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Polycarbonates are a class of degradable polymers used in biomedical applications
including vehicles for drug-delivery and scaffolds for tissue engineering. They can
be classified into two groups i.e. aliphatic and aromatic polycarbonates, each with
distinctive mechanical properties and degradation mechanisms.

Aliphatic polycarbonates are soft and flexible materials most suitable for cartilage or
blood vessel repair. Aromatic polycarbonates are strong and stiff, useful for hard-
tissue applications such as bone regeneration. While aliphatic polycarbonates may
undergo a surface erosion process mediated by biological activity, aromatic polycar-
bonates as for example tyrosine-derived compositions undergo hydrolytic degradation
and slow mass erosion.

In this thesis, aromatic—aliphatic polycarbonates from natural (hydroxyalkyl)phenols

such as tyrosol were explored with the rationale of combining the advantages of both
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classes of polycarbonates.

Copolymers of tyrosol and homovanillyl alcohol had high tensile strength, and showed
enzymatic surface erosion by lipase, in vitro. During erosion, mechanical properties
were retained for at least 18 weeks: The wet modulus of Er = 0.9 £ 0.1 GPa was
retained at 65% (w/w) mass loss (rate = 0.14 + 0.0l mgem 2d1).

The aromatic-aliphatic polycarbonates from (hydroxyalkyl)phenols showed sequence
isomerism of diaryl, dialkyl, and aryl alkyl carbonate bonds. In order to control the
carbonate isomer sequence, a selective synthesis methodology for diaryl and dialkyl
carbonate diols as pre-programmed monomers was developed.

An alternating sequence (alt) of diaryl and dialkyl carbonates demonstrated dramatic
changes of the phase behavior and erosion as compared to the scrambled sequence
(scr): A faster erosion rate of 0.36 + 0.0l mgem 2d ! for amorphous alt was ob-
served. When heated, alt readily attained a 3-dimensional crystalline order, whereas
scr showed sluggish transition into a 1-dimensional mesophase. Oriented and an-
nealed films of alt had improved stiffness with Er = 5.4 + 0.3 GPa as compared to
scr and poly(I-lactic acid) with E; = 3.8 & 0.2 GPa and Er = 3.8 + 0.3 GPa, respec-
tively.

The in vivo subcutaneous implantation of polymer discs resulted in slow mass loss af-
ter 3 months. However, the surface morphology appeared strikingly similar to in vitro
samples. Further investigation into implant location and specimen dimensions may

help to identify conditions for the in vivo resorbability.
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Chapter 1

Introduction

1.1 Polymeric Systems for Biomedical Applications

1.1.1 Aromatic and Aliphatic Polycarbonates
d
O\/\O o = | 0]
O n @) N n
O d o
A \©\/\WH
r O N
Cc
1o T
hig © © 0"o o
0] ) n

n

=]

Figure 1.1: Structures of aromatic and aliphatic polycarbonates: (A) poly(ethylene
carbonate), (B) poly(trimethylene carbonate), (C) poly(tetramethylene carbonate),
(D) poly(BPA carbonate), (E) poly(DTE carbonate).

For biomedical applications, several fundamental structures of polycarbonates, poly-
mers of carbon dioxide and diols, have been considered for biomedical applications
(Figure 1.1). Polycarbonates can be divided into two groups, depending on the na-
ture of the backbone linkages: Aliphatic polycarbonates (23) and aromatic poly-
carbonates (115). Poly(trimethylene carbonate) (PTMC) is the most extensively
investigated aliphatic polycarbonate (143). While PTMC of low molecular weight is
semi-crystalline featuring a low M,,, PTMC of high molecular weight is amorphous

and rubbery (68). PTMC is characterized by a low tensile modulus of less than 7



MPa. Further, strain-induced crystallization occurs in PTMC resulting in relatively
high ultimate tensile strength of around 17 MPa (100). PTMC is a degradable poly-
mer that undergoes surface erosion, when implanted in vivo. Most likely, enzymatic
activity is involved in the bioerosion. The in vivo erosion behavior can be simulated
by incubation in lipase in vitro. At the same time, the hydrolytic degradation rate is
negligible (143; 141). Other aliphatic polycarbonates that features longer methylene
chains such as poly(tetramethylene carbonate) also shows enzymatic erosion (122).
In contrast, polycarbonates with shorter chains such as poly(ethylene carbonate)
(PEC) are less susceptible to an enzymatic attack. However, rapid erosion was ob-
served in vivo for PEC (50). In this case, reactive oxygen species may be responsible
mediating the erosion process. As a result from a radical induced unzipping mecha-
nism cyclic degradation products were obtained (31).

The original aromatic polycarbonate derived from bisphenol A (2,2-bis(4-hydrox-
yphenyl)propane, BPA) is an important engineering plastic with excellent mechanical
properties such as a tensile modulus of 2 GPa. However, in spite of the degradable
carbonate linkage, poly(DTE carbonate) is not degradable by hydrolysis due to its
low water uptake. Thus, its use for temporary biomedical applications is limited (38).
In addition, scrutinization of possible adverse health effects of BPA has been grow-
ing. Already, early studies noted that BPA is able to mimic estrogen activity (34).
Nonetheless, BPA-derivatives remain extremely popular in the context of restorative
dental use in the clinic (26).

As an alternative to polycarbonates from BPA, polymers derived from diphenolic,
pseudo-amino acid monomers were developed (74; 39; 107). To overcome the draw-
backs of aromatic polycarbonates, the polycarbonates based on pseudo-amino acids
contain an additional amide bond to favor degradability by increasing the waterup-
take. In addition, monomeric units are designed in such a way that after hydrolysis
of all degradable bonds only non-toxic compounds are released. Considering scruti-

nization by FDA regulations, it is a minimal requirement that the end products of



degradation must be generally considered as safe (GRAS). The mechanical proper-
ties and processability of poly (BPA carbonate) are matched by poly (BPA carbonate),
in specific. This polymer indeed showed hydrolytic degradation (49) and when im-
planted into bone, a benign tissue response. In this case, direct bone-material bonding
was observed (54). Albeit in vitro degradation (125), the resorption in vivo was min-
imal within a time period of 3 years (126). In the light of the slow resorption in vivo
several improvements of the parent poly(DTE carbonate) have been reported leading

to a discussion about copolymerization continued below.



1.1.2 Specialty Copolymers
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Figure 1.2: Co- and terpolycarbonates for biomedical applications: (A) Random,
block terpolymer of DTE, DT and PEG, (B) random copolymer of TMC and CL,
(C) tri-block copolymer of DTR-diester and mPEG, (D) tri-block copolymer of TMC.

X, vy, z for molar content of monomeric units.

The copolymerization of two or more monomers is a common strategy to fine tune
polymer properties. In Figure 1.2 modifications of fundamental polymer structures
illustrate how properties are tailored to the requirements of specific biomedical appli-

cations.



For example, terpolymers of desaminotyrosyl-tyrosine ethyl ester (DTE), desamino-
tyrosyl-tyrosine (DT) and poly(ethylene glycol) allow to adjust hydrolytic degrada-
tion rates over a broad period of time (82). This is achieved by adding DT with a
free carboxylic acid pendant chain and hydrophilic PEG to increase the water uptake
(138; 15). For example, the half-life of the molecular weight is reduced to 19 h at
compositions of 35 mol % of DT and 6 mol % of PEGy;. In turn, the terpolymer is
stable for weeks at lower contents of DT and PEG (72). These polymers find applica-
tions in tissue engineering as bone regeneration scaffolds (82) and polymeric coatings
for implants at cortical neural interfaces (73).

Strategies to overcome drawbacks of aliphatic polycarbonates such as the rather weak
mechanical performance include copolymerization of trimethylene carbonate (TMC)
with common monomers such as e-caprolactone (CL) and lactide. However, statisti-
cal copolymers of TMC and CL are softer than PTMC, but the crystallinity intrinsic
to PCL, is lowered by the addition of TMC (102). These materials were evaluated for
soft tissue engineering applications such as nerve regeneration tubes (100; 114; 40).
For drug delivery applications, amphiphilic copolymers can act as micellar nano-
carriers in aqueous solution. Here, modulation of polymer properties is optimized
for drug-loading or respective to the surface functionality of the nano-carrier. A
micelle-forming ABA-triblock copolymers of oligomeric blocks of DTR-diester (hy-
drophobic) and PEG (hydrophilic) incorporated hydrophobic drugs of low solubility
such as paclitaxel(117). Drug-loading capacity was maximized by optimizing the es-
ter chain length to R = octyl (118). Paclitaxel-loaded nanospheres were evaluated
for topical skin treatment of psoriasis in a controlled release system (59).

A spectacular example for the use of aliphatic polycarbonates features tri-block
copolymers of PTMC and a cationic block leading to micellar nanosperes with a
positive surface charge. These nanoparticles insert preferentially in prokaryotic cell
membranes as compared to eukaryotic membranes e.g. blood cells. Therefore, they

can act as potent and selective antimicrobial agents (94).



1.1.3 Current Advances in Polycarbonate Technology
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Figure 1.3: Examples of current innovations in polycarbonate technology: (A) Poly-
(1,3-glycerol carbonate), (B) poly(1,2-glycerol carbonate), (C) allyl functionalized
polycarbonate, (D) poly(cyclohexene carbonate), (E) poly(limonene carbonate), (F)
poly(D-glucose carbonate), (G) poly(ferrulic acid-co-tyrosyl ester carbonate).

Recently developed polycarbonates based on new fundamental structures demonstrate
ongoing efforts to advance the design space for polymeric materials (Figure 1.3).
These polycarbonates are mostly derived from natural, likely non-toxic compounds.
For example, poly(1,3-glycerol carbonate) is an interesting example of an aliphatic
polycarbonate, because it features a free hydroxyl group in the pendant chain. This
hydroxyl group is potentially useful for pendant chain functionalization (109). In com-
parison, the synthesis of poly(1,2-glycerol carbonate) featuring a primary hydroxyl
group is more challenging. Using chiral, organometallic catalysts, is was possible
to obtain isotactic poly(1,2-glycerol carbonate) (140). Noteworthy, the degradation

rate was faster for the respective polycarbonate with the primary as compared to



the secondary alcohol (140). Alternatively, allyl functionalized polycarbonate enable
pendant chain modifications by radical addition or click chemistry (127).

Several approaches highlight the introduction of six-membered rings such as cyclo-
hexane (60), limonene, a natural compound from lemon peel oil (22) and glucose in
poly(D-glucose carbonate) (45; 89) to the aliphatic polycarbonate backbone.
Clearly, recent advances in the synthesis of aliphatic polycarbonates were driven by
the progress in homogeneous metal catalysts (28). From a materials design perspec-
tive it is interesting only few recent examples report on new aromatic polycarbonates.
Novel aromatic polycarbonates based on ferrulic acid and tyrosine derivatives (95) re-
semble previously reported work on tyrosine-derived polycarbonates (107).

In perspective, major advances in synthetic methodology entice the growth of a vari-
ety of new aliphatic polycarbonates, while there is a lack in the development of new

polycarbonates with aromatic functionality.



1.2 Polymer Synthesis

1.2.1 Synthesis of Polycarbonates
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Figure 1.4: Reaction schemes for polycarbonates synthesis: (A) Interfacial polymer-
ization using phosgene quivalent, (B) anhydrous, organic solvent with phosgene equiv-
alent ant organic base, (C) ring-opening polymerization using stannous octoate with
TMC, (D) direct polymerization of carbon dioxide with epoxide using catalyst.

Figure 1.4 summarizes the most important synthesis approaches for polycarbonates.
The classic synthesis of an aromatic polycarbonate from a diphenolic monomer and
phosgene features a biphasic reaction system comprised of an aqueous phase and an
organic phase such as DCM or chloroform. The aqueous phase contains a strong
inorganic base such as NaOH and the diphenolic monomer in its anionic form. The
organic phase serves as reservoir for phosgene that is applied to the reaction mixture
in gaseous form. The reactants interact at the interface of the organic and aqueous
phases to form polycondensation product. As the reaction proceeds product either

appears in the organic phase, while acid generated during the reaction is neutralized



by base in the aqueous phase.(Figure 1.4 A) (115; 64).

As an alternative to the interfacial polymerization, polycarbonates from a diol and
phosgene equivalent can also be formed in dry, organic solvents containing an organic
base.(Figure 1.4 B) Here, the choice of the organic base is important as pyridine
provides high M,, product (66). This method was also reported to provide polycar-
bonates from aliphatic diols such as isosorbide (25). Interestingly, such polycondensa-
tions have been unsuccessful with modified pseudo-amino acid monomers containing
aliphatic groups such as serine and threonine ester due to S-elimination as shown by
Kohn and Bolikal (unpublished results) as well as by the group of Wooley (95).

Poly (trimethylene carbonate), an aliphatic polycarbonate is synthesized by ring-
opening polymerization from cyclic carbonates under metal catalysis. High molecular
weight PTMC can be obtained when stannous octoate (SnOcts) is used (68). The
original ring-opening polymerization of PTMC achieved only low molecular weight
species, when potassium carbonate was used as a catalyst (23).

Polycarbonates can be directly synthesized from carbon dioxide and an epoxide using
a heterogeneous catalyst such as diethylzinc and water (51; 52). The low reactivity
of carbon dioxide has posed a challenge to this intriguing way to obtain a polycar-
bonate without phosgene. Recently, advances in the developments of new single-site
homogeneous catalysts have sought to replace the old heterogenous catalysts. These
new approaches provide better control over carbon dioxide reactivity and add features

such as stereoselectivity into the polymerization reaction (28).
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1.2.2 Phosgene and Equivalents
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Figure 1.5: Structures of phosgene and equivalents: (A) Phosgene, (B) diphos-

gene (trichloromethylchloroformate), (C) triphosgene (bis(trichloromethyl)carbon-
ate, BTC), (D) diethyl carbonate, (E) diphenyl carbonate.

Cl

Phosgene and alternatively phosgene equivalents are common reagents in the syn-
thesis of polycarbonates (Figure 1.5). Phosgene is considered as a highly dangerous
substance due to its gaseous state at ambient temperature in combination with high
toxicity and a pleasant smell (35). Despite its toxicity, the usefulness and versatility
of phosgene as a reagent was well elaborated in reactions such as chlorinations or
carbonylations (5). In turn, trichloromethylchloroformate or diphosgene (DPG) is a
liquid with similar reactivity to phosgene (30; 36). For a long time, the crystalline bis-
(trichloromethyl)carbonate was known (30), but its utility as substitute for gaseous
phosgene was only popularized until much later (36).

Alternatively, organic carbonates have been employed as eco-friendly alternatives
such as dimethyl carbonate (DMC) with a low toxicity showing in a high LD50 (rat,
oral) 13.8 gkg ! (129). However, reactivity of DMC is low and transesterification into
diphenyl carbonate is required to make organic carbonates useful as highly reactive

phosgene substitutes (61).
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1.3 Rationale and Hypotheses

Aliphatic polycarbonates are suited as materials for resorbable devices in biomedical
applications because they can exhibit surface erosion behavior meditated by biological
activity. However, aromatic polycarbonates often supersede the mechanical perfor-
mance of aliphatic polycarbonates, but the resorption is slow.

The rationale of this thesis is that aromatic—aliphatic polycarbonates based on (hy-
droxyalkyl)phenols may combine good mechanical performance and the desired sur-
face erosion behavior. The development of a novel class of polycarbonates may over-
come the limitations posed on the previously known polycarbonate families. In this

context, the following hypotheses will be discussed in detail.

e Aromatic-aliphatic polycarbonates combine the bulk properties of strong and
stiff aromatic polycarbonates with the surface erosion behavior of soft aliphatic
polycarbonates, when the glass transitions (T,) are in a range near physiological

temperatures.

e Parameters in biphasic, interfacial phosgenation reactions can be tailored to
selectively obtain diaryl, dialkyl and aryl alkyl carbonate diols from (hydrox-

yalkyl)phenols, useful as pre-programmed monomers for polymerization.

e Controlled sequences of carbonate isomers in the backbone of aromatic-aliphatic
polycarbonates enable control over erosion behavior and mechanical properties

through the physical polymer state.

e The surface erosion process found in vitro is fundamentally relevant to the

1n vivo environment of implanted polymer species.
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1.4 Research Objective and Organization

The objective of this study is the development of a degradable polymer platform that
expands the available technology for materials in temporary biomedical devices. Re-
sorbability is sought to be merged with optimal retention of mechanical performance

throughout the erosion process.

This thesis is divided into seven chapters introducing degradable aromatic—aliphatic
polycarbonates derived from natural (hydroxyalkyl)phenols as mechanically strong
and erodible polymers for potential biomedical applications. In Chapter 1, a litera-
ture overview of polycarbonate technologies and the current progress in the field were
presented. In Chapter 2 the materials and experimental methods are summarized.
To avoid redundancies, this chapter will be referred to considering general experi-
mental methods in later parts. In Chapter 3 the synthesis of aromatic—aliphatic
polycarbonates from tyrosol and homovanillyl alcohol is introduced. Further, the
enzymatic surface erosion of mechanically strong polycarbonates is described. In
Chapter 4 selective synthesis methods are reported to control the carbonate isomer
formation of (hydroxyalkyl)phenols to create pre-programmed carbonate diols poly-
merization reactions. In Chapter 5 the physicochemical properties of diaryl and
dialkyl carbonate diols are reported respective to the function as degradation inter-
mediates and pre-programmed polymerizable units. In Chapter 6, the synthesis ad
properties of polycarbonates from tyrosol with controlled carbonate isomer sequences
are introduced. Further, the effects of the sequence on erosion and mechanical perfor-
mance respective to orientation and phase behavior is reported. Finally, the in vivo
behavior of aromatic—aliphatic polycarbonates from tyrosol and softer copolymers is

described in Chapter 7.
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Chapter 2
Materials and Methods

This chapter serves the purpose to give the reader a broader overview of the general
reagents used such as solvents, standard procedures followed and the lab equipment
applied throughout this thesis. Conditions and procedures specific to a certain scien-

tific investigation or application are described in detail in the respective chapters.

2.1 Materials

All chemicals used were ACS reagent grade or better. Solvents dichloromethane
(DCM), tetrahydrofuran (THF), 1,4-dioxane, 2-propanol (IPA), methanol (MeOH)
were obtained from Fisher Scientific Thermo Fisher Scientific (Waltham, MA). Bis-
(trichloromethyl) carbonate (BTC), pyridine (Py), deuterated dimethyl sulfoxide
(DMSO-d®), 1,3-propanediol, phosphate buffered saline (PBS), hydrochloric acid (37%),
4-hydroxybenzyl alcohol, 3-(4-methoxyphenyl)propionic acid, 4-(3-hydroxypropyl)-
phenol, 4-(2-Hydroxyethyl)-2-methoxyphenol (homovanillyl alcohol), 3-hydroxyben-
zyl alcohol, 2-(2-hydroxyethyl)phenol and lipase from Thermomyces lanuginosus
(EC3.1.1.3, minimum 10° units g~!) were obtained from Sigma-Aldrich (St. Louis,
MO). Hexane and N,N-dimethylformamide (DMF) were obtained from Thermo Fisher
Scientific (Waltham, MA). Tyrosol (4-(2-hydroxyethyl)phenol) was obtained from
TCI (Tokyo, Japan).
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2.2 Methods

2.2.1 General Procedure for Polycarbonate Synthesis

CAUTION: Bis(trichloromethyl) carbonate (triphosgene) used in the following proce-
dure is a hazardous material. Triphosgene can release deadly phosgene, a gas that can
be lethal before it can be recognized by its smell. All procedures using triphosgene
need to be performed in a closed fume hood and under supervision of an experienced
and well-trained operator. A monitor and alarm system for accidental exposure to
phosgene is required.

Generally, polycarbonates were synthesized by condensation polymerization using diol
monomer (1 equiv.) dissolved in DCM and Py with BTC in DCM added drop wise

over the course of 2 h at ambient temperature.

2.2.2 Polymer Characterization

The polymers were purified by cycles of precipitation in 2-propanol and dissolution
in dichloromethane. The chemical composition was confirmed by analysis of 'H and
decoupled *C nuclear magnetic resonance spectra (500 MHz NMR, Varian, U.S.A.).
As a solvent DMSO-d®was used and all spectra were referenced to the solvent signal.
The number and weight average molecular weights (M,, and M,,) of the copolymers
were determined relative to polystyrene standards using gel permeation chromatog-
raphy (GPC, Waters, Milford, MA) equipped with two PL gel columns of 100.000
and 1.000 A(Polymer Laboratories, Amherst, MA). DMF with 0.1% TFA was ap-
plied as eluting solvent. Thermal properties were analyzed using differential scanning
calorimetry (DSC 2520, Mettler Toledo, Columbus, OH). The heating rate was 10
°Cmin~" and the glass transition temperature (T,) was calculated using the ASTM
mid-point method. The first and second heat scans were used to determine T, of

fully hydrated and dry specimens, respectively.
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2.2.3 Compression Molding

Polymer films were compression molded at around 7, 4 40 °C or T;,, + 20°C, respec-
tively. using a Carver press (model 4122, Carver, Wabash, IN) with a thickness of
250 m for water uptake and degradation studies and a thickness of 400 m thick for

mechanical testing, respectively.

