBPLP-Ser emitted different emission with changing excitation wavelength (Figure 5.3B). This
result provided evidence that 6-membered ring structure was remained intact during the
synthesis of UBPLPs. Quantum yield of UBPLP-Cys 1.2 was 38.65%, and UBPLP-Ser 1.2 had
a quantum vyield of 19.38%. Due to the chain extension of BPLPs, average number of
fluorophores per polymer chain was increased, which leads to self-quenching of the

fluorescence [206]. This explained the loss of fluorescence intensity after urethane bond doping.
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Figure 5.3 Emission spectra under different excitation wavelength (a) UBPLP-Cys and (b)
UBPLP-Ser.

Degradation profiles of CUBPLPs under different conditions are presented in Figure
5.4. All tested polymers were post-polymerized for 1d. From the accelerated degradation (in
NaOH), with less urethane bond doping, CUBPLP-Cys 0.9 reached complete degradation faster
than CUBPLP-Cys 1.2. This is because of the higher resistance to hydrolysis of urethane bond
than ester bond. A longer degradation time of CUBPLP-Ser 1.2 was observed. This result
further confirmed that the —OH group from serine joined reaction with isocyanate group, which
lead to formation of more urethane bonds. The compelet degradation in physiological condition
was proved with PBS as degradation fluids. CUBPLP-Cys 1.2 degraded completely within 80
days. It can be concluded that degradation rate of UBPLPs can be adjusted by feeding ratio of

diisocyanate and choice of amino acids, which is same as mechanical property. Therefore,
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UBPLPs with a tunable mechanical property and degradation rate can be tailored to meet the
requirements of various soft tissue engineering applications.
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Figure 5.4 In vitro degradation study of CUBPLP-Cys and CUBPLP-Ser in different degradation
fluids

In addition to matching the mechanical property of native tissue, a successful design of
graft should also be made to replicate the stratified architecture of native blood vessel. Due to
the complexity of the microarchitectural of native vascular tissue, facilitating cell growth and
extracellular matrix (ECM) compartmentalization is critical to mimic a native-like tissue and also
enable in situ vascular tissue engineering. To address this issue, a triphasic scaffold composed
of a rough surface as inner lumen, middle layer of porous scaffold with pore size of 1-20um, and
outer layer of porous scaffold with pore size of 150-250um was fabricated. It has been
demonstrated that a rough surface is more favorable for endothelial cells [207], and pore size of
1-20um is preferable for cell migration [208]. Pore size of 150-250um has been proven to be
ideal for growth of fibroblast and formation of ECM [209]. SEM images were taken to observe
scaffold morphology (Figure 5.5). From Figure 5.5A, it can be seen that CUBPLPs can be easily
fabricated into tubular architecture. Since layers were welded by postpolymerization, the
integration was seamless. It can be clearly observed in Figure 5.5B. The pore size of middle

layer and outer layer can also be confirmed. The roughness of the inner surface and porous
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surface of outer layer were shown in Figure 5.5C and 5.5D respectively. This design can
allowed separated seeding for different cell types. Endothelial cells can be seeded specifically
on the inner surface, and dynamic bioreactor may also be applied to improve cell growth and
phenotype [210]. Smooth muscle cells and fibroblasts can be seeded directly on outer layer,
and the large pore size can improve cell growth and ECM secretion. This design of triphasic
tubular scaffold was also addressed to be exploited for in situ vascular tissue engineering.
Previous studies showed that surface roughness improved stem cell attach and differentiation

[211].

Figure 5.5 SEM images of UBPLPs triphasic scaffold (a) cross-section (b) seamless integration
of outer layer and middle layer (c) Inner lumen of surface roughness (d) outer lumen of porous
structure.

To evaluate the mechanical property of this triphasic scaffold, burst pressure and suture

retention were investigated. Burst pressure is the key parameter of the vessel strength of a
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tissue engineering vascular graft, and suture retention is critical for surgery handling. From
Figure 5.6, mechanical property of scaffold was affected by feeding ratio of diisocyanate. As all
resistance to arterial blood pressure is mainly provided by the middle layer of less porosity,
there was no significant difference between CUBPLP-Cys 1.2 and CUBPLP-Ser 1.2. Both of
them exhibited burst pressure around 800 mmHg. In previous studies, biphasic scaffold with a
non-porous inner layer has been designed for POC [143]. The solid inner layer contributed most
of mechanical strength. With layer thickness of 400um, POC biphasic scaffold had a burst
pressure below 1000mmHg. However, the solid inner layer completely blocks the cell migration.
With a porous middle layer, current design of triphasic scaffold not only allowed cellular
infiltration, but also maintained a burst pressure of 800mmHg, which was sufficient to withstand
arterial blood pressure [212]. As shown in Figure 5.6, triphasic scaffold of CUBPLP-Cys 1.2 had
the highest suture retention of 1.79+0.1N, which was significantly higher than the surgical
requirement [212]. In addition to achieving the desired mechanical property of tissue
engineering vascular graft, the design of triphasic scaffold showed great improvements in