2.2.4 Water Uptake

Specimens from compression-molded films, cut to a sample size of approximately 10
mg, were incubated in PBS at 37 °C until the equilibrium water uptake was reached.
The specimens were blotted with paper and immediately subjected to thermo gravi-
metric analysis (TGA, Mettler-Toledo, Columbus, OH). Specimens were heated from
25-150°C at a heating rate of 10°C min !,

2.2.5 Mechanical Properties

Mechanical properties of polymers were characterized using a mechanical tensile test-
ing apparatus equipped with a 10 N submersible load cell (Bose Electroforce, Eden
Prairie, MN). The initial grip-to-grip separation was 8 mm and the maximal strain
was 150% due to instrument limitation. The crosshead speed was 0.1mms 1. Al-
ternatively, a mechanical tensile testing apparatus equipped with a 100 N load cell
(MTS systems, Eden Prairie, MN) was used to achieve up to 500% strain. In both in-
struments, the crosshead speed was 0.1 mms *. Rectangular-shaped specimens were
cut to a width of 2-6 mm from compression-molded films of 100-400 pm thickness.
Mechanical properties in the dry state were determined at room temperature. To
measure the mechanical properties in the wet state, specimens were preconditioned
in PBS at 37°C for 24 h, and then immersed in PBS at 37°C for testing. To follow
the mechanical properties during degradation (see below), specimens were incubated

in lipase solution as well as in PBS (as control) and retrieved at respective time
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points. The tensile tests were performed in the wet state. The tensile modulus was
determined from the initial, linear part of the stress?strain curve, using the grip-to-
grip distance to measure elongation. The stress and strain at yield (0yeq and €yieq)
values were determined from the upper yield point. The analyses were performed in

triplicate.

2.2.6 Degradation Experiments

Polymer discs with a diameter of 6 mm and thickness of approximately 25 pm were im-
mersed in 3 mL of lipase solution from Thermomyces lanuginosus as a model enzyme
with an activity of 5kUml !. For control experiments, specimens were immersed
in PBS. All solutions contained 0.02% (w/w) of sodium azide to prevent bacterial
growth. The incubation temperature was 37 °C and the solutions were replaced twice
per week. Samples in triplicate were removed at respective time points and rinsed
with deionized water and 70% (v/v) ethanol. The mass and thickness of the samples

were measured after drying in vacuo for 72 h at ambient temperature.

2.2.7 Spin-coating of Polymer Thin Films

Polymer thin films were prepared by spincoating from 1-1.25% (w/v) polymer solution
in dry dioxane at 3000 rpm using a spin-coater (Headway Research, Garland, TX)
in a humidity-controlled atmosphere (less than 10% relative humidity). For contact
angle measurements 15 mm glass coverslips (Fisher Scientific Pittsburgh, PA) and for
QCM-D gold-coated quartz crystal QSX100 (Q-sense, Glen Burnie, MD) were used

as substrates. The samples were dried in vacuo for at least 12 h.

2.2.8 Scanning Electron Microscopy (SEM)

Dried specimens subjected to degradation media or PBS control were sputter coated

(SCD 004, Leica Microsystems, Liechtenstein) with gold/palladium, and then the
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morphology of the specimens was studied by SEM (18301, Amray, USA, Voltage =
20 kV).

2.2.9 Quartz Crystal Microbalance with Dissipation (QCM-D)

In a Q-sense E4 (Q-sense, Glen Burnie, MD), the surfaces of sensor crystals coated
with polymer thin films were equilibrated with PBS buffer at 24 plmin *. A temper-
ature program was executed between 20-29°C with lipase (or PBS control) pread-
sorbed at 20°C. The interval time between temperature steps was 30 min while
frequency was recorded for overtones n = 3, 5, 7, 9. The frequency change (Af,,) and
the dissipation change were recorded over time. The change of mass per area was
obtained using the Sauerbrey equation with Am = CAf,; (C =17.7ngcm 2s 'Hz !
) with negligible dissipation changes during erosion (113). The rate of mass loss for

each temperature step was obtained by linear regression after equilibration.
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Chapter 3

Enzymatic Surface Erosion of High Tensile
Strength Polycarbonates Based on Natural
Phenols

Previously published with minor alterations: Sven D Sommerfeld, Zheng Zhang,
Marius C Costache, Sebastian L. Vega, and Joachim Kohn. Enzymatic surface
erosion of high tensile strength polycarbonates based on natural phenols.

Biomacromolecules, 15(3):830-836, 2014.

3.1 Abstract

Surface erosion has been recognized as a valuable design tool for resorbable biomate-
rials within the context of drug delivery devices, surface coatings, and when precise
control of strength retention is critical. Here we report on high tensile strength,
aromatic—aliphatic polycarbonates based on natural phenols, tyrosol (Ty) and ho-
movanillyl alcohol (Hva), that exhibit enzymatic surface erosion by lipase. The
Youngs moduli of the polymers for dry and fully hydrated samples are 1.0 to 1.2
GPa and 0.8 to 1.2 GPa, respectively. Typical characteristics of enzymatic surface
erosion were confirmed for poly(tyrosol carbonate) films with concomitant mass loss
and thickness-loss at linear rates of 0.14 & 0.01mgem 2d ! and 3.0 £ 0.8 pmd ! re-
spectively. The molecular weight and the mechanical properties of the residual films
remained constant. Changing the ratio of Ty and Hva provided control over the glass

transition temperature (7};) and the enzymatic surface erosion: increasing the Hva
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content in the polymers resulted in higher Tj, and lower enzymatic erosion rate. Poly-
mers with more than 50 mol % Hva were stable at 37 °C in enzyme solution. Analysis
on thin films using quartz crystal microbalance with dissipation (QCM-D) demon-
strated that the onset temperature of the enzymatic erosion was approximately 20
°C lower than the wet T, for all tested polymers. This new finding demonstrates that
relatively high tensile strength polycarbonates can undergo enzymatic surface erosion.
Moreover, it also sheds light on the connection between T, and enzymatic degrada-
tion and explains why few of the high strength polymers follow an enzyme-meditated

degradation pathway.

3.2 Introduction

Surface eroding polymers as compared to bulk eroding polymers have distinct ad-
vantages for the design of resorbable medical implants (124). Typically, during bulk
erosion a decrease in molecular weight of the polymer occurs before any mass loss
is observed. This leads to unfavorable changes in polymer characteristics such as
diminishing mechanical strength and lack of control over long-term drug release. By
contrast, surface erosion leads to mass loss with only negligible molecular weight de-
crease throughout the bulk of the polymer. Surface erosion is advantageous in appli-
cations requiring a controlled retention of mechanical properties during degradation
and in drug delivery applications where the rate of drug release can be controlled
by the erosion of surface layers of the polymeric matrix. However, hydrolytic sur-
face erosion is only observed when the rate of polymer degradation is faster than
the rate of water penetration into the bulk of the polymer (42; 21). Hence, for
small medical implants, hydrolytic surface erosion is limited to extremely fast de-
grading polymers such as some polyanhydrides and some poly(ortho esters) (46). In

the clinic, a surface eroding device (Gliadel) made from polyanhydrides is used to
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release a chemotherapeutic agent in the brain over 2-3 weeks (16). Most degrad-
able polymers used in the design of medical and drug release devices are materials
such as polyesters that invariably undergo bulk erosion (1). Interestingly, Pitt et
al. reported that poly(trimethylene carbonate) (PTMC), an aliphatic polycarbon-
ate, showed surface erosion behavior in vivo, while the hydrolytic degradation was
slow in vitro (143). It was later demonstrated that PTMC underwent enzymatic
degradation by hydrolytic enzymes in vitro, mimicking surface erosion characteristics
found in vivo (141). Hence, hydrolytic enzymes are likely to play a significant role in
the degradation of PTMC. Further, the involvement of reactive oxygen species in the
erosion of aliphatic polycarbonates was recently suggested by Amsden et al., similar
to previous findings by Anderson et al. in poly(carbonate urethane)s (24; 29; 27)
studies have evaluated the suitability of devices from surface eroding, aliphatic poly-
carbonates for antibiotic delivery, and implantation in a soft tissue environment for
vascular and cardiac tissue engineering (62; 32; 6; 120), Since the material properties
of these aliphatic polycarbonates are characterized as flexible and rubbery (7} lower
than 37 °C), it was previously postulated that enzymatic surface erosion requires a
flexible polymer backbone that can comply with the enzymes active site (106). There-
fore, it is accepted that aromatic polycarbonates and most other currently available
biodegradable polymers with Youngs moduli in the GPa range are not susceptible to
enzymatic surface erosion, even though amorphous poly(lactic acid) is degradable by
Proteinase K (135; 136). Likewise, a wide range of tyrosine-derived polycarbonates
were extensively studied by Kohn et al., but were not found to degrade by enzyme-
mediated processes (125; 126; 39). Heretofore, few efforts have been made to discover
new polymers of high strength that undergo enzymatic surface erosion.

In this contribution, we report on the preparation and characterization of a series of
aromatic—aliphatic polycarbonates based on tyrosol and homovanillyl alcohol. Both
monomers are readily available from natural resources such as olive oil mill waste wa-

ters and products of fermentation processes (79; 55). Tyrosol and hydroxytyrosol are
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assessed as GRAS (generally recognized as safe) substances by the FDA. Homovanil-
Iyl alcohol is a metabolite of hydroxytyrosol and has an LDsy of 3200 mgkg *(oral,
rabbit; data from the Material Safety Data Sheet provided by the supplier). As antiox-
idants they have been credited with benign biological activities(43). The structures of
the monomers contain both a phenol and an alcohol group: After polycondensation,
polymers with both aromatic and aliphatic carbonate functionalities were obtained.
Remarkably, we found enzymatic surface erosion behavior resembling the degradation
of soft, aliphatic polycarbonates, while the mechanical properties were strong, similar
to aromatic polycarbonates. QCM-D analysis on thin films demonstrated the connec-
tion between T, and enzymatic surface erosion; this finding explains why amorphous
poly(lactic acid) and the polycarbonates based on tyrosol and homovanillyl alcohol
with 7T}, below 60 °C can undergo surface erosion, while most of the other high tensile

strength polymers with significantly higher 7 cannot.
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3.3 Experimental

In brief, Chapter 2 generally described the herein used materials and procedures
followed such as polymer characterization, compression molding, water uptake, me-
chanical properties by Bose Electroforce (Eden Prairie, MN), degradation experiments
in lipase solution and PBS control, spin-coating of polymer thin films, SEM, QCM-D.
It is be noted that the general procedure for the synthesis of polycarbonates was fol-

lowed using tyrosol and homovanillyl alcohol as diol monomers.

The experimental procedures below are considered specific to this chapter.

3.3.1 Static Contact Angle Measurement

To measure the contact angle, a drop of water was applied to the polymer-coated
surface and the static contact angle was determined using a goniometer (Rame-Hart,

Succasunna, NJ) with at least five independent measurements per composition.

3.3.2 Attachment and Proliferation of Human Mesenchymal Stem Cells
(hMSCs) on Polymer Films

Bone marrow derived hMSCs of passage numbers between 2 and 5 (Texas A&M
University, College Station, TX) were cultured in MSC basal medium supplemented
with SingleQuots (Lonza, Walkersville, MD). Compression-molded discs (approxi-
mate thickness = 250m) of (co)polymers from Ty and Hva were cut to fit wells
of a 48-well tissue culture polystyrene (TCPS) plate (Corning, Corning, NY). Cells
were seeded at a density of 5 10? cells cm?. The hMSCs were cultured at 37 °C in
an incubator supplemented with 5% (v/v) of COs. Cell viability and proliferation
were evaluated at time points of 4 h, 4 days, and 7 days. For qualitative fluorescence
microscopy imaging, cells were fixed with 4% (w/v) paraformaldehyde for 10 min and

then permeabilized with 0.1% (w/v) Triton X-100 for 3 min. Staining was conducted
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using Alexa Fluor 488 phalloidin for 20 min and Hoechst for 5 min. For quantifica-
tion of viability, the cell culture medium containing 10% (v/v) of AlamarBlue reagent
(Invitrogen, Carlsbad, CA) was added to wells of live cells after a buffer rinse. The
fluorescence of the supernatant was measured after 4 h of incubation (\., = 560 nm,
Aez = 590 nm) (132). The total cell count on polymer substrates was calculated
for each time point by comparing fluorescence readouts against a standard curve of
known cell numbers. Three independent experiments were carried out (n = 3) with

three replicates for each condition.
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3.4 Results and Discussion

3.4.1 Synthesis and Chemical Structure

Tyrosol (Ty) Homovanillyl alcohol (Hva)
4-(2-hydroxyethyl)phenol 4-(2-hydroxyethyl)-2-methoxyphenol
c
O@\/\ i _ | ’
o N N
(@) @]
X% O\ Y%

Poly(tyrosol-co-y%homovanillyl alcohol carbonate)
Ty/Hva (mol%): 100/0, 90/10, 75/25, 50/50, 0/100

Figure 3.1: Chemical structures of (A) tyrosol, (B) homovanillyl alcohol, (C) poly-
(tyrosol-co-homovanillyl carbonate).

A series of polycarbonates from tyrosol (Ty) and homovanillyl alcohol (Hva) (Fig-
ure 3.1 A-C) was prepared by condensation polymerization using triphosgene with
Ty content of 100, 90, 75, 50, and 0mol % in the feed. The polymer composition
respective to Ty and Hva was confirmed using 'H NMR spectroscopy (Figure 3.2 A).
As illustrated in Figure 3.2 B, the backbone structure featured sequence isomers with
diaryl (head-to-head, HH), dialkyl (tail-to-tail, TT) and aryl alkyl (head-to-tail, h/t)
carbonates . Chemical shifts of protons in head-to-head, tail-to-tail isomers (aro-
matic: al and bl, aliphatic: d1 and el) were distinguished from those in head-to-tail
isomers at corresponding positions (aromatic: a2 and b2, aliphatic d2 and e2) for
Ty and Hva. Additional protons exclusive to Hva units were annotated accordingly

(aromatic: ¢l and ¢2, methoxy: f1 and {2).
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Figure 3.2: Results of 'H NMR spectroscopy on polycarbonate compositions of
Ty/Hva (mol %) 100/0, 90/10, 75/25, 50/50, and 0/100 with notations of respec-
tive peak assignments referenced to DMSO-d®: (A) Overlay spectra, (B) polymer
sequence isomers at carbonate bond: head-to-head, tail-to-tail, head-to-tail.
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A detailed tabulation of the chemical shift assignments with signals that arose

from Ty and Hva contributions is provided in Table 3.1.

Table 3.1: Chemical shift assignment from 'H-NMR spectra]

Head-to-head (diaryl)/tail-to-tail (dialkyl) Head-to-tail (aryl alkyl)

Proton Chemical shift Proton Chemical shift
[ppm| [ppm]

al (aryl, Ty) 7.3(m) a2 (aryl, Ty) 7.3 (m)

al (aryl, Hva) 7.1(m) a2 (aryl, Hva) 7.1 (m)

bl (aryl) 7.3 (m) b2 (aryl) 7.1 (m)

cl (aryl, Hva) 6.9, 6.8 (m) c2 (aryl, Hva) 6.7, 6.8 (m)

dl (alkyl) 2.9 (m) d2 (alkyl) 3.0 (m)

el (alkyl) 4.3 (m) e2 (alkyl) 4.4 (m)

f1 (methoxy, Hva) 3.8 (s, s) f2 (methoxy, Hva) 3.7 (s, s)

s = singlet, m = multiplet.

The distribution of carbonate sequence isomers was determined by integration of
the 'H-NMR signals of the aliphatic H-C,, el and e2. Further, the aliphatic methylene
protons d1 and d2 as well as the aromatic ring protons al, a2 and bl, b2 were
quantified. The distribution of carbonate sequence isomers is shown in Table 3.2.

In poly(tyrosol carbonate) (100/0), the experimentally determined ratios of HH : TT
: HT were 1 : 1: 1.3, while the theoretical, statistical distribution for HH : TT : HT
was 1 : 1 : 2. Therefore, the polycondensation reaction of tyrosol and triphosgene
showed modest selectivity towards carbonates of HH and TT connectivity. This is
most likely due to a faster reaction rate of the phenolate versus the aliphatic hydroxyl
in the beginning of the phosgenation reaction. When the phenolate was consumed,
the reaction rate for the aliphatic hydroxyl increased and leading the formation of HT.

Increasing Hva content in the feed lead to a shift in the sequence isomer distributions
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towards the HT isomer. In 50/50, the statistical distribution was obtained, while

in poly(Hva carbonate) ratios for HH : TT : HT of 1 : 1 :

2.8 were determined.

The effects of the compositional changes from Ty to Hva and the backbone structure

on the properties of these aromatic—aliphatic polycarbonates are subject of detailed

studies in this chapter.

Table 3.2: Distribution of sequence isomers in polycarbonate backbone

Ty/ Hva Head-to-head Tail-to-tail Head-to-tail

(mol %) (Diaryl carbonate) (Dialkyl carbon- (Arylalkyl carbon-
ate) ate)

100/0 1 1 1.3

90/10 1 1 1.4

75/25 1 1 1.6

50/50 1 1 2.0

0/100 1 1 2.8

Statistical ratios 1 1 2

?Calculated from integrated 'H-NMR Spectra

In addition to '"H-NMR spectra, the 3C-NMR spectroscopy on poly(tyrosol car-

bonate) (100/0) yields detailed information of the sequence microstructure. A zoom

into the chemical shift of the aromatic ring carbon C4 in the ¥C-NMR spectrum

reveals structured triads of the tyrosol units (Figure 3.3).
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Figure 3.3: C-NMR spectrum (126 MHz, DMSO-d®) of poly(tyrosol carbonate):
Zoom into chemical shift of aromatic ring carbon C, (6 135-136 ppm) with assign-
ments of triads A, B, C, D.

The signals revealed information about the triads spanning three consecutive ty-
rosol units, two full carbonate bonds and two halves of carbonate bonds. Indeed,
the four theoretically possible triad orientations were identified experimentally. The
assignment for the respective signals of the C, atoms are noted A-D. It must be noted
that the relative peak intensities are not indicative of the actual ratios of triads found

in the polycarbonate backbone.
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3.4.2 Physical Polymer Properties

The physical properties in the series of polycarbonates from Ty and Hva are listed in

Table 3.3.

Table 3.3: Physical properties of polycarbonates from Ty and Hva

Ty/ Hva Mn Mw T, (°C) Contact
(mol %) (10* g/mol) /Mn dry wet angle (°)°
100/0 174 1.49 60 50 80 £ 2
90/10 227 1.46 63 54 81 + 1
75/25 212 1.42 65 o7 82 £ 2
50/50 183 1.45 69 60 80 £ 2
0/100 117 1.52 74 63 80 £ 2

“Mean + standard deviation (SD), n = 5.

All polymers were of high molecular weight with Mn values ranging from 117 to
227 gmol~'. In the dry state, the T, increased with the content of Hva in the composi-
tion from 60 to 74 °C in accordance with the Fox equation (14). This T} increase may
be explained by reduced polymer chain flexibility due to the methoxyl substituent
of Hva. As reported elsewhere, additional steric barriers to chain rotations raised
T, in polystyrenes and polymethacrylates (83). In the wet state, the T, of precon-
ditioned polycarbonates from Ty and Hva was reduced by approximately 10°C for
all compositions; the equilibrium water uptake of the polymer specimens throughout
the series was less than 1% (w/w), thus explaining the moderate reduction of the
T, upon hydration. Under physiological conditions all polymers were in the glassy,
amorphous state. The polymer surfaces throughout the series were characterized as
moderately hydrophobic with water contact angles around 81°.

To evaluate the applicability of the polycarbonates from Ty and Hva in the fabri-

cation of biodegradable load-bearing devices, the tensile moduli as well as stress and
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Table 3.4: Mechanical properties of polycarbonates from Ty and Hva

Ty/ Hva  Modulus [GPa] Yield Stress [MPal Yield strain®
(mol %) Dry® Wet? Dry® Wet? Dry® Wet®
100/0 1.1£02 08=£02 38%£2 27 £ 2 6% 5%
90/10 1.0+01 10+£01 42+£5 271+ 1 6% 6%
75/25 1.0£01 09£+£01 4242 32+ 1 6% 6%
50/50 1.2£01 09£01 57%3 34 £ 2 8% 6%
0/100 1.2+01 12+£02 54+£2 43 £+ 2 % 6%

“Tested at RT; *Preconditioned for 24 h and tested in PBS at 37 °C; ¢SD < 1%.

strain at the yield point were determined by tensile testing (see Table 3.4 and Figure
S2, Supporting Information). Changing the ratio of Ty and Hva provided control
over the glass transition temperature (7}) while the mechanical properties remained
similar. In the dry state at room temperature, all polymers were characterized as
strong and stiff materials with tensile moduli in the range from 1.0 £ 0.1 GPa to
1.2 + 0.1 GPa and the yield stress (0y;q) ranging from 38 &+ 2 MPa to 57 & 3 MPa.
The yield strain (ey;q) was approximately 6% for all compositions. The polymers
were ductile and did not break at 150% strain, which was the maximal elongation that
could be measured by our experimental setup. Under simulated physiological condi-
tions at 37 °C, lower tensile moduli ranging between 0.8 + 0.2 GPa to 1.2 £ 0.2 GPa
and 27 + 2 MPa to 43 £ 2 MPa values of the copolymers were recorded; the €,;q was
not affected. The moderate reduction of mechanical performance in the wet state
is expected due to hydration and higher temperature during testing. The physical
properties and the mechanical performance of the reported polymers were compara-
ble to other resorbable, aromatic polycarbonates. For example, poly(DTE carbonate)
(DTE = desaminotyrosyl tyrosine ethyl ester), suitable for biomedical applications,

has a modulus of 1.5 GPa in both the dry and the wet states at 22°C (12). In
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particular, copolymers of DTE and PEG(5mol % of PEG, Mn = 5gmol ') with 1.2
GPa in the dry state and 0.6 GPa in the wet state match the performance range of
polycarbonates from Hva and Ty (138). By contrast, aliphatic polycarbonates, e.g.,
PTMC, are much more flexible and possess lower moduli in the low megapascal range

under physiologically relevant conditions (100).

3.4.3 Enzyme-Mediated Surface Erosion In Vitro and Retention of Me-

chanical Properties

To explore the in vitro degradation behavior, compression-molded specimens of poly-
carbonates from Hva and Ty were immersed in lipase solution and in PBS as a control.
The pH of the degradation medium remained around pH = 7 for all the tested groups
measured after 1 week before replacement with fresh solution. At 37 °C in lipase solu-
tion, the molecular weight remained unchanged, while linear mass loss was observed
for poly(tyrosol carbonate) and compositions with 90 and 75mol % Ty (Figure 3.4
A). For poly(tyrosol carbonate) a rate of mass loss of 0.14 &+ 0.0l mgem 2d ™! was
demonstrated. At this rate, only about half of the mass was retained at a 6-week
time point. The last structurally intact specimens were retrieved after 9 weeks with
a relative mass loss of around 80%. The lipase dependent erosion was slower for
compositions with 90 and 75mol % Ty showing rates of 0.07 £ 0.0l mgcem 2d ! and
0.03 £ 0.01mgem 2d !, respectively. However, the mass loss of compositions with
lower than 50 mol % Ty was too slow to be quantified accurately. Poly(homovanillyl
carbonate) was stable in lipase solution at 37 °C. In accordance with the mass loss re-
sults, concomitant thickness-loss was observed for poly(tyrosol carbonate) specimens

at a rate of 3.0+ 0.8 pmd ! (Figure 3.4 B).
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Figure 3.4: (A) Relative mass retention of specimens with compositions of Ty/Hva
(mol %) 100/0, 90/10, 75/25, 50/50, and 0/100 incubated in lipase solution at 37 °C,
(mean £ SD, n = 3). (B) Correlation between relative mass and thickness loss of
poly(tyrosol carbonate)) specimens incubated in lipase solution at 37 °C, (mean +
SD, n = 3). The linear regression lines were plotted.

Likewise, the thickness of specimens containing 90 and 75mol% Ty decreased
over time as well, while no change was observed for compositions with 50mol % Ty
and poly(homovanillyl carbonate). No surface erosion was observed for any com-
position incubated in PBS, while the long-term stability of poly(tyrosol carbonate)
was evaluated for a period of 1 year showing no significant changes in molecular

weight(Figure 3.5).
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Figure 3.5: Relative M,, retention of (A) polycarbonate specimens with compositions
of Ty/ Hva (mol %) 100/0, 90/10, 75/25, 50/50, 0/100 incubated in lipase at 37 °C,
and (B) 100/0 and 90/10 in lipase solution and PBS control at 37 °C.



33

A unique morphology of partially eroded poly(tyrosol carbonate) specimens was
revealed in SEM images: while the untreated poly(tyrosol carbonate) specimens
showed a smooth surface (Figure 3.6 A), pits and cavities were seen on surfaces when
incubated in lipase solution after rinsing with 70% (v/v) ethanol and drying (Fig-
ure 3.6 B-E). Over time, pits evolved into regular patterned cavities. The surfaces of
specimens were progressively eroded by lipase while control specimens incubated in

PBS maintained a smooth surface (Figure 3.6 F).

Figure 3.6: SEM morphology of disc shaped specimens from poly (tyrosol carbonate)
after incubation in lipase solution: (A) 0 weeks, (B) 1 week, (C) 4 weeks, (D) 6 weeks,
(E) 9 weeks, (F) 9 weeks, PBS control, after rinse with 70% (v/v) ethanol. Scale bar
=10 pm.
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The mechanical properties of poly(tyrosol carbonate), the fastest eroding com-
position, were evaluated over time in lipase solution and PBS as a control. In both
conditions, the modulus, oy;cq, and €,;q values were retained for a period of at least

18 weeks, as shown in Table 3.5.

Table 3.5: Mechanical properties of poly(tyrosol carbonate) during erosion. (Mean
+ SD, n = 4)

Time  Modulus (GPa)  oyeq (MPa) Eyield” Mass loss®¢
Lipase PBS Lipase PBS Lipase PBS Lipase PBS

24 h 0.9¢ 0.8¢ 25+2 21+2 4% 5% 1% -
1 wk 0.8¢ 0.8¢ 21+2 34 +5 4% 6% % -
4 wk 0.84 0.9¢ 26+1 26+2 6% 5% 17% -
18 wk  0.9¢ 0.8¢ 2+1 21+1 4% 6% 65% -

“Tested in PBS at 37 °C; ®Mass loss 400 pum thick specimens; SD ¢<10%; ¢+ 0.1; ¢+ 0.3 GPa

When engineering surface eroding devices, however, it has to be considered that
due to changes in the specimens dimensions the force required to deform the specimens
will decrease with time. Nevertheless, the change is predictable, and may be adjusted
for by setting the design parameters. In comparison, for bulk-degrading devices,
mechanical properties decline in a less controllable manner. For example, poly(DL-
lactic acid) specimens are weakened by the possible formation of hollow structures in

the bulk with only the retention of an outer shell (44).
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3.4.4 Glass Transition Temperature and Onset of Enzymatic Erosion

We studied the temperature dependence of enzymatic erosion on thin films of polycar-
bonates from Ty and Hva using QCM-D (Figure 3.7). The experiment was conducted
by stepwise increasing the temperature in a range between 20 and 49 °C as shown in
the QCM-D frequency traces of Figure 3.7A. Lipase was adsorbed at the beginning of
the experiments, showing comparable adsorption isotherms for all compositions with
frequency changes (Af) of —22 Hz and —26 Hz (mass adsorption of 290 460 ng cm?2)
at 20°C(Figure 3.7B). At this temperature all polycarbonate thin films were stable
against enzymatic degradation. Then, at specific, polymer composition-dependent
onset temperatures (7,,s¢), a transition in the frequency traces upon raising the
temperature was observed for all the samples, indicating the beginning of enzymatic

surface erosion.
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Figure 3.7: (A) QCM-D temperature dependent frequency plots of thin films from
compositions of Ty/Hva (mol %) 100/0, 90/10, 75/25, 50/50, and 0/100 with pread-
sorbed lipase and PBS control for 75/25, (B) lipase adsorption at 20 °C), no erosion,
(C) plot of rate of mass loss per area in dependence of temperature, (D) illustration
of lipase adsorption at start (20 °C), erosion beyond Ty — 20 °C) and end behavior
with lipase on gold.

The slope of the section in the erosion curves after equilibration in between tem-

perature steps was used to calculate the rates of mass loss per unit area Figure 3.7C.
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We observed at a certain temperature onset of mass loss for all compositions. More-
over, this onset temperature for mass loss was determined by extrapolating the linear
section of the curves. The onset temperatures for mass loss, determined in such way
were close to Ty(wery — 20 °C for all compositions.

Table 3.6: Temperature-dependent erosion behavior of QCM-D and macroscopic films

Ty/ Hva QCM-D A(Ty et QCM-D* Macroscopic®
Tonset Tonset) mass loss rate  mass loss rate
(mol %) (°C) (°C) (mgem™2d™' ) (mgem—2d71)
100/0 29 21 0.20 £ 0.02 0.14 £ 0.01
90/10 33 21 0.12 £ 0.01 0.07 £ 0.01
75/25 34 20 0.03 £ 0.01 0.03 £ 0.01
50/50 37 20 - -
0/100 43 20 - -

“Rate at 37 °C as determined from linear regression.

We can therefore define the onset temperature for enzymatic surface erosion which
can be expected around Typser = Ty(wery —20 °C, where T} (,¢r) stands for the glass tran-
sition temperature of fully hydrated samples (Table 3.6). Once T,,; was reached,
frequency increased dramatically even after temperature equilibration, indicating ero-
sion of the polymer films. In control experiments without lipase, no frequency changes
beyond baseline equilibration were observed throughout the temperature range. For
example, poly(tyrosol carbonate), the polymer with the lowest Ty ey in the series
(50°C), has an expected Tppse; of 30°C and was observed to undergo enzymatic sur-
face erosion starting at 29°C. Most strikingly, even poly(Hva carbonate), which is
non-erodible at 37 °C, undergoes enzymatic erosion at 43°C. As expected, the rates
of erosion increase upon heating, reflecting the temperature dependence of enzyme
activity. Further differences in the rates of mass loss among the polymers at a given

temperature may be due to structural effects such as steric hindrance at the lipase
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active site caused by the methoxyaryl groups present in Hva.

Enzyme-mediated degradation of synthetic, degradable polymers is predominantly
reported for flexible and rubbery polymers and not for stiff and glassy materials.
In this sense, polymer chain flexibility appears to be an important determining fac-
tor. It is noteworthy that previous studies suggested increased flexibility of polymer
chains in confinement as compared to the bulk: A depression of the bulk 7} value
by approximately 20 °C was observed in ultrathin films (thickness below 100 nm) of
polystyrene as a model system for confinement (58). We suggest that the polymer
chain flexibility at the surface may be increased toward a more rubbery-like behavior
compared to a glassy bulk (37). Similarly, the hydrated surface of glassy polymers,
such as polycarbonates from Ty and Hva may start to behave in a rubbery manner at
about 20 °C below the measured bulk Ty(e) value. At that temperature, the active
site of lipase adsorbed on the polymer surface is able to interact with hydrolyzable
carbonate groups to mediate polymer degradation.

Interestingly, the identification of a T,,.; for the enzymatic erosion of degradable
polymers approximately 20 °C below Ty ,e) may also explain why amorphous poly(L-
lactic acid) is susceptible to degradation by Proteinase K at 37 °C, while aromatic
polycarbonates such as poly(DTE carbonate) with a T, of 90 °C21 have a glass tran-
sition out of a biologically relevant temperature range and do not exhibit enzymatic

erosion under physiological conditions.
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3.4.5 Cell Viability and Proliferation

Three polycarbonates from Ty and Hva (100, 90, and 50 mol % Ty) were evaluated as
substrates for attachment and proliferation of human mesenchymal stem cells (hM-
SCs) relative to tissue-culture polystyrene (TCPS). Bone marrow-derived hMSCs
were selected for these studies in view of the potential biomedical applications of
these high-strength materials in orthopedics. In comparison, all compositions sup-
ported cell attachment and proliferation equally with no statistical differences found
(Figure 3.8). After 4 days, hMSCs exhibited spread morphologies on all substrates
as observed by confocal microscopy (Figure S5, Supporting Information). Confluence
was reached after 7 days in culture on all substrates with cell densities of approxi-

mately 6 x 10* cellscm 2.
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Figure 3.8: Cell viability of hMSCs on polycarbonate substrates of Ty/Hva (mol %)
100/0, 90/10, 50/50 after 4 h, 4 days, and 7 days: (A) Representative images from
epifluorescence microscopy on hMSC morphology, scale bar = 100 pum, (B) cell density
determined by AlamarBlue assay relative to standards on TCPS (mean + SE, n =
3).
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3.5 Conclusion

While the phenomenon of enzymatic surface erosion has been linked to polymer chain
flexibility before, it has not been recognized that a rather simple correlation with a
polymers glass transition temperature can explain why some polymers undergo en-
zymatic surface erosion while others seem to be unaffected by enzymes. Our results
demonstrate that the ability of enzymes to erode a polymer surface is not merely
an intrinsic property of the polymer. Instead, it seems that the susceptibility of
a polymer to undergo enzymatic surface erosion is determined by the experimental
conditions and that a simple correlation (T,,ser = T, ywety — 20°C) may allow one
to predict if a given polycarbonate will undergo surface erosion under physiological
conditions. This new understanding of enzymatic surface erosion can now be used
to design innovative polymers that will exhibit enzymatic surface erosion at specific
experimental conditions. This is exemplified by the system of new aromatic—aliphatic
polycarbonates from the natural phenols tyrosol and homovanillyl alcohol. For se-
lected compositions among these polymers, the hydrated surface layer of the polymer
at physiological conditions (37 °C) is flexible enough to allow for enzymatic degra-
dation, while the bulk still maintains the mechanical strength of a glassy material.
In future studies, we will explore whether similar correlations can be established for

other types of biomedically important polymers such as polyesters and polyamides.
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Chapter 4

Highly Chemoselective Phosgenation of
(Hydroxyalkyl)phenols for Pre-Programmed
Carbonate Diols

4.1 Abstract

In this chapter, a new synthetic toolkit was developed for the selective phosgenation
of (hydroxyalkyl)phenols respective to either alcoholic and phenolic hydroxyl groups.
The resulting diaryl carbonate diols, dialkyl carbonate diols as well as hydroxyphenyl
alkyl chloroformates were obtained in catalyst free conditions without use of protec-
tion groups.

The compounds constitute bifunctional polymerizable units which can serve as a
new class of pre-programmed monomers for the synthesis of polycarbonates with
controlled polymer backbone sequence. This is realized either by the chemoselec-
tive preformation of a carbonate in a dimer derived from (hydroxyalkyl)phenols or
by creating heterobifunctional hydroxyphenyl alkyl chloroformates. For selectivity
of bis(trichloromethyl) carbonate (BTC) towards the phenolic hydroxyl biphasic re-
actions were explored containing a basic aqueous phase loaded with the (hydrox-
yalkyl)phenolate and an insoluble organic phase containing the BTC. Systematically,
reaction conditions were optimized to obtain bis(4-(2-hydroxyethyl))phenyl) carbon-
ate from tyrosol at high selectivity and yield. In polar, aprotic solvents such as THF
the hydroxyphenyl alkyl chloroformate was formed in situ when a slight excess of
BTC was used. After acid removal, the bis(hydroxyphenalkyl) carbonate was pre-

pared from equivalent of (hydroxyalkyl)phenols under slow addition of pyridine as a
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base.

4.2 Introduction

Organic carbonates are functional groups with major prominence in important indus-
trial as well as biomedical applications. For example, dimethyl carbonate as well as
diphenyl carbonates serve as fuel additives and polycondensation agents (129). Fur-
ther, carbonates can provide a hydrolytically labile bond in the formation of prodrugs
in medicinal chemistry (134) and in degradable polymers for biomedical implants (39).
A classic synthesis of industrial polycarbonates is conducted using phosgene gas in a
biphasic system comprised of alkaline aqueous and in-miscible organic phase (115).
The synthetic versatility of phosgenation reactions has seen a fruitful expansion, since
the use of the crystalline bis(trichloromethyl) carbonate, a reagent that was originally
discovered in the nineteenth century (30), has been popularized for its safer handling
properties (36). Likewise, BTC has proven useful for interfacial polymerization reac-
tions to obtain aromatic polycarbonates (67).

In contrast, aliphatic polycarbonates such as poly(trimethylene carbonate) are best
obtained by ring-opening polymerization using Stanneous Octanoate as an auxiliary
(143; 68). Recently, dimeric aliphatic polycarbonates were formed directly from CO,
at amospheric pressure (137).

Derivatives of (hydroxyalkyl)phenols such as tyrosol and hydroxytyrosol have drawn
attention by the scientific community as they possess anti-inflammatory (10) and
anti-oxidant activities (84). Chemoselective derivatization such as esterifications of
(hydroxyalkyl)phenols have been explored at the alcoholic hydroxyl (13; 105) using
acidic conditions, while selectivity for the phenolic hydroxyl requires formation of the
phenolate under basic conditions (92). Further, selective silylation as a protection
strategy is possible (116).

Surprisingly, no study has directly compared the selectivity of phosgenation reactions
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for aliphatic hydroxyls and aromatic hydroxyl groups.

Previously, we have reported on the synthesis of polycarbonates from natural (hydrox-
yalkyl)phenols such as tyrosol and homovanillyl alcohol (119). The pyridine catalyzed
polycondensation of these natural (hydroxyalkyl)phenols resulted in the formation of
a distribution of diaryl, dialkyl or aryl alkyl carbonates in the polymer backbone.
Herein, we report on the exploration of synthesis methods to selectively obtain di-
aryl and dialkyl carbonate diols by fine tuning interfacial reactivity as well as the
use of auxiliaries such as Pyridine in the organic bulk. Such bifunctional carbonate
diols are potentially useful in the synthesis of sequence controlled polymers using a
pre-programmed monomer approach (98; 103). The potential advantages of sequence
such as improvement of mechanical properties and control of the degradation rate

will then be explored in the following chapters.

4.3 Experimental

The reagents used and the general procedures followed are described in Chapter 2.

The synthesis procedures developed in this chapter are shown below.

4.3.1 Analytical Methods for Small Molecule Characterization

For 'H-NMR and *C NMR spectroscopy, VNMRS (Varian, Palo Alto CA) with 400
MHz or 500 MHz were used at 25°C with solvents CDCl; referenced to TMS or
DMSO-d® referenced to the solvent signal. The signals are reported as chemical shift
(0) in parts per million; provided the multiplicity of the signals: s = singlet, d =
duplet, t = triplet and m = multiplet and respective coupling constant (.J).

ESI-mass spectrometry was conducted on a Finnigan LCQ-DUO (ThermoFisher Sci-
entific, Waltham, MA). The sample was manually injected using a syringe. Then the
spectra were analyzed with the manufacturer’s Xcalibur software. The most abun-

dant ion peaks with relative intensities of isotopic patterns are annotated including
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associated atoms as the mass per charge ratio (m/z).

4.3.2 Synthesis
Optimization of biphasic phosgenation of tyrosol

Tyrosol (4-(2-hydroxyethyl)phenol) 1a (4.45 g, 0.032 mol) was dissolved in 100 ml
deionized water with NaOH (0-1.2 equiv.) as an inorganic base or an organic base
such as Py or TEA. BTC (0.5-0.55 equiv.) was dissolved in 67 ml DCM. Both
solutions were cooled to 5°C in an ice/ water bath. The aqueous solution was added
to the organic phase at a stirring rate of 300 rpm using an an overhead stirrer. After 2
h the ice/ water bath was removed and stirring was continued for a 24h period. After
separation of the phases, the organic phase was washed with HCI, then dried with
MgSO, and filtered.The solvent was removed and the crude was dried invacuo. After
drying, the composition of the crude, the relative yield were determined by weighing.

The composition of the crude was analyzed by 'H-NMR spectroscopy and ESI-MS.

Substrate scope for biphasic phosgenation of (hydroxyalkyl)phenols

The synthesis and characterization of diaryl carbonate diols for the substrate scope of
various (hydroxyalkyl)phenols such as 4-(3-hydroxypropyl)phenol 1b, 4-(2-Hydroxy-
ethyl)-2-methoxyphenol (homovanillyl alcohol) 1c, 2-(2-hydroxyethyl)phenol 1d, 4-
hydroxybenzyl alcohol 1e and 3-hydroxybenzyl alcohol 1f, was conducted applying

the conditions optimized for tyrosol.
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Selective formation of aliphatic chlorocarbonyls from (hydroxyalkyl)phe-

nols

A oven-dried round bottom flask equipped with a magnetic stirrer was flushed with
dry nitrogen gas. Then respective (hydroxyalkyl)phenol 1la—d (1 equiv.) and BTC
(1-1.2 equiv.) was added. The mixture was dissolved in dry THF added from a
syringe under inert conditions. The reaction mixture was stirred for 24 h at ambient
temperature. ESI-MS and NMR in CDCl3 in reference to TMS were performed to
confirm identity and composition of an 1 : 1 mixture of respective aliphatic chlorofor-
mate and trichloromethyl carbonate. The insitu mixture of equivalent chlorocarbonyl

species was used for further reactions without additional purification.

Synthesis of dialkyl carbonate diols from (hydroxyalkyl)phenols

Additional (hydroxyalkyl)phenol such as la—d (1.0-1.2 equiv.) was supplemented
to the respective aliphatic chlorocarbonyl. Under dry nitrogen atmosphere, Pyridine
(1.0-1.2 equiv.) was added dropwise from a syringe pump over the course of 20 h
at RT. Afterwards, the solution was subsequently reduced in volume and the solvent
was removed in.vacuo. The residue was dissolved in DCM (15 ml) and washed with
0.2 M HCI (7.5 ml). The organic phase was dried over MgSO, and filtered. Then the
solvent removed and the product was dried in vacuo.

The dialkyl carbonate diols were either purified by flash chromatography or hydrolytic

recrystallization in aqueous base.

Bis(4-(2-hydroxyethyl)phenyl) carbonate 2a

Tyrosol (4-(2-hydroxyethyl)phenol) (30.00 g, 0.22 mol) was dissolved in 675 ml deion-
ized water with NaOH (10.42 g, 0.26 mol, 1.2 equiv.), BTC (11.81 g, 0.119 mol, 0.55

equiv.) was dissolved in DCM. Both solutions were cooled to 5 ice/water bath. The
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two ice cold solutions were combined under a stirring rate of 300 rpm with an over-
head stirrer. After 2 h the ice/water bath was removed and the mixture stirred until
24h were completed. 5°C ice/water bath. The aqueous solution was added to the
organic phase at a stirring rate of 300 rpm using an an overhead stirrer. After 2 h the
ice/water bath was removed and stirring was continued after a 24 h period was com-
pleted. After separation, the organic phase was washed subsequently with acidified
HCI, then drying with MgSO4, filtering. Solvent was removed in vacuo. The product
(crude yield: 29.4 g, 89%; selectivity: 99%) as a white solid. Isomeric byproducts were
removed by recrystallization from DCM and hexane; white, crystalline solid (yield:
16.8 g, 57%, purity: 99.5%). Mp = 106 °C. 'H-NMR (500 MHz, CDCl3) § 7.29-7.23
(m, 4H), 7.23-7.17 (m, 4H), 3.84 (t, J = 6.5 Hz, 4H), 2.86 (t, J = 6.5 Hz, 4H), 1.61
(s, 2H). 3C NMR (126 MHz, CDCl3) § 152.62, 149.90, 137.13, 130.44, 121.26, 63.80,
38.83.