replicating native structure of blood vessel than previous biphasic scaffold.
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Figure 5.6 Suture retention strength and burst pressure of triphasic scaffold of different
CUBPLPs
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The biocompatibility of UBPLPs was evaluated in forms of both films and degradation
products. From Figure 5.7A, comparable cell viability was obtained on all CUBPLPs and PLGA
films. All films showed increasing cell number during the 7d cell culture. The growth and
proliferation of 3T3 fibroblasts in the in vitro study demonstrated good material-cell interaction of
CUBPLPs. From SEM image, 3T3 fibroblasts had stretched morphology and formed a cell layer
that covered film surface. The healthy cell morphology confirmed the cell friendly surface of
CUBPLPs. As a family of fully biodegradable polymers, the cytotoxicity of degradation products
is also important. Since degradation of urethane, amide, and ester bonds are mostly hydrolysis,
maximum amount of degradation products were yielded by accelerated degradation in strong
base solution [213].The MTT results presented in Figure 5.7B indicated that after 24h
incubation, all investigated UBPLPs and CUBPLPs exhibited comparable cytotoxicity as PLGA
at all dilutions, which has been proved by FDA. Therefore, in view of high dilution by plasma of
in vivo degradation, degradation products of CUBPLPs and UBPLPs can potentially meet safety

requirements of biomedical applications.
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Figure 5.7 In vitro cytotoxicity of UBPLPs (A) Evaluation of UBPLPs films at different time
period, PLGA films as control (B) Evaluation of UBPLPs degradation products after 24h. All
values of absorbance were normalized to the PLGA at 100x dilution. **p<0.01, *p<0.05,
#p>0.05; N=6.

UBPLPs have also been fabricated into nanoparticles to evaluate the potential for

successful theranostic probe. Previously, BPLPs have been fabricated into nanoparticles with a
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size of 80nm via nanoprecipitation technique [52]. Due to the sticky nature and acidity, BPLP
nanoparticles were only stable in DI water, and dispersed in PBS. This critical defect limited its
use in physiological environment. The main cause was considered as the superfluous
hydrophilic groups of polymer backbone. During the reaction between BPLPs and diisocyanate,
large amount of carboxyl and hydroxyl groups have been consumed, which can be confirmed by
a neutralized pH of UBPLPs nanoparticles solution compared to BPLPs nanoparticles (from 4.3
to 6.3). Using nanoprecipitation technique, UBPLP-Ser 1.2 was able to form stable
nanoparticles in PBS. The average size of nanoparticle was 103nm, measured by DLS. This
result was confirmed by TEM images of nanoparticles in PBS. From Figure 5.8A, nanoparticles
showed a sphere shape with an average diameter of 103nm. An evenly dispersion of
nanoparticles was also observed (Figure 5.8A inset). The cytotoxicity of UBPLPs nanopatrticles
was also evaluated by MTT assay (Figure 5.8B). All the values of absorbance were normalized
to the PLGA at 100x dilution. Due to the reduced acidity, UBPLPs nanoparticles were found to
be more cyto-compatible than BPLPs at high concentration (10mg/mL, 2x dilution). Cell viability
of UBPLPs nanoparticles was found to be significantly higher than quantum dots under all
dilution, and UBPLPs nanoparticles showed a comparable cytotoxicity of PLGA nanopatrticles at
2x, 10x, and 50x dilution. Since all nanoparticles as a delivery system or imaging probe will
have dilution in the body fluids [214], cytotoxicity of low concentration is critical to nanoparticle
solutions. At 100x dilution, cell viability of UBPLP-Cys 1.2 nanoparticles is significantly higher
than that of PLGA nanoparticles. All the results supported the good cytocompatibility of UBPLPs

nanopatrticles.
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Figure 5.8 Characterization of UBPLPs nanopatrticles (a) Morphology of UBPLP-Ser 1.2
nanoparticles, and inset was captured under higher magnification showing evenly dispersion of
nanoparticles. (b) Evaluation of cytotoxicity of BPLPs and UBPLPs nanoparticle solutions at
different dilution.