Bis(4-(3-hydroxypropyl)phenyl) carbonate 2b

I-NMR (500 MHz, CDCly) 6§ 7.26-7.14 (m, 4H), 3.66 (t, J = 6.4 Hz, 2H), 2.75-2.67
(m, 2H), 1.92-1.84 (m, 2H), 1.53 (s, 1H). BC-NMR (126 MHz, CDCly) & 152.57,
149.38, 140.14, 129.66, 120.97, 62.25, 34.33, 31.63. LRMS (ESI+) m/z Caled. for
C19H205Na [M+Na]™ 353.36, found 353.3.

Bis(4-(2-hydroxyethyl)-2-methoxyphenyl) carbonate 2c

"H-NMR of crude (500 MHz, DMSO-d®) § 7.17-7.06 (m, 1H), 7.02 (d, J = 1.8 Hz,
1H), 6.81 (dd, J = 8.1, 1.9 Hz, 1H), 3.81 (s, 3H), 3.61 (t, J = 7.0 Hz, 2H), 2.71 (t,
J = 6.9 Hz, 2H). BC-NMR (126 MHz, DMSO-d®) 6151.70 (s), 150.97 (s), 140.06 (s),
138.39 (s), 122.32 (s), 121.54 (s), 114.45 (s), 62.62 (s), 56.56 (s). LRMS (ESI+) m/z
Caled. for CigHgoNaO; [M+Na]t 385.36, found 385.3.
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Bis(4-(2-hydroxymethyl)phenyl) carbonate 2e

'H-NMR (500 MHz, CDCl3) § 7.44 (t, J = 12.7 Hz, 2H), 7.27 (dd, J = 11.1, 1.6 Hz,
2H), 4.65 (d, J = 72.3 Hz 2H), 1.55 (s, 2H).

Bis(4-(3-hydroxymethyl)phenyl) carbonate 2f

'H-NMR (500 MHz, CDCl3) § (td, J = 7.8, 3.5 Hz, 1H), 7.30 (s, 1H), 7.25 (d, J = 7.6
Hz, 1H), 7.23 7.19 (m, 1H), 4.53 (s, 2H). 3C-NMR (126 MHz, DMSO-d®) § 152.44
(), 151.34 (s), 145.53 (s), 130.02 (s), 124.95 (s), 120.07 (s), 119.63 (s), 62.92 (s).

4-hydroxyphenethyl carbonochloridate 3a and 4-hydroxyphenethyl(trichloro-

methyl)carbonate 3a*

'H NMR (500 MHz, CDCl3) § 7.13-6.97 (m, 4H), 6.83-6.66 (m, 4H), 5.01 (s, 2H),
4.48-4.44 (m, 4H), 2.97-2.96 (m, 4H). (3a) LRMS (ESI-) m/z Calcd. for CoHgClyOs
[M+CL7]~ 234.99 (100.0%), 236.99 (63.9%), 238.99 (10.6%), 236.00 (10.0%), 237.99
(6.3%) found 353.28 (100%), 237.19 (64.9%), 238.9 (8%), 236.12 (23.8%), 237.96
(11.2%). (3a*) LRMS (ESI-) m/z Calcd. for C1oHgCl,0,4 [M+C1-]~ 334.92 (100.0%),
332.93 (78.2%), 336.92 (47.9%), 335.93 (11.1%), 338.92 (10.6%), 333.93 (8.7%), 337.92
(5.3%) found 334.91 (100%), 333.26 (75.5%), 336.80 (62.4%), 335.95 (8.4%), 338.81
(13.44%), 334.16 (5.88%), 337.91 (5.17%).

3-(4-hydroxyphenyl)propyl carbonochloridate 3b and 3-(4-hydroxyphenyl)-

propyl(trichloromethyl)carbonate 3b*

'H NMR (400 MHz, CDCly) 6 7.09-7.00 (m, 4H), 6.83-6.68 (m, 4H), 4.71 (d, J =
1.0 Hz, 2H), 4.354.30 (m, 2H), 4.30 4.26 (m, 2H), 2.70-2.64 (m, 4H), 2.08-1.95
(m, 4H). (3b) LRMS (ESI-) m/z Calcd. for CioH1;Cl,053 [M+C17]~ 249.01 (100%),
251.01 (64.5%), 250.01 (11.1%), 253.00 (10.2%), 252.01 (7%), 254.01 (1.2%) found
249.23 (100%), 251.14 (65.2%), 250.12 (19.7%), 253.2 (5.6%), 252.1 (8.1%), 254.55
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(0.2%). (3b*) LRMS (ESI-) m/z Caled. for Cy;H;;ClL,O4 [M+C17]~ 348.94 (100.0%),
346.94 (78.2%), 350.94 (49.4%), 349.94 (12.2%), 352.93 (10.2%), 347.94 (9.3%), 351.94
(5.8%) found 348.84 (100%), 347.07 (75.2%), 350.76 (49.1%), 349.90 (9.7%), 352.77
(6.7%), 348.12 (7.7%), 351.78 (2.5%).

4-hydroxy-3-methoxyphenethyl carbonochloridate 3c and 4-hydroxy-3--

methoxyphenethy (trichloromethyl)carbonate 3c*

'H NMR (400 MHz, CDCl;) 6 6.91-6.83 (m, 4H), 6.76-6.66 (m, 4H), 4.47 (t, J = 7.0
Hz, 2H), 4.45 (t, J = 7.2 Hz, 2H), 3.89 (s, 6H), 2.97 (t, J = 7.1 Hz, 2H), 2.96 (t, ] = 7.1
Hz, 2H). (3¢) LRMS (ESI-) m/z Caled. for CioH;; ClO4 [M+C1]~ 265.00 (100.0%),
267.00 (63.9%), 266.01 (11.1%), 269.00 (10.7%), 268.00 (7.0%), 267.01 (1.4%), 270.00
(1.1%).

2-hydroxyphenethyl carbonochloridate 3d

'H NMR (400 MHz, CDCl3) 6 7.39-7.04 (m, 2H), 7.04-6.60 (m, 2H), 5.27 (s, 1H),
454 (m, 2H), 3.07 (m, 2H).

Bis(4-hydroxyphenethyl) carbonate 4a

4-hydroxyphenethyl carbonochloridate and 4-(2-hydroxyethyl)phenol are dissolved in
anhydrous tetrahydrofurane . Pyridine in DCM was added dropwise over 24 h. The
solvent was evaporated and the residue dissolved in DCM. The crude was purified by
subsequent aqueous washes with 1 N HCl and 5 M NaCl. Hydrolytic recrystallization
was applied by heating the washed crude in H,O/ DI (15mgml ') to 70°C. Then
NaOH was added drop wise (1 equiv.). The hot solution was filtered off. Immediately,
HCI (1 equiv.) was added and the the precipitate was filtered off when the solution
cooled to RT. The product was rinsed with ice cold H,O/ DI and lyophilized for 48
h.
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Yield: 54 %. White crystalline solid 'H NMR, (500 MHz, CDCl3) § 7.07 (t, J = 5.5
Hz, 1H), 6.82-6.68 (m, 1H), 4.81 (s, 1H), 4.27 (t, J = 7.2 Hz, 1H), 2.89 (¢, J = 7.1 Hz,
1H). C NMR (126 MHz, DMSO-d®) 6 156.6, 155.1, 130.2, 128.2, 115.8, 68.8, 34.1.
I3C-NMR (126 MHz, CDCl3) ¢ 155.48, 154.61, 130.45, 129.73, 115.75, 77.61, 77.36,
77.11, 68.86, 34.59. LRMS (ESI-) m/z Caled. for Cy7H;5Cl1O5 [M+4CI17]~ 301.11
(100%), 302.11 (18.8%), 303.11(2.6%) found 301.25 (100%), 302.27 (16.3%), 303.22
(0.9%).

Bis(3-(4-hydroxyphenyl)propyl) carbonate 4b

'H NMR (400 MHz, CDCly) § 7.05 (d, J = 8.4 Hz, 1H), 6.77 (t, J = 5.6 Hz, 1H), 5.03
(s, 1H), 4.15 (t, J = 6.5 Hz, 1H), 2.70-2.60 (m, 1H), 1.96 (dq, J = 13.4, 6.6 Hz, 1H).
LRMS (ESI+) m/z Caled. for Ci9HgeO5Na [M+Na|* 353.14 (100%), 354.14 (21.0%),
355.14 (3.1%) found 353.21(100%), 354.22(20.2%), 355.17(1.9%). LRMS (ESL) m/z
Caled. for CioHyO5 [M-H|~ 329.14 (100%), 330.13 (20.7%), 331.15 (2.1%) found
329.4 (100%), 330.5 (19.1%), 331.66 (1.4%).

Bis(4-hydroxy-3-methoxyphenethyl) carbonate 4c

1H NMR (400 MHz, CDCly) & 6.84 (dd, J = 10.1, 5.9 Hz, 1H), 6.75-6.69 (m,
1H), 5.54 (s, 1H), 4.30 (t, J = 7.2 Hz, 1H), 3.87 (s, 1H), 2.90 (t, J = 7.2 Hz,
1H). LRMS (ESL) m/z Caled. for CigHyO; [M-H]™ 361.13(100%), 362.13(20.8%),
363.14(2.1%) found 360.97(100%), 362.01(18.1%), 363.01(2.0%) LRMS (ESI+) m/z
Calcd. for CigHapO7Na [M+Na]t 385.13(100%), 386.13(21.1%), 387.13(3.5%) found
385.12(100%), 386.11(20.1%), 387.11(2.6%).

Bis(2-hydroxyphenethyl) carbonate 4d

'H NMR (500 MHz, CDCl3) § 7.13 (ddd, J = 14.8, 7.4, 1.6 Hz, 1H), 6.87 (td, J
= 7.4, 1.1 Hz, 1H), 6.80 (dd, J = 8.0, 1.0 Hz, 1H), 4.34 (td, J = 7.0, 1.0 Hz, 1H),
2.99 (t, J = 7.0 Hz, 1H). 3C-NMR (126 MHz, CDCl3) § 155.8, 154.6, 131.4, 128.7,
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123.7,121.2, 116.2, 68.1, 30.44. LRMS (ESI+) m/z Caled. for C,7H;sNaO; [M+Na|*™
325.11(100%), 326.11(18.8%), 327.11(2.7%) found 325.19(100%), 326.21(16.3%),
327.2(1.8%).

4.4 Results and Discussion

4.4.1 Chemoselectivity in Biphasic Reaction Systems

We explored the chemoselectivity of the reaction of (hydroxyalkyl)phenols and triphos-
gene in biphasic reaction systems comprised of a basic aqueous phase containing com-
pound la and a triphosgene loaded, inmiscible organic phase. As a starting point
for our study, we supposed that the reactivity of the phenolate towards the chloro-
carbonyl species at the interface may be favored over the reactivity of the alcoholic
hydroxyl.

The results of the optimization of reaction parameters for the biphasic phosgena-
tion of 1a are shown in Table 4.1. The diaryl carbonate diol 2a was selectively formed
under basic conditions using NaOH. The optimized conditions required a slight excess
of BTC (0.55 eq.) and sufficient base (1.2 eq. of NaOH) to obtain 2a at 98% selec-
tivity with a yield of 89% (entry 4). Only a slightly larger excess of base compared to
BTC resulted in a reduced yield of 68 % (entry 3). This difference was most likely due
to hydrolysis of partially water soluble reaction intermediates such as chloroformates
and product. Interestingly, the dependence of the final yield on the equivalents of
NaOH as opposed to the interfacial reaction of BPA which forms more hydrophobic
phosgenation products. In latter case the outcome remained constant tolerating a
range of NaOH excess (18).

As expected, no formation of 2a was observed, without the presence of a base (entry
1.1). However, trace amounts of aliphatic chloroformate 3a were formed indicating

residual reactivity of alcoholic hydroxyl in the biphasic system.
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Table 4.1: Optimization study for biphasic diaryl carbonate diol synthesis

OJLO OJLCI
2a 3a

HO = | Triphosgene, Base
X OH  Biphasic: DCM, H,0 - HO OH HO OH
a at 0 °C, 300 rpm 0 = Z 0
! i ool O A O
4a 5a
Entry BTC  Base Product composition (%)® Yield®
(equiv.) (equiv.) 2a 3a 4a ba (%)
1.1 0.5 - - 100 - - 2
1.2 0.5 1.0 (NaOH) 89 10 - 1 21
1.3 0.5 1.2 (NaOH) 96 1 - 3 68
14 055 1.2 (NaOH) 98 1 - 1 89
15 05 1.0 (Py)* 60 - 30 10 1
1.6 0.5 1.2 (NaOH), 81 - - 19 6
0.1 (TEA)
1.7 0.5 1.2 (NaOH), 75 of quadrimers?, 25 of trimers? 41
0.1 (Py)

“Determined by 'H NMR of crude; *Overall yield; “Dropwise addition; “Identified by ESI-MS.

The use of organic base resulted in mixtures of isomeric products indicating side re-
actions in the organic bulk phase in competition to the interfacial reaction of the
phenolic hydroxyl. While the slow addition of pyridine lead only to the formation of
residual isomeric carbonates 2a, 4a and 5a, a catalytic amount of pyridine in the pres-
ence of NaOH had a dramatically different effect (entry 1.7): trimers and quadrimers
indicating the transition of the reaction system towards oligomerization and loss of
chemoselectivity. This scenario was in accordance with the previous synthesis of
polycarbonates from 1a in DCM in the presence of pyridine showing a distribution of

three possible carbonates within a polycarbonate backbone. Further, the use of TEA
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as a base shifted some of the chemoselectivity towards the aryl alkyl carbonate 5a
with a merely modest yield. It is noteworthy, that we could not confirm the presence
of chlorination products of 5a which may occur in larger excess of organic base (133).
Lastly, only reactant 1a was isolated from the aqueous phase after completion of the
reaction.

Table 4.2: Substrate scope diaryl carbonate diols of (hydroxyalkyl)phenols from
biphasic reactions

Triphosgene (0.55 equiv.)
y
NaOH (1.2 equiv., aq.)
DCM at 0 °C, 300 rpm

2a, 98% sel.2, 89% yield® 2b, 80% sel.2, 68% yield®
H H
o (0] jj)\ 0]
OJ\ (0] O O
OH OH
2d, isomerization to 4d 2¢, 99% sel.2, 52% yield®
Qg JONNEY
H H
~">0"0 N 0 o ©
2e, 99.5% sel.2, 52% vyield® 2f, 95% sel.2, 67% yield®

“Determined by 'H NMR analysis of crude. ®Combined yield of phosgenation products.

To highlight the biphasic system for the synthesis of diaryl carbonate diols from
(hydroxyalkyl)phenols, as shown for 2a, the previously optimized conditions were
applied on a range of substrates (as shown in Table 4.2). The respective products

were obtained from the organic phase. As expected, the formation of a slightly more
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hydrophobic diaryl carbonate diol (2b) with an additional methylene group is also
achieved with good selectivity (80%). Similarly, the reaction tolerated a methoxyl
group in ortho-position to the phenol as in 2c¢. In contrast, during the formation of
2d isomerization into 4d occurred. This may be attributed to facilitating effects by
the ortho-hydroxethyl group and the formation of 7-membered cyclic carbonates, a
previously reported carbonate species (17). The yield decreased significantly when
more hydrophilic (hydroxyalkyl)phenols were used as observed for 2e and 2f. This
may be explained with less hydrophobic intermediates and products hydrolyzed upon
transient partitioning into the basic aqueous phase as compared to the more hy-

drophobic 2a and 2b.

4.4.2 Chemoselectivity Under Acidic Conditions

It was rationalized that acidic reaction conditions without the presence of a base may
selectively favor formation of aliphatic phosgenation products of (hydroxyalkyl)phenols.
Accordingly, we focused primarily on the exploration of solvent choices as the main
handle to optimize the formation of aliphatic chlorocarbonyls exemplified on 1a as

shown in Table 4.3.
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Table 4.3: Optimization of aliphatic chlorocarbonyl formation

HO\@\/\ it HO\@\/\ i HO\@\/\ g
> Cl
OH Solvent (anhydrous), RT OJ\C| OJ\OkCI

1a 3a 38"
Entry Solvent Base Selectivity Conversion
(equiv.) (%) (%)
3.1 Chloroform 50 <4
3.2 DCM - <1
3.3 Dioxane 96 99
3.4 THF 98 99
3.5 THF Py (0.3) 95 99
3.5 THF Py (1.0) 81 99
3.6 Toluene - <1

“Determined by 'H NMR and ESI-MS of crude; *Combined n(3a) and 2n(3a*)

The use of anhydrous THF as a solvent for the reaction of BTC with (hydrox-
yalkyl)phenol 1a provided aliphatic chlorocarbonyls at high chemoselectivity (98%)
and conversion (99%). Chloroformate 3a and trichloromethyl carbonate 3a* formed
a pair of corresponding aliphatic chlorocarbonyls in an 1 : 1 mixture; as identified by
ESI-MS due to their respective m/z and the isotopic pattern revealing the chlorine
atom content; and quantified by profile fitting the integrals of respective overlapping
"H NMR triplets (Supplementary information). This finding is in accordance with
the observations in a report describing the chlorocarbonyl species present during the
methanolysis of BTC (99). In comparison to the methanolysis of BTC, however, only
residual conversion into carbonate species was observed even after a prolonged period
of 7 d reaction time.

An earlier study reported on the conversion of the chlorocarbonyl pair into chloro-

formate by addition of pyridine in the case of the secondary alcohol 4-penten-2-ol
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(131). In contrast, our results suggested formation of dialkyl carbonate diol 4a from
3a* and the primary alcohol 1a, when pyridine was added over the course of 20 h
while maintaining acidic conditions. This scenario was derived from changes in the
profile fitted integrals from the 'H NMR spectra, respective to pairs of 3a and 3a*
with an increasing ratios of 1.1 : 1 (Entry 3.5), 1.8 : 1.0 (Entry 3.6) upon Pyridine
addition. Noteworthy, the slow addition of pyridine to the aliphatic chlorocarbonyl in
the presence of (hydroxyalkyl)phenol may provid a way towards aliphatic carbonate
diols such as 4a.

Alternatively to THF, the use of 1,4-dioxane as a solvent resulted in an equally ef-
ficient conversion (99%) as compared to the use of THF; while only a slight loss of
selectivity was observed (96%) due to the occurrence of dialkyl carbonate diol forma-
tion as a minor side reaction. In contrast, the use of chlorinated solvents Chloroform

and DCM as well as toluene did not result into a relevant conversion of the reactants.
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Table 4.4: Substrate scope for for aliphatic chlorocarbonyl

HO\ ok HO\ HO\
x riphosgene XN XN
| > | | cl
R & oH Solvent (anhydrous), RT R = O\[]/CI R & O\[]/O\|/CI
n n o n o Cl
1 3 3"
Chlorocarbonyl Selectivity ~ Ratio Conversion
(%)@ 3: 3 (%)2?
HO HO
o) o o
o >99 1:1 83
ot T 8 fe
3a 3a*
HO\@\/\/ .
oo Lo ofq >99 11 95
T OOy
3b o) 3b o
~o ~o
a >99 1:1 > 99
oJ\o| OJ\OkCI
3c 3c*
97 1.1:1 86

“By 'H NMR and ESI-MS; *Equiv. 3n, 3n*

The chemoselective formation of aliphatic chlorocarbonyls was further exempli-

fied on 3b—d and 3b—d* based on the solvent optimized procedure for 3a an 3a*. As

shown in Table 4.4, the corresponding aliphatic chloroformates 3b and 3c as well as

the trichloromethyl carbonates 3b* and 3c¢* were obtained in 1:1 ratios equivalent to

the chloroformylation reaction of la.

In contrast, the reaction of 1d and BTC in THF preferentially provided the aliphatic

chloroformate 3d versus the trichloromethyl carbonate 3d* in a ratio of 4 : 1, quan-

tified by profile fitting using GSD (Supplementary information, Figure S7). This

deviation in the reactivity observed for 1d is in line with previous observations in

Table 4.2. Here, the ortho-phenolic hydroxyl may activate the carbonyl 3d* for the

decomposition into 3d and phosgene, which further reacts to form 3d.
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Table 4.5: Substrate scope for for dialkyl carbonate diol

HO HO - HO OH
Pyridine
|\\ o o |\\ on (20h addition) /@M o o w
P P > = e
R T R THF, RT R T N R
3 n o 1 n 4 n o
o~ o~
HO ~ o OH HO OH
o 0 0" "0
4a, 92% sel.2, 54% yield® 4c, 92% sel.2, 74% yield®
0 H H
5 8 1
T
O 0
HO W OH
4b, 91% sel.2, 55% yield® 4d, 84% sel.2, 37% yield®

“By 'H NMR and ESI-MS; *Purified Yield.

A synthetic method was developed for the chemoselective chloroformylation of

(hydroxyalkyl)phenol at the aliphatic hydroxyl. Ultimately, it was intended to obtain
dialkyl carbonate diols. It was reasoned that this goal may only be achieved, if aux-
iliaries such as pyridine are used to activate the chloroformate, which was otherwise
stable under ambient conditions. In order to preserve the acidic reaction conditions
pyridine was added slowly over the course of 20h to avoid the reactivity of the phe-
nolate. Further, pyridine was added in excess to convert trichloromethyl carbonates
into equivalents chloroformate and phosgene to maximize the conversion.
As shown in Table 4.5 the dialkyl carbonate diols 4a—c were obtained at high chemos-
electivity (> 91%) while the purified compounds were isolated at satisfying yields
(> 50%). In turn only minor formation of aryl alkyl carbonate occurred (around
8%), which may potentially be reduced by further adjusting the conditions of pyri-
dine addition. In contrast, 4d was formed less selectively, since the intramolecular
formation of a seven-membered cyclic carbonate occurs as a side reaction. Similarly
strained cyclic carbonates were reported in previous studies (17).

In spite of the minor formation of side products, dialkyl carbonate diols 4a—c can be
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purified in a scalable process without the need to use column chromatography: Solu-
bilization in heated aqueous base was followed by precipitation adding concentrated

acid and cooling.

4.5 Conclusions

While the interfacial reaction of phosgene equivalents and diol under alkaline condi-
tions is one of the most popular synthetic methods for polycarbonate synthesis, its
potential for the chemoselective phosgenation of (hydroxyalkyl)phenols has not been
previously explored. We have discovered that diaryl carbonate diols from (hydrox-
yalkyl)phenols are formed in a highly efficient and selective manner when NaOH is
used as a base. Remarkably, the reactivity of the phenolate prevails over the alco-
holic hydroxyl: Only residual aliphatic phosgenation products are formed impeding
any polymerization to occur. Addition of organic base obstructs selectivity by pro-
moting phosgenation of the aliphatic hydroxyl most likely by forming activated N-acyl
ammonium adducts.

Conversely, selectivity for the alcoholic hydroxyl can be achieved in a polar aprotic
solvent such as THF when acidic conditions are maintained. First, aliphatic chlorocar-
bonyls such as chloroformates and trichloromethyl carbonates are formed exclusively.
Further, the dialkyl carbonate diol is obtained with an additional equivalent of (hy-
droxyalkyl)phenol under slow addition of pyridine.

This novel toolset for chemoselective phosgenations at the phenolic or alcoholic hy-
droxyl does not require the use of expensive protection groups or sophisticated cat-
alytic auxiliaries. Therefore it may be of great utility for the synthetic community in
natural product synthesis or prodrug development in medicinal chemistry.

In the framework of this thesis specifically, we will exploit the new obtained com-
pounds as bifunctional monomers for the synthesis of biodegradable polycarbonates

with controlled orientation of monomeric units. In this sense bifunctional carbonates
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will serve as pre-programmed monomers to explore relationships between polymer
primary structure and its functional behavior such as degradation and mechanical

performance.
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Chapter 5

Physicochemical Properties of Degradation
Intermediates

5.1 Abstract

The resorption of a degradable biomedical device at the implant site is driven by the
erosion of the polymeric material upon loss of M,,. In turn, the dissolution of the
degradation products may limit the mass loss, which may occur long after the the
loss of functional integrity of the device or never.

In this chapter, we characterized the physicochemical properties of degradation prod-
ucts of poly(tyrosol carbonate). Tyrosol and dialkyl carbonate diol (4a) from tyrosol
were identified in the degradation supernatant by 'H-NMR. Then hydrolysis kinet-
ics of 4a and its counterpart, the diaryl carbonate diol 2a were determined. The
half-lives were 60 d for the slow degrading 4a and 23 h for the fast degrading 2a in
buffered aqueous solution with pH = 7 at 37 °C. Both compounds leaned towards
rapid, base catalyzed degradation as expressed in koy = 4.6 1072 [M~'s7!] and kon
= 8.6107! [M~!s71] for 4a and 2a, respectively. At 37 °C and pH = 7, the solubility
of tyrosol was two orders of magnitude higher than the solubility of 4a with 0.49 +
0.01 mg ml~! and 2a 0.60 &+ 0.02 mg ml~!. Further, QCM-D studies on the thin
film erosion (thickness = 800 nm) showed the rapid formation of a transient, highly
hydrated layer most likely comprised of 4a and 2a. This layer also existed during
erosion of macroscopic polymer discs. SEM images showed microcompartments such
as surface pits and cavities filled with dimers restricting dissolution into the bulk.

The elucidation of the dynamics between the solubility and hydrolysis of intermediates
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confronts the fundamental challenge to balance resorbability with the incorporation
of diphenolic units desired for mechanical strength. Conversely, the use of diphenolic
monomers that carry intrinsic degradability may entice a new generation of polycar-

bonates that is strong and easily resorbable.

5.2 Introduction

Within the context of degradable polymeric systems, polymer degradation is defined
as a change in the chemical structure which may result in loss of M,,. Erosion is
defined as the disappearance of the polymer which may be quantified by measuring
the mass and thickness loss. Resorption refers to the assimilation of the biomaterial
by the biological embodiment (97).

When the cleavage of polymer chains and dissolution of degradation products oc-
curs faster than the uptake of water, surface erosion occurs. In turn, rapid water
uptake with slower degradation rates results in bulk erosion (42). However, these
two idealized scenarios leading to erosion as described in theory are rarely observed
in experiment. For example, polyanhydrides are one of the few systems were surface
erosion has been realized within practical device dimensions (104). In turn, polyesters
show bulk erosion within a clinically relevant parameters (42). This phenomenon is
explained on a fundamental level by dramatic differences in the hydrolysis kinetics of
the two polymeric systems: the half-lives of the degradable bonds are t;/, = 0.1 h for
polyanhydrides and t;,, = 3.3 yrs for polyesters (112).

The exploration of erosion phenomena is further complicated by the occurrence of
transient degradation intermediates. The most prominent example is the formation
of oligomeric lactic acid ester formed upon degradation of PLA leading to changes
in the morphology of hollow erosion structures (77). In addition, solubility of the
degradation products may be limiting the erosion process. A long term study on the

the erosion and degradation of poly(DTE carbonate) showed no mass loss in vivo,
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while elevated, non-physiological temperatures where necessary to induce mass loss
in vitro (126).

Here, we explored the degradation of poly(tyrosol carbonate) into dimeric compounds,
namely carbonate diols which were merely water soluble. The hydrolysis kinetics of
these dimers were characterized and related to the formation of a hydrated layer cov-
ering the polymer surface during erosion. Albeit the enzyme-mediated process, this
model study provides general insight relating to the intricate interplay of erosion and

resorption behavior of biomedical polycarbonates from diphenolic monomers.

5.3 Experimental

The Chapter 2 generally described the herein used materials and procedures followed
such as polymer characterization, compression molding and degradation experiments
in lipase solution and PBS control, spin-coating of polymer thin films, SEM and
QCM-D. It is noted that aromatic carbonate diol 2a and aliphatic carbonate diol
4a were synthesized as described in Chapter 4 to conduct quantitative studies and
characterize the physicochemical properties. The experimental procedures below are

considered specific to this chapter.

5.3.1 Qualitative Analysis of Erosion Products

Compression molded films of poly(tyosol carbonate) approximate mass = 10 mg were
incubated in lipase solution as described in Chapter 2. Here, the erosion supernatant
was frozen in liquid Ny and lyophilized for 48 h.

To analyze surface properties compression molded specimen’s incubated in lipase so-
lution for 10 weeks, were rinsed first with 2 ml HoO/ DI and then with 1 ml 70%
(v/v) EtOH. The rinsates were collected and lyophilized separately. As a control, the
procedures were performed on specimens incubated without lipase. After lyophiliza-

tion, the solid was reconstituted in DMSO-d® and subjected to "H-NMR spectroscopic
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analysis.

5.3.2 High Performance Liquid Chromatography with UV /Vis Detection

The HPLC system was comprised of an Alliance 2695 Separations Module equipped
with 2487 Dual 1 Absorbance UV/ Vis detector (Waters Corporation, Milford, MA).
As column for separation, a Synergi 4u polar RP80A (Phenomenex, Torrance CA),
with a size of 250 x 4.60 mm set to a operating temperature of 25°C . The analysis
was operated using the manufacturers Empower Pro software. A gradient of ACN
and HyO (both with 0.1% (v/v) of TFA) was used as a mobile phase at a flow rate of

1

1.0mlmin~". The gradient changed composition from solvent ratios of 65: 35 to 5:

95 over a 14 minute period Samples were prepared by dissolving 3.0 mg of the analyte
in 2.5 mL of ACN with 0.1% (v/v) TFA and then adding 7.5 mL of HyO with 0.1%
(v/v) TFA. Approximately 2 mL of the prepared solution were filtered through a
PTFE syringe filter (Whatman, Florham Park, NJ) with a poresize of 0.45 pm before

injection.

5.3.3 Hydrolysis of Soluble Degradation Products

To follow the solution hydrolysis kinetics of carbonate diols from tyrosol (compounds
2a and 4a) the following procedure was conducted. Respective carbonate diol was
pre-solubilized in ACN at ¢, = 6.25 mg ml~!. Aqueous buffer solutions were prepared
at with hydrochloric acid (pH = 3), sodium acetate (pH = 6), phosphate buffer (pH
= T7), sodium carbonate (pH = 10), NaOH (pH = 12), respectively. Ionic strength
was adjusted to 1 M with KCl. The buffer solutions contained 0.75 mg ml~* 3-(4-
methoxyphenyl)propionic acid (MDAT) as internal standard. Carbonate diol was
injected into buffer solutions at a start concentration of 0.25 mg ml~! at 37 °C. So-
lutions were acidified with HCI to pH= 1 at predetermined time points, immediately
frozen and lyophilized for 48 h. The solid was reconstitueted in ACN with 0.1%

(v/v) TFA, to an approximate, total concentration (dimer and tyrosol) of ¢y totar =
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0.25 mgml™!. Then the mixture was analyzed by HPLC as described in the general
methods section. The peak area under the curve was quantified for tyrosol, 2a at A

= 220 nm and 4a at A = 275 nm

5.3.4 Solubility of Carbonate Diols

To analyze solubility of tyrosol and the carbonate diols 2a and 4a in aqueous medium,
excess solid of respective compound was dispersed in 2 ml PBS contained in a syringe.
The heterogenous mixture was incubated at temperatures of 5 °C, 25 °C and 37 °C
for 1 h and inverted frequently. Then, the mixture was filtered through a 0.45 PTFE
filter. Immediately, 1 ml of the homogeneous filtrate was mixed with 1 ml ACN with
0.1% (v/v) TFA. Analysis of the aqueous concentration was conducted relative to a
curve from standards of respective compounds with concentrations of standards of 1
mg ml™!, 0.5 mg ml™!, 0.25 mg mI™!, 0.1 mg ml™!, 0.05 mg ml~! in ACN with 0.1%
(v/v) TFA. Injection volume of both, standard and solubility analyte was 20 ul with

triplicate analysis.

5.4 Results and discussion

5.4.1 Qualitative Analysis of Degradation Products

Films of poly(tyrosol carbonate) undergo enzyme-mediated erosion, when incubated
in an aqueous solution of lipase from TLL. The erosion supernatant is comprised of
tyrosol and carbonate diol 2a and traces of 4a as identified by '"H NMR spectroscopy

(Supplementary information).

5.4.2 UV Absorption Spectroscopy

In order to follow the hydrolysis kinetics of the degradation intermediates the UV

absorption of the diaryl carbonate diol 2a and dialkyl carbonate diol 4a of tyrosol
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was characterized. Exemplary UV absorption spectra are shown in Figure 5.1.
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Figure 5.1: UV absorption spectra (200-300 nm, acetonitrile): (A) Diaryl carbonate
diol 2a, (B) dialkyl carbonate diol 4a, tyrosol 1a.

The absorption spectrum of the diaryl carbonate diol 2a was distinguishable from
tyrosol including local absorption maxima at A, = 262 and A, = 275, respectively.
In turn, the shape of the curve for the dialkyl carbonate diol 4a appeared identical
to tyrosol. Therefore it was necessary to perform chromatographic separation of the

compounds (HPLC) prior to UV analysis and kinetic analysis

5.4.3 Hydrolysis Kinetics and Solubility of Degradation Intermediates

Carbonate diols are degradation intermediates in the erosion of poly(tyrosol carbon-
ate). In order to explore the possible impact of these intermediates on the polycarbon-
ate resorption, the hydrolysis kinetics as well as the solubilities were characterized. In
aqueous solution diphenolic carbonate diols were expected to undergo hydrolysis into
the parent compound tyrosol and CO, over time according to the reaction scheme in

Figure 5.2. The overall observed rate constant of hydrolysis is kgps.
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HO \/\©\ o @/\/OH Carbonate bond hydrolysis
OJ\ o]

Tyrosol diaryl carbonate diol, HO =
compound 2a Kobs “ | + CO,
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Figure 5.2: Reaction scheme for the hydrolytic degradation of carbonate diols 2a and
4a in aqueous solution with rate constant k.

The rate of hydrolysis can be described as a differential equation of the change
of concentration of the carbonate ([carbonate]) as a function of the time (¢) and the
product of the rate constant, observed (k.s) and the carbonate concentration in a

pseudo-first order kinetic model.

d[carbonate]

Rate = —
ate i

= kops[carbonate] (5.1)

The contributions to ks are the rate constants from acidic and basic catalysis kg

and kog. In addition, HyO contributes with ky.

kobs = krn[H'] + kn + kou[OH ] (5.2)

The integrated rate equation allowed to quantify ks as the slope of the logarith-

mic ratio of the concentration at start ¢t = 0 and time point ¢

ln( [carbonate]t) _ ot (5.3)

[carbonate)g
Experimentally, we determined the k. from the relative peak areas in the chro-

matogram from HPLC with UV absorption detection.

i L) — ot (5.4)

[peak areal
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From the decay curve, exemplified on the disappearance of compound 2a at pH =
10 in Figure 5.3 A it was possible to follow hydrolysis of the carbonate over time. To
quantify ks of this reaction, the logarithmic values were plotted according to equa-
tion 5.4. The slope from the linear regression on the logarithmic values in Figure 5.3

B directly provided k.

a Decay curve b Logarithmic plot
1x107 ] 0
8x10°- o1 TN\ «
8 6x10° = -4 AN
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Figure 5.3: Kinetic plots for the hydrolysis of carbonate diols (2a, pH = 10): (A)
Decay curve (area under peak from HPLC), (B) logarithmic concentration change
over time.

The half-live of the carbonate in aqueous solution ¢/, can also be obtained from

the integrated rate equation by a simple rearrangement.

n2
kabs

tl/g = — (5.5)

The hydrolysis rate constants ks were quantified over a range of pH values. In
Figure 5.4, k., for carbonate diols 2a and 4a is plotted in dependence of a pH =

3-12.
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Figure 5.4: Logarithmic plots of hydrolysis rate constant (k.s) over the pH for car-
bonate diols 2a and 4a.

Both carbonate diols from tyrosol 2a and 4a were stable under acidic conditions
and showed very slow hydrolysis. This was evident in low values for log (kus) =
-5.5 for 2a and —6.5 for 4a at pH = 3. Increasing the pH beyond pH = 7 resulted
in increasing values of k.. According to equation 5.2 this increase of k., is due
to the contribution of the product koy[OH~|. As the hydroxyl ion concentration
was considered constant the pseudo-first order rate constant at given pH, koy was
calculated.

The hydroxyl dependent rate constants kpomy and the pH dependent half-lives give
more insights into the hydrolysis kinetics of 2a and 4a, as listed in Table 5.1. Strik-
ing differences in the hydrolysis kinetics of 2a an 4a appeared in dependence of the
pH. While at neutral conditions pH = 7 the half-live of 2a in aqueous solution is 23
h, the half-live of 4a is much longer with ¢;,, = 60 days. This finding may explain,
why the degradation supernatant mostly contained tyrosol and 4a, while only traces
of 2a and the aryl alkyl carbonate diol were found by *H-NMR spectroscopy.

The values of kppy for 2a and 4a were compared to those of important, structurally
related organic carbonates. Strikingly, diethyl carbonates has very similar hydrolyses
kinetics under basic conditions as compared to the dialkyl carbonate diol with rate

constants, kog = 4.6x1072 [M~'s™] and koy = 4.721072 [M~'s7!] (33), respectively.
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In turn, diphenyl carbonate has a koy = 12.6 [M~'s™!| (96), which is a magnitude
higher than the corresponding 2a 8.6 z 107! [M~!s™!]. This result maybe explained
by the relative differences between hydrophilicity of carbonate versus the hydrolysis

product.

Table 5.1: Half-lives of pH-dependent hydrolysis and rate constants koy in aqueous
solution for carbonate diols from tyrosol.

Compound Diaryl carbonate diol 2a  Dialkyl carbonate diol 4a
pH Half-live (t1/2)

3 2 days 24 days

6 1.5 days 48 days

7 23 hours 60 days

10 10 minutes 14 hours

12 1 minute 25 minutes

Rate constant, kog [M~1s7!]

8.6 1071 4.6 1072

In addition to the hydrolysis kinetics, the aqueous solubilities of carbonate diols
in PBS (pH = 7.4) were characterized and referenced to tyrosol (Table 5.2). Both
carbonate diols, 2a and 4a were only slightly soluble, which is due to there diphenolic
structure. The solubility of tyrosol was at least two orders of magnitude higher in
comparison. Noteworthy, the obtained solubility for tyrosol is in good agreement with
the literature record with S(tyrosol) = 107 mg ml™! at 25°C (108). In relation to
other diphenolic structures related to polycarbonates, the solubilities of 2a and 4a
are similar to BPA with S(BPA) = 0.381 mg ml™! at 25°C (76). In the design of
degradable polycarbonates, diphenolic structures, featuring an internal amide bond,

such as DTE and the carboxylic acid containing DT have slightly higher solubilities
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with S(DTE) = 1.4 mg ml~! and S(DT) = 9.3 mg ml~! (126). However, the continued
metabolization by cleavage of the peptide bond of DTE and DT into more soluble
units remains elusive. This is may be due to steric hindrance caused by ester or

carboxylic acid group.

Table 5.2: Temperature-dependent solubility of carbonate diols from tyrosol and
tyrosol in PBS at pH =7

Compound Diaryl carbonate Dialkyl carbonate  Tyrosol
diol 2a diol 4a la

Temperature Solubility mg ml—*

5 °C 0.21 + 0.02 0.15 £+ 0.01 3£05

25 °C 0.27 £ 0.01 0.24 + 0.01 102 + 20

37 °C 0.60 = 0.02 0.49 + 0.01 135 4+ 20

5.4.4 Hydrated Layers of Degradation Intermediates

The viscoelastic properties of thin films from poly(tyrosol carbonate) during enzy-
matic degradation were studied using QCM-D, respective to the effect of degradation
intermediates. The QCM-D curves for experiments conducted under constant flow
and stopped flow are shown in Figure 5.5 A and B, whereas an illustration of the

interpretation of processes at the surface is provided in Figure 5.5 C.
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Figure 5.5: QCM-D comparison of lipase erosion of thin films from poly(tyrosol-
carbonate): (A) Flow = 24 plmin~! (sink condition),* indicates end of experiment,
(B) stopped-flow at t = 1 h (simulated compartmentalization) at 37 °C in PBS, (C)
illustration of thin film erosion by lipase. Constant flow: Removal of partially-soluble
degradation products and erosion completed within 1.5 h. Stopped-flow: Formation
of hydrated, dissipative layer. Erosion delayed, hydrolysis of dimeric degradation
products within 8 h.

High dissipation: AD,,, = 20
hydrated layer of dimer

Polymer thin film
(poly(tyrosol carbonate)

Degradation product
(dimer and tyrosol)

Under sink conditions, thin films from poly(tyrosol carbonate) were eroded by
lipase at a flow rate of 24 plmin~! (T = 37 °C). While an overall frequency change
of Af =520 Hz (film thickness = 800 nm) was observed within 1.5 h, the dissipation
values were low: AD,,,, < 3. This result indicated that the surface layer was mini-
mally hydrated during erosion and degradation products such as tyrosol and dimeric
intermediates 2a and 4a transitioned into the solution phase. The solubility limit of

dimers was not reached due to the constant solution exchange under flow conditions.
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In contrast, when the flow was purposefully stopped stopped during erosion (t = 1
h) (Figure 5.5 B), a massive increase of the dissipation of AD,,,, = 20 was recorded.
The frequency curve also reached a local maximum of Af = 300 Hz (¢ = 1 h) then con-
tinued to increase Af = 520 Hz, more slowly within 8h. This transition implied that
the surface became highly hydrated due the formation of a layer of partially insoluble,
degradation products. A simple approximation provides a hint to the composition
of this hydrated layer: Complete erosion of the thin film resulted in m = 14 pg of
material dissolved in a QCM-D volume of V = 40 pl. This means the highest possible
concentration was ¢,, = 0.35mgml . Solubility limits of the dimers 2a and 4a were
shown to fall within this order magnitude, whereas highly soluble tyrosol remained
in solution. The slow disappearance of the hydrated, dimeric layer can be explained

by the subsequent hydrolysis of the intermediates into the fully soluble tyrosol.
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During the in vitro enzymatic erosion of macroscopic, compression molded discs
from poly(tyrosol carbonate) the formation of a surface layer was also observed under
sink conditions. The surface morphology of the eroded polymer films is shown as

analyzed by SEM in Figure 5.6.

Figure 5.6: SEM images of surface layers of poly(tyrosol carbonate): (A) and (C)
aqueous rinse, (B) rinse with 70% (w/v) ethanol, after lipase incubation, (D) PBS
control, in vitro incubation for 10 weeks at 37 °C; scale bar = 10 um.

In Figure 5.6 A, the erosion morphology of poly(tyrosol carbonate) films after
aqueous rinse featured a buckled structures. In turn, a rinse with 70% (w/v) ethanol
was able to dissolve the surface layer giving rise to the pits and cavities in Figure 5.6
B. The removed layer was comprised of dialkyl carbonate diol 4a, as identified by
"H-NMR spectroscopic analysis. As a control, the rinsate of pristine poly(tyrosol
carbonate) films was analyzed. It did not contain dimer or tyrosol and the surface
morphology of the film remained without noticeable features (Figure 5.6 D).