The capability of UBPLPs nanoparticles as a drug delivery device was evaluated by in
vitro encapsulation and release of 5-fluorouracil (5F). Since 5F can be dissolved in both PBS
and THF, two formulae of drug encapsulation were conducted. When 5F was dissolved in
polymer solution (formula A), a loading efficiency of 57.6% was obtained. Interestingly, loading
efficiency was dramatically increased to 91.84% when 5F was dissolved in PBS (formula B).
This is because of the loose physical bonding between drug and nanoparticle surface in formula
B. This difference also influenced in vitro drug release profile (Figure 5.9). From Figure 5.9A,
formula B reached 90% release of 5F within 24h. However, formula A reached complete release
after 120h. For the first 24h release (Figure 5.9B), formula B showed a 53% burst release within
2h, while formula A exhibited a more sustained drug release. It can be concluded that potential
of UBPLPs nanoparticles as controlled drug delivery device was demonstrated by both
formulae. Although high loading efficiency can be obtained by formula B, the loose bonding
between drug and nanoparticle surface lead to burst release. Since majority of anti-cancer drug

is hydrophobic, formula A can be served as protocol for future studies.
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Figure 5.9 In vitro drug release profiles of two loading formulae (a) complete release and (b)
24h

In vivo imaging studies has also been conducted for evaluation of conspicuity. Both
CUBPLP-Cys 1.2 and CUBPLP-Ser 1.2 tubular triphasic scaffolds were implanted
subcutaneously onto the back of Black mice (C57BL/6 J). From Figure 5.10A, both scaffolds
were readily detected by a non-invasive imaging system. Due to the different fluorescent
properties of UBPLP-Cys and UBPLP-Ser, two exc/emi pairs were used for detection. Taking
into account the following, light scattering, absorption by hemoglobin, strong infrared filtration of
water, and tissue autofluorescence, fluorescent materials with NIR emission is ideal for in vivo
non-invasive bioimaging [5]. Therefore, with an optimal exc/emi pair at 550nm/600nm, UBPLP-
Ser was more suitable than UBPLP-Cys. However, many attentions have been focused on
development of minimally invasive imaging techniques [215]. Eliminating the interference from
physiological environment, minimally invasive imaging will be ideal to provide real-time
monitoring of the ultra-strong blue fluorescence from UBPLP-Cys. The real-time monitoring of
UBPLPs scaffold in situ is able to provide accurate information on scaffold degradation and
tissue infiltration/regeneration without traumatically explanting samples or sacrificing animals.
Same procedure was conducted to evaluate in vivo conspicuity of UBPLP-Ser nanoparticles
(Fgure 5.10B). It was found that clear fluorescence signal was detected with a concentration of

5mg/ml. Since the capability of UBPLP-Ser 1.2 nanoparticles as drug delivery device has been
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demonstrated, the successful in vivo detection proved that UBPLP-Ser 1.2 nanoparticles had
great potential for theranostic probes. Although polymer-fluorescent dye composites have
showed promising results, UBPLP nanoparticles, as a “biodegradable polymeric dots”, not only
are able to avoid long-term toxicity associated with traditional fluorescent dye, but also greatly
reduce the complexity of the system. Moreover, with the flexible and simple synthesis of
UBPLPs, much functionality can be introduced by using specific monomers, such as vinyl group
containing diacid, water soluble diol, and stimulus-responsible monomers. Thus, UBPLPs can
be manipulated for various biomedical applications on demand. Due to the uniqueness of
excitation-dependent emission of UBPLP-Ser, smart design of UBPLP-Ser and Cys pair can be
obtained based on fluorescence resonance energy transfer (FRET). We are confident to predict
that UBPLPs will bring a paradigm shift in the use of biodegradable implant polymers in a broad
range of biological and biomedical fields including biosensors, cellular bioimaging, fluorescence-

guided surgery, theranostic nanomedicine, drug delivery, and regenerative medicine.

UBPLP-SerScaffold
il UBPLP-Cys Scaffold

Exc 395/Emi 535

Exc550/Emi 600

1000.00 450000 00000 11500.00 15000.00

Figure 5.10 In vivo imaging study (a) Combined fluorescent imaging of In vivo implantation of
UBPLP-Cys and Ser triphasic scaffold under different emi/exc pairs. UBPLP-cys under exc
395nm/emi 535nm and UBPLP-Ser under exc 550nm/ emi 600nm (b) UBPLP-Ser nanopatrticles
with different concentrations injected subcutaneously on the back of white mouse. 100 ul was
injected at each point. Exc/emi pair is 550nm/600nm
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5.4 Conclusion

We have developed a new class of urethane-doped biodegradable photoluminescent
polymers (UBPLPs). UBPLPs demonstrated a soft but strong mechanical property. The
triphasic scaffold met the mechanical requirements for tissue engineering vascular graft and
was strong enough for surgical handling. UBPLPs were also fabricated into stable nanoparticles
in PBS, and showed a controlled release of anti-cancer drug. Degradation products and
nanoparticles of UBPLPs showed comparable cytotoxicity as PLGA. Fluorescence of both
UBPLPs scaffolds and nanoparticles were clearly detected in vivo. The development of UBPLPs
should contribute to fundamental science of biomaterials for tissue engineering and shed new

light on “biodegradable polymeric dots” for theranostic application.
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