The existence of a transient layer of degradation intermediates can be explained with



74

creation of pits and cavities by the enzyme. This activity lead to compartmental-
ization and posed a diffusion barrier to the transport of slightly soluble degradation
products into the bulk solution, where sink conditions prevailed. As a result precipi-
tation of dimers occured within the realm of the erosion structures. Apparently, this
highly hydrated layer of dimers does not completely impair enzymatic degradation
of the film as shown by QCM-D. This is the first time such intermediate layer was
identified in polycarbonates. For example, erosion structures of PTMC only showed
pits and cavities, but no additional surface layers were reported (8). This may be due
to the water miscibility of the degradation product 1,3-propanediol (19). It may be
worthwhile to characterize the phase behavior of such transient layer using XPS. For
example, oligomers of PLA generated by hydrolysis transition from the amorphous

into the crystalline phase adding additional complexity to the erosion process (78).
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5.5 Conclusion

The characterization of diphenolic degradation intermediates relates to the challenge
in degradable materials design achieving simultaneous polymer erosion alongside the
degradation of M,,. While many degradable polymer systems show sometimes rapid,
initial M,, degradation, the erosion of the partially degraded material is delayed due
to low solubility. Under sink conditions, poly(tyrosol carbonate) has shown surface
erosion mediated by lipase activity leading to complete dissolution of milligrams of
polymer film within weeks. However, a close-up view into the nano scale behavior us-
ing QCM-D demonstrated: surface erosion behavior rapidly collapsed when non-sink
conditions were instigated. The formation of a hydrated layer directly demonstrates
how partially insoluble degradation products hamper the dissolution process. This
phenomenon may generally apply to in vivo situations where degradation, but no
resorption occurs independent if the mechanism is enzymatic or hydrolytic.

In turn, the insights from this chapter may be applied to adjust the design parame-
ters for degradable polymer systems. Specifically, the diphenolic carbonate diols may
find use replacing other structurally related units in advanced co-and terpolymer for-
mulations for biomedical applications. Though the diphenolic unit is desired within
the backbone to provide strong mechanical properties, their low solubility impairs
erosion. Less soluble, hydrophobic monomers containing an internal carbonate bond
may overcome this long-standing challenge as they will further hydrolyze into readily

soluble (hydroxyalkyl)phenols such as tyrosol.
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Chapter 6

Sequence Structure in Degradable,
Aromatic—aliphatic Polycarbonates from Tyrosol
Provides Control Over Phase Transitions and
Bioerosion

6.1 Abstract

Synthetic degradable polymer systems are applied as surrogate materials for tempo-
rary biomedical applications requiring supportive functionality during loss of tissue
integrity. Recent efforts inspired by the architecture of natural, structural materials
such as silk and collagen featuring short, recurring sequence motifs are leading to
a new generation of synthetic, sequence-controlled biomaterials. Here, we report on
a new aromatic—aliphatic polycarbonate from tyrosol with a strictly alternating se-
quence (alt) of diaryl and dialkyl carbonates in comparison to a scrambled sequence
(scr) of diaryl, dialkyl and aryl alkyl carbonates. The effects of polymer sequence on
the phase behavior were studied in detail by DSC and Xray diffraction. For instance,
oriented and semi-crystalline films of alt showed a 3-dimensional lamellar order (with
d = 135 A) and a structural model for alt was fitted into a monoclinic unit cell.
In contrast, scr led to a 1-dimensional quasi-crystalline order. Practical relevance
was shown, as the mechanical performance such as the tensile moduli (Er) in the wet
state of oriented, semi-crystalline films from alt was significantly improved with E; =
5.4 + 0.3 GPa as compared to scr and poly(L-lactic acid) PLLA. Amorphous alt un-
derwent rapid lipase mediated bioerosion invitro at a rate of 0.36 & 0.0l mgem 2d !

2

while scr eroded at a slower rate of 0.12 & 0.0l mgem 2d !, Qualitative differences
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in the erosion behavior also appear after subcutaneous implantation, in vivo.
This interplay of sequence control in conjunction with polymer processing hints to
exciting strategies to advance polycarbonate systems tailored for biomedical applica-

tions.

6.2 Introduction

Synthetic polymers are widely used in biomedical applications, including scaffolds for
tissue engineering (111; 41; 71), drug delivery systems (130) and sutures (3). Syn-
thetic polymers have significant advantages as compared to naturally derived poly-
mers such as tunable mechanical and structural properties, controlled degradation
and high batch-to-batch stability (93; 63). In contrast, natural polymers generally
have low mechanical properties, inherent structure and degradation, and composition
can be inconsistent depending on polymorphisms (86). Natural polymers such as
extracellular matrix derived materials intrinsicaly carry bioactive cues whereas syn-
thetic polymers are in blank state, yet bioactivity can be incorporated in a highly
controlled manner (20).

In turn, the make-up of natural polymers inspires a new generation of tailor-made,
synthetic materials. In a paradigm shift, design strategies are being developed to
create synthetic polymers that resemble structure and function of biological macro-
molecules (80; 98). One such feature is found in structural biomacromolecules, specif-
ically fibrillar proteins such as silk. Here, small repeating fragments of controlled
sequences lead to supramolecular associations of these proteins (69).

A classic approach to artificially obtain well-defined sequences is the Merrifield pep-
tide synthesis, but only limited amounts of synthetic peptide are obtained from the
solid phase (88). Bulk synthesis of polymers offers a way to obtain higher yields of
materials. However, sequence control in the bulk is more difficult and was even iden-

tified as a key challenge towards the advancement of the field (81). Recent reports
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highlight radical polymerization as in the case of limonene analogues yielding period-
ically functionalized maleimide-base copolymers (85) and ATRA formation of vinyl
based copolymers (128). An earlier study described he synthesis of sequence ordered
poly(s-alkyl thioester) by backbone transformation of poly(s-aryl thioester) (56).

In direct relevance to polymers applied in the biomedical field, beautiful work has
been performed on the sequence control of degradable polyester. The intricacies of
sequence effects in complex poly(lactic-co-glycolic acid)s were characterized struc-
turally and respective to the thermal behavior (121). Microparticles comprised of
sequenced PLGA showed slower, linear degradation rates and a sustained release of
Rhodamin-B, when used as a model drug (75). Further, the syndiotactic, alternat-
ing synthesis of poly(/-hydroxyalkanoate) was achieved by employing Ytrium-derived
catalysts (65).

In polycarbonates, another important class of polymers containing potentially degrad-
able bonds only few examples of sequence specificity have been reported. Organometal-
lic catalysis was used to the preferential incorporate the trans- versus the cis- isomer
of (R)-limonene during the polymerization of respective epoxide and COs (22). Sim-
ilarly, atactic and isotactic poly(1,2-glycerol carbonate) with high head-to-tail selec-
tivity was obtained (140). Further, sequence control in multiblock poly(cyclohexene
carbonate)s was achieved by living copolymerization (60).

We have previously reported on aromatic—aliphatic polycarbonates from tyrosol con-
taining diaryl, dialkyl and aryl alkyl carbonates as three distinctive backbone bonds
arranged in a scrambled sequence (scr) (119). In this study, we present the facile
synthesis of poly(tyrosol carbonate) with alternating diaryl and dialkyl carbonates
(alt) from pre-programmed carbonate dimers without using expensive organo-metallic
catalysts. Beyond synthesis, application of processing methods was conducted as a
powerful tool emphasizing sequence-dependent differences, as previously shown for

recombinant silk (69). In analogy, we explored the phase behavior of alt and scr in
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detail: Upon heating, alt readily formed a 1-dimensional mesophase, and then a 3-
dimensional crystalline phase, but scr showed slow transition into the 1-dimensional
mesophase only. The fiber diffraction pattern on oriented, crystalline alt was used to
solve the experimental aromatic polycarbonate structure. As practical implications
for biomedical use, the oriented films of alt had superior stiffness as compared to

PLLA, while amorphous alt showed rapid enzymatic erosion as compared to scr.

6.3 Experimental

The standard procedures were followed as decribed in Chapter 2 for the evaluation
of mechanical properties by the Instron set up as well as the degradation experiments

in lipase solution and PBS control.

The experimental procedures below are considered specific to this chapter.

6.3.1 Polymer synthesis

The general synthesis method was followed for poly(tyrosol carbonate) to obtain
scr and alt from 2a. The methods described in Chapter 4 were used to obtain

compounds 3a and 2a. The oligomer dir was obtained by biphasic reaction of 3a in

DCM/ aqueous NaOH.

6.3.2 Polymer Characterization

The following polymer properties were analyzed as described in chapter 2 above: Rel-
ative molecular weight averages by GPC in DCM, Chemical structure and carbonate
backbone composition by 'H-NMR and 3C NMR spectroscopy, thermal properties
by DSC and TGA.
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6.3.3 Compression Molding

Polymer films were compression molded at T 220°C using a Carver press (model
4122, Carver, Wabash, IN) using a shims with a thickness of 250 pm. To obtain
amorphous, quenched films (q), the samples were immersed in a slush of ice and
water immediately upon removal from heat. To obtain ambient cooled films (ac), the
samples were removed from heat and cooled under ambient temperature. To anneal
films (an), quenched film were subjected to an annealing temperature (T, ) with T,
= T¢rys. Film samples of unoriented films: p = polymer powder, q = quenched, ac

= ambient cool, an = annealed.

6.3.4 Oriented Polymer Films

a b c d Quenched,

Quenched,
Quenched Annealed stretohed stretched, annealed

Ice — water slush Heating at Tc,ys, Stretching above Stretched, restrained,
after molding inert atmosphere T heated at T,

9 crys

Figure 6.1: Fabrication of oriented polymer films: (A) Quenched from compression
molding (q), (B) annealed after quenching (an), (C) stretched above T from quenched
film (q, 8), (D) stretched and further annealed (q, s, an).

The fabrication of oriented and semi-crystalline films of scr, alt, PLLA and oriented
films of poly(DTE carbonate) is shown in Figure 6.1. Rectangular-shaped specimens

were cut from compression molded films with an approximate thickness of 250 um
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to a width of 6 mm and length of 4 cm. The samples were hydrated in H,O/ DI for
24 h at 37 °C. To orient the polymer chains the quenched specimens were stretched
at a cross head speed of 500 mmmin ! in a heating bath at a temperature of Tyyreren
> T,. The specimens were removed from heat immediately after stretching was
completed and dried in vacuo. Further, selected specimens were subject to annealing
conditions: oriented films were place onto stain-less steel fixtures of 5 cm length to
prevent shrinkage during annealing. The incubation temperature was T,, = Tys in
a furnace under inert atmosphere. Samples from alt and PLLA control were annealed
for 2 h and scr was annealed for 20 h due to the slow progress of crystallization. In
turn, poly(DTE carbonate) due to the lack of a crystallization point. Specimens: q
= quenched (unoriented), an = annealed, q, s = quenched and stretched, g, s, an =

quenched, stretched and annealed.

6.3.5 X-ray Diffraction

1D WAXD patterns from unoriented films were obtained in parafocus mode on a
Xpert diffractometer (Philips, Netherlands). 2D WAXD patterns from oriented films
were collected in transmission geometry using a AXSs Hi-Star multiwire area detector
Bruker (Billerica, MA). Nickel filtered copper radiation (Cu Ko, A = 1.542 A) was
used in both instances. The 2D patterns were processed using the manufacturer’s
GADDS software to obtain 1D radial and azimuthal scans. The radial scans were
profile fitted using MDI software to obtain the crystallinity and crystallite size using
the method describe in (91). Azimuthal scans were used to determine the degree
of orientation (90). Crystal structure analysis was carried out by identifying the
equatorial, meridional, and layer-line reflections in the diffraction patterns of the
oriented films (annealed and stretched). Powder diffraction scans with crystalline
reflections to 20 = 60° was used to determine the crystal structure using Materials
Studio. The diffraction pattern could be indexed on a monoclinic with the following

unit cell of dimensions: a = 7.288 A, b = 8.120 A, ¢ = 19.355 A, 8 = 45°.
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6.4 Results and Discussion

6.4.1 Polymer Synthesis and Sequence Analysis

Polycarbonates from the (hydroxyalkyl)phenol tyrosol contained three distinct car-
bonate sequence isomers in the backbone: diaryl (HH), dialkyl (TT) and aryl alkyl
(HT) carbonates, respectively. The strategies applied to achieve an alternating (alt),
scrambled (scr) and directional (dir) sequence in the carbonate backbone are illus-

trated in Figure 6.2.

a Alternating sequence (alf), head-to-head (HH), tail-to-tail (TT)

= Py |:W‘/ ‘\

diaryl carbonate diol poly(diaryl-alt-dialkyl carbonate)

b Scrambled sequence (scr), distribution of head-to-head (HH), tail-to-tail (TT) and head-to-tail (HT)

-

(hydroxyalkyl)phenol

c Directional sequence (din), head to-tail (HT)

ERER

Al NaOH ( aq
DCM o o)

ydroxyalkyl)chloroformate poly(aryl alkyl carbonate)
(hyd Ikyl)chlorof ly(aryl alkyl bonat

Figure 6.2: Synthesis and structure of polycarbonates from tyrosol with controlled
carbonate isomer sequences: (A) Alternating sequence (alt), (B) scrambled sequence
(ser), (C) directional sequence (dir); Respective to diaryl, dialkyl aryl alkyl carbon-
ates.

A strictly alternating sequence of diaryl and dialkyl carbonate in poly(tyrosol car-

bonate) (alt) was obtained by polymerization of a preformed diaryl carbonate diol
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using BTC and Py in DCM. Scrambled poly(tyrosol carbonate) (scr) featuring also
aryl alkyl carbonates was obtained when tyrosol was used as the starting material
as previously described in chapter 3. Further, a locally directional sequence of an
aryl alkyl carbonate backbone was obtained by interfacial polymerization of (hydrox-

yalkyl)chloroformate and its equivalents in a biphasic DCM/ NaOH system.

TO A O QLT

alt

15I6.2 I 15I5.8 ‘ 15‘5.4 ‘ 15I5.0 I 15:4.6 ‘ 15‘4.2 ‘ 15I3.8 I 1513.4 ‘ 15‘3.0 I 15I2.6 ‘ 15‘2.2 ‘ 15‘1.8 I 15I1.4 ‘
Figure 6.3: 3C NMR spectra (126 MHz, CDCl3), poly(tyrosol carbonate): (top) alt,

(middle) dir, (bottom) scr, zoom into carbonate chemical shift (6 151-156 ppm) with
assignments of HH, T'T, HT.

A comparative sequence analysis of alt, dir and scr allowed the identification
of the carbonate sequence isomers in the in the overlay of the *C NMR spectra
(Figure 6.3). The overview spectra provide insights into the polymer structure in the

supplementary section (Figure S16).
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The dialkyl carbonate (TT) appeared at the most downfield chemical shift (§ 155.3
ppm), which is in good agreement with values observed for the dialkyl carbonate in
poly(trimethylene carbonate) (PTMC) (68). Most upfield in the carbonate chemical
shift (0152.4 ppm) was correlated to the diaryl carbonate which was subdued to the
shielding effect of two neighboring aromatic rings. It corresponded to the chemical
shift in aromatic polycarbonates (138). Lastly, the signal of the aryl alkyl carbonate

was detected at an intermediate chemical shift (§ 153.9 ppm).

“@u@

alt

N> o o..
b @wok(}w@
dir
A~

e e

I 4.I53 o 4.:19 o 4.;1-5 o 4.‘41 o 4.137 o 4.‘33 o 4.I29 o 4.I25 o 4.I21 ‘
Figure 6.4: 'H NMR (500 MHz, CDCl3), poly(tyrosol carbonate): (top) alt, (middle)

dir, (bottom) scr, zoom into C,Hs chemical shift (6 4.2 — 4.5 ppm) with assignments
of HH, TT, HT.

The 'H NMR spectra provide additional quantitative information (Figure 6.4).
Expansion into the C,Hy chemical shift shows that alt was obtained with a sequence

purity of around 99%.



85

6.4.2 Controlled Crystallinity of Isotropic Polycarbonates
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Figure 6.5: DSC scans of quenched and annealed polycarbonate films of scr and alt:
(A) First heating, overview, (B) first heating, zoom into 7}, (C) cooling, (D) second
heating. Rate = 10 °Cmin~!, exotherm up.

The sequence order of the carbonate bond isomers in alt and scr dictated striking dif-
ferences in the melting and crystallization behaviors of poly(tyrosol carbonate)s. Our
results obtained from compression molded films by differential scanning calorimetry
(Figure 6.5) and X-ray diffraction (Figure 6.6), demonstrated that alt readily un-
derwent melt crystallization, whereas scr showed only poor crystallization behavior.
For instance, the DSC curve of quenched films from alt featured two crystallization
exotherms upon heating (rate = 10°Cmin ') at 89°C and 150°C (Figure 6.5 A). A
strong melting endotherm appears at 204 °C which was also observed for alt after
annealing for 4 h at 160°C. Upon cooling, alt showed a crystallization exotherm at

171°C after the thermal history of the samples was deleted at 220 °C (Figure 6.5 C).
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Reheating of alt resulted in a double peak for melting at 194 °C and 204 °C (Figure 6.5
D). The melting peak at lower temperature represented the initial melting of small,
defective crystals formed upon cooling. This premelting phenomenon was followed by
recrystallization and ultimately complete transition into a polymer melt. In addition,
ambient cooled films of alt and polymer power also showed the respective melting
peak (Figure S17, supplementary information).

In contrast, for quenched films from scr no melting or crystallization was observed by
DSC, even at a slower rate of 1°Cmin! (Figure S19, supplementary information).
The crystallization of scr occured at a much longer timescale than for alt indicated
by a melting endotherm at 149 °C thats appeared after annealing of films at 100 °C
for 20 h.

While the thermal properties above T}, such as in the melt and in the rubbery state
were distinguishable due to the sequence order, the behavior around T, was not. Sur-
prisingly, the glass transition was observed for both alt and scr around T, = 58°C
(Figure 6.5B). In addition, quenched specimens showed relaxation peaks character-
istic for the release of residual stresses in the glassy structure 60°C. The annealed

samples were semicrystalline and showed a less pronounced Tj.
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Figure 6.6: Powder X-ray diffraction patterns of films from poly(tyrosol carbonate):
(Top) alt, (bottom) scr, (A) and (C) quenched, (B) and (D) annealed.

The X-ray patterns from powder diffraction confirmed that annealed films from

alt were highly crystalline and to a lesser extend scr,, was also semicrystalline (Fig-

ure 6.6). The crystallinity was 45% and 29% and the crystallite sizes were 227 A and

111 A, for alt and scr, respectively (Table 6.1, controls in Figure S20, supplemen-

tary information). This was determined by profile fit analysis of the experimental

intensities.

For alt a multitude of peaks was fitted whereas scr gave rise to only

two crystalline peaks. Qualitatively, alt,. and alt, resembled the diffraction pattern

of alt,., but at lower crystallite sizes and crystallinity (Figure S20, supplementary

information).
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Remarkably, the amorphous structure in quenched films did not depend on the back-
bone sequence of poly(tyrosol carbonate). The reflections of alt and scr were indis-
tinguishable by powder diffraction and could be fitted by two amorphous halos at 26
= 19° and 24° (Figure 6.6 A and C).

a 1.0- b
’ — 9290 44 — 220
190
<. 0.87 190 - 100
= t = 3_
2 100 2
2 0.6 g — 62
£ — 62 £ i
: 2 7
g 047 3
2 g |
0.2
OO T T T G T T T
1.0 1.5 2.0 2.5 0.04 0.06 0.08 0.10
q (hm™) q (nm)
c
Amorphous Mesophase Crystalline Melt
RT-62°C 90-150°C 150 - 190°C 204 —220 °C

A

T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240
Temperature [°C]

Figure 6.7: (A) SAXS and (B) WAXS scans of alt,, simultaneous experiment during
heating. (C) Interpretation of phase behavior of alt, during heating in DSC, rate =
10 °Cmin~*, exotherm up.

Analysis of the phase behavior of poly(tyrsosol carbonate) in regards to the ther-
mal processing conditions provided insight on how the polycarbonate backbone se-
quence was able to effect bioerosion and mechanical performance. Simultaneous

SAXS/ WAXS studies were performed on alt, which rapidly encountered various
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phase transitions upon heating at 10°C min ! (Figure 6.7A and B). The observations
from SAXS/ WAXS were matched with the enthalpic changes in the DSC curve and
assigned to the physical states as shown in the schematic overlay (Figure 6.7C). In
comparison to alt, scr did not readily undergo phase transitions beyond T, unless
annealed for an extended period of time. However, interpretation of phase behavior
of scr in relation to alt was possible by the analysis of stand-alone Xray and DSC
data.

The amorphous state existed for alt up until 62 °C evident in the broad signal of the
WAXS pattern. When amorphous, the physical polymer properties of alt and scr
were equivalent. In contrast, the backbone chemistry played out leading to a rapid
bioerosion of alt in lipase solution as compared to a slower eroding scr.

At 100°C, alt has transitioned into a quasi-crystalline mesophase featuring a 1-
dimensional order. This is evident in the WAXS and SAXS patterns of alt, when
crystalline peaks start to appear at 90 °C with ¢ = 1.45nm ! and q = 0.065nm !, re-
spectively. This mesophase also pertained to scr, but was only formed after extensive
annealing at 100 °C for 20h. Heating of scr beyond 150 °C resulted in the formation of
a melt, that did not crystallize at all. In contrast, alt form a 3-dimensional crystalline
phase at 150°C. At 190°C, folded chain lamellae have developed with spacings of
140 A, which can be derived from the SAXS peak at q = 0.047nm . Interestingly,
scr could not produce a 3-dimensional order, which in aligned polymer films resulted
in an additional tensile properties. At 220°C, the transition into the melt is fully

achieved, when all crystalline peaks have disappeared.
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Table 6.1: Summary of thermal and crystalline properties of scr and alt

Polymer  Condition T, (°C) Tn (°C)  x Crystallite
dry (°C) (%) Size (A)
alt Quenched 58 - - -
Annealed 56 204 44.7 227
ser Quenched 55 - - -
Annealed 57 149 29.1 111

The quick melt-crystallization of aromatic-aliphatic polycarbonates from tyrsosol
such as alt was unique. Generally, polycarbonates do not show the tendency to read-
ily transition into the crystalline phase as compared to other polymer systems such
as polyesters. Only few examples showed crystallization in aromatic polycarbonate
such as poly(BPA carbonate) which maybe kinetically unfavored due to bulky sub-
stituents. For poly(BPA carbonate), crystallization could be induced by solvent vapor
(87) or supercritical COq (11). Polycarbonates from tyrosol were less rotationally con-
straint then poly(BPA carbonate) and thus maybe resembled crystallization behavior
of aliphatic polycarbonates such as PTMC. Low molecular weight PTMC of less than
12kDa was reported to spontaneously crystallize under ambient condition with a low
melting point of T,, = 36°C. Further, strain induced crystallization was also ob-
served for high molecular weight PTMC (100). Albeit, stretched, semi-crystalline
PTMC does not recoil and its low melting point prohibits a possible practical advan-
tage under physiological conditions. In contrast, crystallites of alt showed melting at
much higher temperatures. Most likely, the aromatic component or alt with diaryl
carbonate moieties contributed to lock in crystallinity over a much wider temperature

range that may be of practical relevance.



91

6.4.3 Oriented Polymer Films

Differences in the formation of crystalline phases between alt and scr were empha-
sized by the chain orientation in stretched and annealed polymer films.

Oriented films were obtained by stretching the samples above T} .. In addition,
stretched films were annealed under inert and mechanically constraint conditions
at 160°C and 100°C, respectively for alt and scr. A 3-dimensional crystalline or-
der is achieved for alt, s ., evident in the fiber diffraction pattern showing multiple
off-equatorial crystalline reflections, symmetrically distributed around the draw axis
(Figure 6.8). In contrast, scrysq, obtained only the 1-dimensional order of a quasi-
crystalline mesophase showing crystalline scattering at the equatorial axis. This 1-
dimensional order was also obtained for scr, s by stretching alone. The diffraction
patterns from stretched polycarbonates appeared equivalent featuring equatorial peak
intensities for alt and scr. These reflections indicated that strain-induced crystalliza-
tion occurred, which was supported by the strain-hardening phenomena observed in
the MTS curves recorded during stretching (Figure S21 A, supplementary informa-
tion). As expected quenched samples were isotropic showing azimuthal scattering and
alt,, showed several distinct rings corresponding to the crystalline peaks observed in
the powder diffraction patterns in Figure 6.6. It can be noted, that annealing of alt
at 100°C also lead to a 3-dimensional crystalline order, but less pronounced as the
off-equatorial diffraction reflections appeared diffuse (Figure S21 B, supplementary
information). In turn, annealing of scr at 160 °C for 3-20 h lead to melting of the 1-D
crystals and upon cooling to an amorphous glassy structure at RT. The 2-D diffrac-
tion pattern from control samples such as films from PLLA and poly(DTE carbonate)

are shown in Figure S22 (supporting information).
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uenched annealed quenched, quenched,
a stretched stretched, annealed
a aft, b alt,,, c alt, d alt,,,

alternating

e scry f scry, g SClys

scrambled

g = quenched, s = stretched, an = annealed

Figure 6.8: X-ray diffraction in 2-D of films from poly(tyrosol carbonate): (Top) alt,
(bottom) scr, (A) and (E) quenched, (B) and (F) annealed, (C) and (G) quenched
and stretched, (D) and (H) quenched, stretched and annealed.
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d Unit cell parameters
a (A) 7.288 A
b (A) 8.120 A
c (A) 19.355 A
a 90°
45°
% 90°

Figure 6.9: A 3-dimensional structural model for alt derived from the diffraction
pattern of the highly oriented and crystalline film (quenched, stretched and annealed):
(A) Side view of the unit cell, (B) top view, (C) zoom into the diaryl carbonate, (D)
unit cell parameters (Structural model developed by Jim Kaduk).

At least 34 unique reflections were identified from the diffraction pattern of the
highly crystalline and oriented film from alt, s ., (quenched, stretched and annealed,
Figure 6.8 D). Based on this diffraction pattern of alt, ., it was possible to derive
a 3-dimensional structural model for the unit cell (Figure 6.9 A-C). First, a triclinic
unit cell was assigned: (Space group P1) with the dimensions shown in Figure 6.9 D.
With these unit cell parameters the positions of all the reflections could be reproduced.

Next, the molecular structure was built and minimized using density functional theory
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module (Crystal09 package, Italy). All of the bond distances fall within the normal
ranges. Some of the torsion angles were located on the tails of the commonly observed
distributions. This is a tentative structure that still needs to be refined by further
analysis. Two important observations of the structure is that the aromatic groups on
adjacent chains are staggered along the chain- axis, and that the carbonate bonds of
one chain is found close to the aromatic ring of the adjacent chain. This is one of the

few examples of a polycarbonate structure derived from crystallographic data, other

than the structure of PTMC (123).

6.4.4 Mechanical Performance

Stretched films of scr and alt showed improvement of the mechanical properties such
as the modulus and the stress at yield. In particular, alt, s ., standed out as the best
performing species most likely due to the 3-dimensional order in oriented crystallites.
These changes depending on the processing conditions were illustrated qualitatively
in the stress-strain curves from mechanical tensile testing under dry conditions for alt
and scr (Figure 6.10). It can be noted that quenched samples of alt and scr showed
a very similar performance. Further, the effect of annealing of isotropic films leading
to highly crystalline alt,, causes embrittlement indicated by failure upon yield. The
annealing did not effect the performance of scr: no changes were observed for poorly

crystalline scry,, as compared to amorphous scr,.
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Figure 6.10: Stress-strain curves of films from poly(tyrosol carbonate) alt and scr:
(A) Unoriented, (B) oriented. Quenched or annealed, tested in dry state at ambient

temperature.

The high stiffness of alt, ., persists with a tensile modulus of 5.4 £ 0.3 GPa
under simulated, wet conditions in PBS at 37°C as compared to 5.6 + 0.2 GPa un-
der dry conditions at ambient temperature Figure 6.11. Interestingly, the stiffness
of alty s qn supersedes PLLA, the most common biodegradable polymer. PLLA, s an
that was stretched and annealed achieved a dry modulus of 5.2 £ 0.2 GPa. However,
PLLA, s qn lost stiffness under physiological conditions, the tensile modulus was re-
duced to 3.8 + 0.3GPa. A similar loss of stiffness is observed for the stretched
controls PLLA,, and DTE, ;.

For the stretched samples, scr, s and alt, s the tensile modulus were also improved
compared to the isotropic species with moduli ranging from 3.1-4.4 GPa and 3.1—
4.1 GPa under dry and wet conditions, respectively. However, the 1-dimensional
crystalline order observed could not improve stiffness as much as the 3-dimensional
crystalline order. For all stretched samples, the €4 showed a slight improvement
with values around 50 MPa. Whereas, €yiciq of scrysq, was reduced to the value of

the isotropic, amorphous sample.
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Figure 6.11: Mechanical properties of films from poly(tyrosol carbonate) alt and scr
in comparison to PLLA and poly(DTE carbonate): (A) and (B) Tensile Modulus,
(C) and (D) stress at yield.

In perspective, the poly(tyrosol carbonate) of either ser and alt sequence is a
viable alternative for biomedical applications respective to mechanical performance,
when high stiffness is required. Our results show that in comparison oriented and
semi-crystalline alt has a higher modulus than PLLA, the most commonly applied
degradable, biomedical polymer. Previous studies have reported moduli in a range

from 3.6-5.4 GPa for melt drawn, oriented PLLA fibers (139), matching our results
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on molded films. Noteworthy, the highest tensile modulus for a degradable polymer of
16 GPa was reported for hyper-branched polyester derived from the lignin component
cinnamic acid (57).

Upon implantation of a biomedical device, polymeric materials were subjected to
wet conditions and physiological temperatures. This may potentially cause loss of
mechanical properties from the dry state as well as device shrinkage.Therefore, it is
beneficial that scr and alt preserve most of their mechanical properties. Stretched
films of scr and alt had high dimensional stability showing no significant shrinkage
within a 8 week timeframe of immersion in PBS at 37°C (Figure S27, supplemen-
tary information). In contrast, stretched PLLA and poly(DTE carbonate) lost stiff-
ness and also significant shrinkage occured upon exposure to physiological conditions.
Shrinkage did not occur for semi-crystalline PLLA, s ,,, confirming previous studies
that reported high dimensional stability for semi-crystalline PLLA (4). In turn, the
crystallinity well as the low water uptake of stretched scr and alt samples were key

contributor to the dimensional stability.



6.4.5 Sequence-Dependence of Bioerosion
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Figure 6.12: Bioerosion of poly(tyrosol carbonate) alt and scr: (A) Mass loss per
area, (B) thickness loss, (C) correlation between relative mass and thickness loss.
Disc shaped specimens incubated in lipase solution at 37 °C, (mean + SD, n = 3).
The linear regression lines were plotted.

The bioerosion behavior of compression molded films from alt and scr was com-

pared respective to effects of the physical polymer states such as amorphous, semi-

crystalline, oriented and isotropic. The evaluation was conducted using TLL as model
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enzyme previously shown to simulate the in vivo bioerosion in aliphatic polycarbon-
ates such as PTMC (106; 141). Remarkably, alt showed rapid mass and thickness loss
over time as compared to a slower eroding scr for quenched films in the amorphous
state, (Figure 6.12 ). No erosion was observed in PBS (Figure S24 , supplementary
information) and the M,, in the bulk remained unchanged over time (data not shown).
In addition it can be noted, that quenched films of alt and scr did not crystallize dur-
ing incubation for 8 weeks at 37°C (Figure S23, supporting information).

The relative thickness loss was plotted in dependence of the relative mass loss to
evaluated whether surface erosion occurs for alt in comparison to scr (Figure 6.12
C). The slope of the regression curve in the plot represented the ratio of thickness
to mass erosion (raq/am). For ideal surface erosion behavior, the slope would obtain
the value rag/am = 1. While scr approximated the ideal surface erosion behavior as
previously described (119), the mass erosion in alt occured preferentially as compared
to the thickness erosion with ratios of rag/am = 0.84 and 0.55 for scr and alt, re-
spectively. Phenomenological, it can be reasoned that the rapid erosion of alt causes
uneven structures on the eroded structures such as pits and cavities that translated
into artificially higher film thickness as compared to functional bulk thickness. The
mechanism by which eroded structures were temporarily conserved maybe crystal-
lization induced by degradation confined to the surface layer. Future studies using

XPS may elucidate the exact mechanism.
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The physical states such as crystallinity and orientation of the polymer films ap-
pear as overlaying factors influencing the erosion rates. Stretched, oriented scr under-
went enzymatic bioerosion, while equivalent specimens from alt did not (Table 6.2).
This difference can be explained with the higher crystallinity in alt as compared to
scr decreasing the susceptibility to enzymatic erosion. A similar effect was previously
studied on semi-crystalline PLLA as an example (110). The scenario most likely per-
tains to biodegradable polycarbonates from scr and alt. However, it is not possible to
separately analyze the effects of orientation and crystallinity on the erosion, because
strain-induced crystallization occurred.

The rates of mass loss and thickness loss determined by linear regression on the erosion
curves are summarized in Table 6.2. Noteworthy, no erosion is observed for specimens
that were stretched and annealed due to the further increased crystallinity. While
alt crystallizes upon cooling under ambient conditions and is non-erodible, ambient
cooled ser is amorphous and eroded similar to the quenched species (Figure S25,

supplementary information).



Table 6.2: Bioerosion rates of scr and alt
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Polymer Physical state  Mass® loss Thickness® Ratio® of
loss
per area (Am) (Ad) IAd/Am =
A7nrel
Adrel
(mgem™2d~') (pmd™!)
alt, (143 kDa) Amorphous, 0.33 £ 0.01 2.2 +£0.05 0.55 £+ 0.01
isotropic
alty, Semi-crys., No erosion - -
isotropic
alty s Semi-crys., No erosion - -
oriented
alty s.an Semi-crys., No erosion - -
oriented
scrqy(167 kDa)  Amorphous, 0.12 £ 0.01 1.2 £0.01 0.84 = 0.03
isotropic
SCTge Amorphous, 0.13 £ 0.01 1.4 + 0.04 0.9 £+ 0.07
isotropic
SCTran Semi-crys., No erosion - -
isotropic
5CTq.s Oriented 0.14 £ 0.01 1.9+ 0.1 0.76 £ 0.07
5CTg.5.an Semi-crys., No erosion - -
oriented

“Values determined by linear regression on erosion curves.

The putative in vivo relevance of the in vitro bioerosion of alt as compared to scr

was qualitatively evaluated after subcutaneous implantation of specimens in the back

of rats. The location for implantation was selected because of lipase expression in the

subcutaneous, fatty tissue as well as previous studies demonstrating surface erosion of
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rubbery, aliphatic polycarbonates. The erosion of glassy, poly(tyrosol carbonate) of
either scr and alt sequence appeared to be slower than under simulated conditions in
lipase solutions. After the 3 months, the explant from scr showed 2% mass loss, while
thickness loss was negligible. For alt 2.5% mass loss and a measured thickness loss
4pm (radius = 3.5 mm). In SEM images, the surface morphology of the invivo explant
from scr was strikingly similar to the structures observed after in vitro incubation
in lipase solution (Figure 6.13 A, C, E). Erosion structures comprised of pits and
cavities of similar dimensions with approximately 1-10 um in diameter appeared on
the surfaces. In contrast, the morphology of in vivo explants from alt appears more
irregular in shape: remnants of pits appear to transition in to erosion structures
caused by layers sheets of material leaving the surface (Figure 6.13 B and D). In this
interpretation, the morphology observed for alt may represent a later stage in the
in vivo surface erosion when thickness loss becomes measurable. After 3 weeks, the
in vitro appearance of alt matches what is expected from a more rapid progression

of erosion (Figure 6.13 F).
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Figure 6.13: SEM morphology of surfaces of compression molded discs of poly (tyrosol-
carbonate): (Left) scr, (right) alt, (A) and (B) 3 months in vivo, scale bar = 100
pm, (C) and (D) 3 month in vivo, scale bar = 10 um, (E) and (F) 3 weeks in vitro,
incubation in lipase solution at 37 °C, scale bar = 10 pm.

SEM morphology of surfaces of compression molded discs of poly(tyrosol carbon-
ate) after incubation in lipase solution: (A) 0 weeks, (B) 1 week, (C) 4 weeks, (D)
6 weeks, (E) 9 weeks, (F) 9 weeks, PBS control, after rinse with 70% (v/v) ethanol.

Scale bar =10 pm.
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In addition to in wvivo implantations, we evaluated the cytotoxicity of alt and
scr in comparison to controls PLLA, poly(DTE carbonate) respective to putative

leachables at a 5 day timepoint (Figure S28).

6.5 Conclusion

In summary, the interplay of polymer sequence control and phase behavior in aromatic—
aliphatic polycarbonates from tyrosol adds a dimension tailoring synthetic polymers
systems to specific biomedical applications. In the amorphous state, different back-
bone sequences do not translate into differences in the physical characteristics. The
polymer properties such as the mechanical performance are equivalent. Remarkably,
the erosion rates are increased for the alternating sequence. Here, the backbone chem-
istry directly dictates enzymatic erosion rates likely by ease of access to the active
site.

In turn, thermal polymer processing can exploit the differences in phase behavior
arising from the polymer backbone chemistry. 3-dimensional, oriented films of al-
ternating polycarbonate provide superior stiffness as compared to oriented films of
the scrambled sequence. Here, the chemistry plays out in the background as phase
transitions during processing may manifest devices that carry physical characteristics
such as orientation and crystallinity. Future studies will investigate the mechanism
of sequence dependence of the erosion rate in detail and elucidate the role of the

carbonate bonds for the crystallization behavior.
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Chapter 7

The In Vivo Behavior of Polycarbonates from
Tyrosol and 1,3-propanediol

7.1 Abstract

In this chapter, the in vivo behavior of mechanically strong and stiff poly (tyrosol car-
bonate) was evaluated respective to in vitro results and compared to softer copolymer
compositions with 1,3-propanediol (PD).

Copolymers with 100, 85 and 76 mol % of Ty as compared to PD were synthesized with
values of M, between 96 and 138 kDa. Similar to poly(tyrosol carbonate), copolymers
with 15 and 24 mol % of PD were also strong and stiff in the dry state. However,
the copolymers became softer under physiological conditions due to the lower T} (eq).-
For example, the modulus was Er = 0.5 £ 0.1 GPa for the copolymer with 76 mol %
of Ty and Typery = 39°C. In wvitro, compression molded discs showed rapid sur-
face erosion mediated by lipase. The erosion proceeded faster for softer copolymers
with increasing PD content. The rates of mass loss were 0.15 4+ 0.0lmgem 2d 1,
0.23 £ 0.0lmgem 2d ! and 0.29 £ 0.01mgem 2d ! for 0, 15 and 24 mol % of PD,
respectively.

In vivo experiments were conducted by subcutaneous implantation in the back of
rats. Explants were harvested after periods of 3 weeks and 3 months. All explants
were enclosed by a fibrous capsule. The mass loss in vivo proceeded slower than
in vitro with only about 2 % (w/w) for all compositions. In turn, the morphology of
explant surfaces as characterized by SEM showed striking similarities to the erosion

structures observed in vitro. After 3 weeks, the surfaces featured pits and cavities.
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The size of these erosion structures ranged between 1 ym and 10 pm and increased
along with the softness of the compositions. After 3 months the cavities in the softer
compositions appeared constricted, while only poly(tyrosol carbonate) maintained
regular erosion structures. This finding may be explained by mechanical stresses act-
ing on the polymer discs at the implant site, thus influencing the microscopic surface
structure.

In perspective, polycarbonates from tyrosol and 1,3-propanediol are surface eroding
1n vivo, but clinically relevant, faster erosion may be observed by adjusting parame-
ters such as the surface to volume ratios of the specimens. Implant locations entailing
high enzymatic activity in surrounding solution such as the gastrointestinal tract or
the synovial fluid may be considered in future investigations respective to clinical

applications.

7.2 Introduction

Degradable, polymeric systems that undergo surface erosion mediated by biological
activity are used in the clinic for applications such as hernia repair, adhesion barriers
or drug-delivery complementing the technologies based on hydrolytically degradable
polymers (9). In vivo, soft and flexible polymers based on poly(trimethylene car-
bonate) (PTMC), the polycarbonates from 1,3-propanediol (PD), are prone rather
to erosion by biological factors than by abiotic hydrolysis. Early studies suggested
the involvement of enzymes in the erosion of PTMC. At the same time no significant
molecular weight degradation caused by hydrolysis was reported (106).

The biotic aging and erosion of polymeric devices may be strongly related to the for-
eign body response evoked at the implant site. When a biomaterial is exposed to the
tissue environment upon implantation protein adsorption initiates a cascade of events
leading to the acute inflammatory response. During the initial acute inflammatory

response the release of cytokines instigates the recruitment of cells of the immune
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system such as monocytes. The later occurring macrophages may further differenti-
ate into foreign body giant cells during the chronic inflammatory state. By then, the
implant is surrounded by a fibrous capsule of a specific thickness, depending on the
severeness of the chronic inflammatory state (2).

Specifically, the cells of the immune system such as macrophages and foreign body
giant cell may induce morphological changes as shown for polyurethanes (144). For
long term devices from polyurethanes these changes are considered as adverse ef-
fects, since surface cracking negatively impacts implant stability (142). If in turn,
the biological erosion was considered as a design parameter for temporary biomedical
devices, the activity of macrophages is able to mediate the complete resorption of
the implant as reported for PTMC networks (7). Further, copolymers of PD and
D,L-lactide or e-caprolactone showed resorption in vivo as a result from overlaying
biotic and abiotic contributions (102).

The immune cells associated with biomaterial surfaces release factors such as en-
zymes and reactive oxygen species that are the direct mediators of the biological
degradation processes (48; 47; 70). Interestingly, the in vivo degradation behavior of
high-molecular weight PTMC is recapitulated in vitro by incubation in an aqueous
solution of a model lipase from Thermomyces lanuginosus pointing to enzymes as the
main contributor to the erosion process (141). A role for reactive oxygen species in the
degradation of polycarbonates was specifically suggested for poly (ethylene carbonate)
(PEC) (31). For the degradation by ROS, a reaction mechanism was suggested that
involves polymer chain unzipping and cyclic reaction intermediates (29). However,
these studies did not directly prove the presence of free oxygen radicals in degradation
of polycarbonates. Non-physiological conditions using organic solvents were required
to show ROS degradation of PTMC elastomers in vitro (24).

In this chapter, a comparison of the invivo and in vitro behavior of poly(tyrosol car-
bonate) and copolymers of tyrosol and PD is reported. The enzyme mediated erosion

of strong and stiff aromatic-aliphatic polycarbonates was explored previously invitro



108

(119). Therefore, the purpose of this study was to determine the design space for
polymers susceptible to biotic surface erosion respective to materials that have su-
perior mechanical properties as compared to PTMC. Due to the wealth of available
literature respect was given to the environment posed to the classical subcutaneous

implant.

7.3 Experimental

The experimental procedures from Chapter 2 were followed, except noted otherwise.
The mechanical properties were characterized using the tensile testing instrument
from MTS systems. For polycarbonate synthesis, the general synthesis procedure

was followed using tyrosol and 1,3-propanediol as the monomers.

7.3.1 Polycarbonate Synthesis
Poly(4-(2-hydroxyethyl)phenol-co-15% 1,3-propanediol carbonate)

' NMR (500 MHz, DMSO-d®) § 7.36 — 7.2 (m, 2H), 7.22 — 7.16 (m, 2H),4.42 (s, 2H),
4.27 (s, 2H), 4.17 (s, 2H), 4.09 (s, 2H), 3.01 (s, 2H), 2.91 (s, 2H), 2.09 (s, 2H), 2.00 (s,
9H), 1.91 (s, 61H), 1.12 — 0.94 (m, 54H). BC-NMR (126 MHz, DMSO-d%) § 154.44
(5), 153.20 (s), 152.05 — 151.89 (m), 149.58 (s), 130.17 (s), 68.94 — 68.78 (m), 67.92
(s), 33.73 (s). Molar ratio 4-(2-hydroxyethyl)phenol : 1,3-propanediol carbonate, feed
83 : 17, found (by 'H NMR) 85 : 15.

Poly(4-(2-hydroxyethyl)phenol-co-24% 1,3-propanediol carbonate)

'H NMR (500 MHz, DMSO-d®) § 7.36 — 7.21 (m, 2H), 7.21 — 7.03 (m, 2H), 4.42 (s,
9H), 4.27 (s, 2H), 4.16 (s, 2H), 4.09 (s, 2H), 3.01 (s, 2H), 2.91 (s, 2H), 2.78 (s, 2H),
2.09 (s, 2H), 2.00 (s, 2H), 1.91 (s, 2H). 3C-NMR (126 MHz, DMSO-d®) § 154.34 (s),
152.96 (s), 151.71 (s), 149.30 (m), 135.91 (s), 135.51 (s), 130.00 (m), 121.12 (m), 68.62
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(s), 67.65 (s), 65.29 — 64.01 (m), 33.53 (s). Molar ratio 4-(2-hydroxyethyl)phenol :
1,3-propanediol carbonate, feed 69 : 31, found (by 'H NMR) 76 : 24.

7.3.2 Subcutaneous Implantation in Rattus norvegicus

Compression molded discs of 7 mm diameter were weighed and the thickness was
measured. Then they were sterilized by UV radiation for 2 h on each side. The discs
were implanted subcutaneously in the back of rats with a maximum number of 4
specimens per animal. Then the rats were sacrificed at 3 weeks and 3 months time
points. A set of samples was subjected to analysis of erosion and degradation, while
a second set was fixated in formalin for histological analysis. National Institute of

Health laboratory guidelines for good animal practice were observed.

7.4 Results and Discussion

7.4.1 Polymer Synthesis and Characterization
a
O\©\/\
\F)/ O
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Figure 7.1: Chemical structures of (A) poly(tyrosol carbonate), (B) 85/15, (C) 76/24
molar ratios of Ty/PD in poly(tyrosol-co-1,3-propanediol carbonate).

Chemical structures of (A) tyrosol, (B) homovanillyl alcohol, (C) poly(tyrosol-co-1,3-
propanediol carbonate).

The chemical structures of the polycarbonates synthesized from Ty and PD are



110

shown in Figure 7.1 and the physical properties are listed in Table 7.1. The polymer
feed contained 0, 17 and 31 mol % of PD, resulting in the homopolymer from tyrosol
(100/0) and copolymers with molar ratios of Ty/PD of 85/15 and 76/24 as deter-
mined by 'H NMR spectroscopy. The discrepancy of the reaction feed and polymer
composition for PD content may be explained by formation of oligomers rich in PD.

These oligomers were soluble in IPA and removed during the purification steps.

Table 7.1: Physical properties of polycarbonates from Ty and PD

Feed Found M, (10° PDI T, (°C) Water
Ty/PD Ty/PD g/mol) uptake
(mol%)  (mol%) dry wet % (w/w)
100/0  100/0 138 1.7 60 50 <1
83/17  85/15 111 1.7 50 41 <1
69/31 76/24 96 1.7 44 39 <1

All compositions reached high molecular weight averages around 100 kDa and
T, ary Was above ambient temperature rendering all compositions in the glassy state.
Under physiological conditions, the copolymers were close to the rubbery transition
with T} et = 41°C and T}, et = 39°C, for 85/15 and 76/24, respectively. In compar-

ison, PTMC has a much lower glass transition temperature with 7, = —20°C (100).
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The mechanical properties as characterized by mechanical tensile testing using

strips from compression molded films under dry and wet conditions are shown in

Table 7.2.

Table 7.2: Mechanical properties of polycarbonates from Ty and PD

Ty/PD Modulus [GPa]  Yield Stress [MPa] Break Stress [MPa] Elongation [%)]

(mol %) Dry® Wet® Dry® Wet® Dry® Wet® Dry* Wet®
100/0  1.6°  1.5° 4445 31+£2 449 324 2451 2314
85/15 1.6 0.5¢ 394+7 4401  36¢ 254 2004 3814
76/14  1.6° 0.6¢ 37+4 3+0.3 364 39¢ 1944 4547

@Tested at RT; *Preconditioned 24 h & tested in PBS at 37°C; °SD < 10%; 4SD < 20%.

The copolymers 85/15 and 76,/24 showed similar mechanical performance as com-

pared to 100/0 under dry, ambients conditions. All composition were strong and
stiff. However, under physiological conditions, 85/15 and 76/24 were softened with
wet moduli Er = 0.6 + 0.05 GPa and Er = 0.5 £+ 0.05 GPa, respectively. This was
due to the higher testing temperature very close to 7} ... In comparison, high M,,
PTMC and copolymers of PD and e-caprolactone were reported with maximum ten-
sile moduli of around Er = 7 MPa and poly(e-caprolactone) with a modulus around
E7 = 0.5 GPa (8). Interestingly, copolymers of Ty and PD behaved comparable to a
copolymer system of D,L-lactide (DLLA) and PD: At 80 mol % DLLA higher moduli
of around E; = 1.1 GPa with 7}, = 33°C were reported. However, at 50 mol %
DLLA (101) the modulus dropped to Ep = 13 MPa with T} ,,.; = 11°C (101).
In addition, the copolymers from Ty and PD showed strain-hardening, which was
evident in the increased break stress. As expected, flexibility increased with PD with
the ultimate elongation values of around 380% and 450% for 85/15 and 76/24 as
compared to 230% for 100/0.
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7.4.2 Subcutaneous Implantation In Vivo

Disc shaped specimen’s from 100/0 as well as copolymers 85/15 and 76/24 were
implanted subcutaneously. The explants retrieved after 3 weeks and 3 months are

shown in Figure 7.2.

3 wk 100/0

Figure 7.2: Explant overview images: (Top) 3 weeks, (bottom) 3 months, (A) and
(D) 100/0, copolymers with molar ratios of Ty/PD of (B) and (E) 85/15, (C) and
(F) 76/24. Disc shaped specimens retrieved embedded in tissue after subcutaneous
implantation.

Visual inspection of the explants revealed that the specimens are contained within
a fibrous capsule. After 3 weeks, a few red blood vessels around the location of the
capsule and light redness were observed, that may indicate a mild initial inflamma-
tory response to the materials. After 3 months, the area around the polymer discs
appeared less vascularized and redness had disappeared. Most likely, the polymeric

discs were all well tolerated by the host tissue.
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For the purpose of polymer analysis, some of the discs were removed from the fibrous
capsule. In the process, 100/0 was more easily removed from the surrounding tissue,
than copolymers 85/15, right 76/24. This observation may have implications for the
course of the in vivo erosion, as the progress of erosion is associated with the tissue

adhesion.
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7.4.3 Surface Morphology After In Vivo Erosion

100/0

Figure 7.3: SEM morphology of explant surfaces of polycarbonates from Ty/PD of
(left) 100/0, (middle) 85/15, (right) 76/24 molar ratios, (A), (B), (C) 3 weeks detail,
scale bars = 10 um, (D), (E), (F) 3 months detail, scale bars = 10 um, (G), (H),
(I) 3 months overview, scale bars = 100 um. Disc shaped specimens retrieved from
separated from tissue after subcutaneous implantation and rinse with 70% (v/v)
ethanol.
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The SEM images in Figure 7.3 show the surface morphology of explanted polycar-
bonate specimens from poly(tyrosol carbonate) (100/0) and copolymers with molar
ratios of Ty/PD of 85/15 and 76/24. After 3 weeks, all surfaces developed eroded
structures of pits and cavities (Figure 7.3 A—C). Striking differences were visible com-
paring the stiffer 100/0 with the softer copolymers.

For 100/0, a regular pattern was apparent throughout the surface. This pattern fea-
tured small pits less than 1 um in size. The softer copolymers showed larger sized
features craters. For 85/15 smaller pits had larger craters of approximately 1-2um
size and for 76/24 cavities of diameters around 2-5 pm were visible.

Over time, the surface morphology underwent dramatic changes (Figure 7.3 D-F).
After 3 months, explants from 100/0 resembled the morphology of specimen’s eroded
in lipase solution (119). A surface structure with a bimodal hierarchy had emerged:
Relatively smaller sized pits with diameters around 10 ym were embedded in larger
craters of 50-100 pm in size. This hierarchical structure may be explained with
the progression of the biotic surface erosion: Initially, smaller sized pits were created.
Later on, these pits unified into larger sized superstructures such as the craters, which
in turn were textured with smaller pits.

In contrast, the softer copolymers 85/15, right 76 /24 showed contracted erosion struc-
tures. The surfaces of these softer materials may have changed shape due mechanical
stress within the implant side. The appearance of these irregular structures resembled
the erosion surfaces of soft and rubbery PTMC (62).

Low magnification SEM images provide overview of specimen’s surface area as shown
in Figure 7.3 G-1. It is apparent that surface erosion invivo did not proceed uniformly.
Large areas featuring the erosion structures were intertwined with small patches of
pristine polymer surfaces. Further, the periphery of the discs seemed to have more
extensively eroded than the center for the disc. These findings can be related to
previous studies on the biostability of polyurethanes (142). Anderson et al. showed

that cells of the immune system mediated changes on polymer surfaces and supposed
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that a microenvironment for the release of enzymes and reactive oxygen species was

created. In turn, areas without these adherent immune cells remained non-eroded.

7.4.4 Progress of Erosion In Vitro and In Vivo
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Figure 7.4: In vitro erosion: (A) Mass loss per area, (B) thickness loss of polycar-
bonates from Ty/PD with molar ratios of 100/0, 85/15 and 76,/24 incubated in lipase
solution at 37 °C.

In Figure 7.4 the in vitro erosion behavior of Ty/PD with molar ratios of 100/0,
85/15 and 76/24 is shown as the mass loss and thickness loss in lipase solution (Con-
trols without lipase, supplementary information, Figure S32). The erosion rates were
calculated respective to the slope from linear regression. The quantitative and qual-
itative data summarizing the progress of erosion in vitro and in wvivo is shown in
Table 7.3.

The erosion rates in vitro were tunable by the composition increasing with the con-
tent of PD and thus the softness of the polymer. The copolycarbonate of Ty/PD with
a molar ratio of 76/24 showed a rate of thickness loss of 2.2 + 0.1 ym d~!, while 100/0
eroded at a rate of 1.2 &= 0.1 pmd~!. This result for an increasing rate along with

the PD content described a trend. Noteworthy, the rate for the thickness loss of high
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molecular weight PTMC of 6.7 pmd~! also aligns with these results (141). In vivo
the erosion appeared to occur at a slower pace. The erosion rates were not quantified
using the two timepoints in vivo. Instead, the relative mass loss for the specimens
was within 2% (w/w) after three months. This slow relative mass loss aligned with
the progress of erosion in copolymers of PD and e-caprolactone, which was reported
with a mass loss of 4% (w/w) after one year (102).

In part, the differences between in vitro and in vivo erosion may be explained by the
dependence on the location of the implant site. Classically, a foreign body response
is provoked upon subcutaneous implantation. Macrophages mediate the erosion phe-
nomena by enzymes localized to the area of cell attachment to the substrate (2). In
turn, n vitro bioerosion occurs by lipase that is adsorbed to the surface from the
solution phase. In addition to the limitations posed by the microenvironment of the
macrophages, the erosion activity of the macrophages itself may be regulated by the
substrate. For example, a study suggested the dependence of macrophage activation
on the substrate stiffness (53). It is suggested, a polymer that undergoes enzymatic
erosion in vitro, is subject to a slower «n vivo erosion in dependence to the subcuta-

neous tissue response.

Table 7.3: Comparison of in vivo and in vitro erosion

Ty/ PD Mass loss, Thicknessloss, Mass loss, Morphology,
mn vitro® mn vitro® n Vivo n vivo

(mol %) (mgem™2d™') (pmd™') (relative)

100/0 1.5 + 0.01 1.2 +£0.1 2% pits, cavities

85/15 2.3 £0.01 1.8 £0.1 2% deformed pits

76/24 2.9 £ 0.01 22+0.1 2% constricted

“Values determined by linear regression on erosion curves.
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7.4.5 Histological Overview

A light microscopic overview of histological slides prepared from samples at the im-

plant site show the polymer discs embedded in the surrounding tissue (Figure 7.5).

3 wk 100/0
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Figure 7.5: Microscopic images from histological slides of polycarbonates from Ty /PD
with molar ratios of (left) 100/0, (middle) 85/15, (right) 76/24, (A), (B), (C) 3 weeks,
(D), (E), (F) 3 months, (G) scale bar.

In this histological overview, all compositions of polycarbonates from Ty/PD with
molar ratios of 100/0, 85/15 and 76,/24 were encompassed by a fibrous capsule con-
firming the visual inspection of the explants. Future studies will evaluate the severe-
ness of the foreign body response in terms of the thickness of the fibrous capsule as
well as the cell count for the macrophages and foreign body giant cells. Finally, the

inflammatory response will be related to the progress of in vivo erosion.
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7.5 Conclusion

Only few degradable polymer compositions are known that undergo surface erosion
mediated by biological contributions. In particular, soft and rubbery, aliphatic poly-
carbonates were reported to be erodible by enzymes in vitro and in vivo. Our
previous in vitro studies added aromatic-aliphatic polycarbonates from tyrosol and
homovanillyl alcohol to the design space for surface eroding materials. These poly-
mers were relatively stiff and in the glassy state under physiological conditions. The
erosion rates increased along with a decrease in T ... Here, we expanded on this
trend: Increased erosion rates in vitro correlated with increasing softness and lower
Ty wet in copolymers from tyrosol and 1,3-propanediol.

Upon subcutaneous implantation in vivo, the erosion of relatively stiff and glassy
polycarbonates appeared slower, which may be due to the mediation or erosion by
adherent macrophages. Future studies will evaluate the foreign body response to
aromatic-aliphatic polycarbonates to shed light onto the differences between in vitro
and in wvivo erosion. The surface morphology of in vivo explants featured similar
erosion structure observed in vitro. Thus the surface erosion of strong and stiff ma-
terials occurred in principle.

Respective to potential biomedical applications it may be worthwhile to adjust the
design parameters. For example, devices with high surface to volume ratios such as
microspheres for drug delivery or highly-porous scaffolds for tissue engineering may
show relevant erosion rates. In addition, the location of the implant site may be
crucial: interstitial fluids or the gastrointestinal tract carry enzymatic activity and

could be more conducive to surface erosion in vivo, than a subcutaneous location.
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Supporting Information Chapter 3
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Figure S1: (A) Stress-strain curves of compositions of Ty/ Hva (mol %) 100/0, 90/10,
75/25, 50/50, 0/100 in the wet state, PBS at 37 °C, (B) Stress-strain curves for poly-

(tyrosol carbonate) in the dry state at ambient temperature and wet state, PBS at
37 °C.
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Figure S2: NMR spectra, bis(4-(2-hydroxyethyl)phenyl) carbonate 2a.
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Figure S3: NMR spectra, bis(4-(3-hydroxypropyl)phenyl) carbonate 2b.
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Figure S4: NMR spectra, bis(4-(2-hydroxyethyl)-2-methoxyphenyl) carbonate 2c.
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Figure S5: NMR spectra, bis(4-(2-hydroxymethyl)phenyl) carbonate 2e.
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Figure S6: NMR spectra, bis(4-(3-hydroxymethyl)phenyl) carbonate 2f.
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Figure S7: 'H NMR (400 MHz, CDCl3): Global spectral deconvolution of of chloro-
formate and trichloromethyl carbonate species formed in situ. Compounds (A) 3a
and 3a*, (B) 3b and 3b*, (C) 3c and 3c*, (D) 3d and 3d*.
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Figure S8: NMR spectra, 4-hydroxyphenethyl carbonochloridate 3a and 4-hydroxy-
phenethyl(trichloromethyl)carbonate 3a*.
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Figure S9: NMR spectra, 3-(4-hydroxyphenyl)propyl carbonochloridate 3b and 3-(4-
hydroxyphenyl)propyl(trichloromethyl)carbonate 3b*.
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Figure S10: NMR spectra compounds, 4-hydroxy-3-methoxyphenethyl carbonochlo-
ridate 3¢ and 4-hydroxy-3-methoxyphenethy (trichloromethyl)carbonate 3c*.
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Figure S11: NMR spectra, 2-hydroxyphenethyl carbonochloridate 3d and 2-hydroxy-
phenethyl(trichloromethyl)carbonate 3d*.
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Figure S12: NMR spectra, bis(4-hydroxyphenethyl) carbonate 4a.
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Figure S13: NMR spectra, bis(3-(4-hydroxyphenyl)propyl) carbonate 4b.
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Figure S14: NMR spectra, bis(4-hydroxy-3-methoxyphenethyl) carbonate 4c.
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Figure S15: NMR spectra, bis(2-hydroxyphenethyl) carbonate 4d.
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Figure S16: 'C NMR spectra (126 MHz, CDCI3) of poly(tyrosol carbonate): (Top)
alt, (middle) dir, (bottom) scr. Full spectrum overlay.
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—— SCry

Figure S17: DSC scans of polymer powder and ambient cooled polycarbonate films of
scr and alt: (A) First heating, (B) cooling, (C) second heating. Rate = 10 °Cmin™?,
exotherm up.

Table 4: Summary of Thermal and crystalline properties of scr and alt, controls

powder and ambient cooled films.

Polymer  Condition T, (°C) T (°C)  x Crystallite
dry (°C) (%) Size (A)
alt Powder - 205 46.3 114
Ambient 59 205 31.4 218
cool
ser Powder 57 142 1.5 19

Ambient 56




156

—- alt
q —_—
scry,
alt
@8 SCry s
- alt
g.san — SClysan
a 'A\ b
S N T _ Lﬂ
===\
- \\l -
g v 2
i i
E’ TTTTTTTTTTTT T T T ' é
5 \! 5
() | ()
T |Il T
]
[l
'
50 100 150 200 ' i i i
. 50 100 150 200
Temperature [°C] Temperature [°C]

Figure S18: DSC scans of oriented polycarbonate films: (A) alt, (B) ser. First

heating scans of quenched, stretched, stretched & annealed films, rate = 10 °C min—!,

exotherm up.
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Figure S19: DSC slow scans of quenched polycarbonate films: (A) alt, (B) scr. First
heating, cooling and second heating, rate = 1 °Cmin~!, exotherm up.
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Figure S20: Powder X-ray diffraction patterns of poly(tyrosol carbonate): (Top) alt,
(bottom) scr, (A) and (C) polymer powder, (B) and (D) ambient cooled films.
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Figure S21: (A) Stress-strain curve of films of alt and scr at Ty er, (B) X-ray diffrac-

tion in 2-D of alt, quenched and stretched.
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a  PLLA,

d pDTEc, pDTEC,

g = quenched
s = stretched
an = annealed

Figure S22: X-ray diffraction in 2-D of films of control polymers: (Top) PLLA,
(bottom) poly(DTE carbonate), (A) and (D) quenched, (B) and (E) quenched and
stretched, (C) quenched, annealed and stretched.

a alt, alt, scry
(2 month PBS) (2 month, Ilpase (2 month PBS)

q = quenched

Figure S23: X-ray diffraction in 2-D of quenched films from poly(tyrosol carbonate)
over time: (A) alt, 2 months in PBS (B) scr, 2 months in lipase (C) scr, 2 months
in PBS.
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Figure S24: (A) Mass loss per area. (B) Thickness loss, incubation at 37°C in PBS
as control.
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Figure 525: (A) Mass loss per area. (B) Thickness loss of alt or scr films: quenched,
stretched and annealed or ambient cooled in lipase solution incubation at 37°C in
lipase solutions.
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Figure S26: Bioerosion control of quenched, compression molded films from PLLA and
poly(DTE carbonate)(A) Relative mass retention. (B) Relative thickness retention
at 37°C in lipase solutions.
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Figure S27: Dimensional stability of alt and scr polymer films, PLLA, poly(DTE)
carbonate controls (A) Retention of thickness, (B) Retention of length cool; after 8
week incubation in PBS at 37°C.
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Figure S28: Relative cell viability of polycarbonate films with alt or scr sequence
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Figure 529: (A) SAXS and (B) WAXS scans of alt,, simultaneous experiment during
heating, rate = 10 °Cmin~!, exotherm up.
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Figure S30: 5'H NMR (500 MHz, DMSO-d®) spectrum: poly(tyrosol-co-1,3-propane-
diol carbonate) with 85/15 molar ratio of Ty/PD.
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Figure S31: 'H NMR (500 MHz, DMSO-d®) spectrum: poly (tyrosol-co-1,3-propane-
diol carbonate) with 76/24 molar ratio of Ty/PD.
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Figure S32: Bioerosion of Ty/PD: (A) Mass loss per area, (B) thickness loss, incuba-
tion in PBS at 37 °C.



