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Chapter 1

General Introduction

Nitric oxide (NO) is the first endogenous gaseous molecule identified
as a signaling mediator involved in many pathological processes in the
human body.! The disorder of NO production has been associated with
numbers of diseases such as diabetes?, liver fibrosis®, cardiovascular
illness®, neurodegenerative diseases® and several cancers®. However, for
the therapeutic applications, systemic administration of NO is challenging
due to its free radical nature and short life time. Although compounds like
furoxans’ were developed as NO donors® that are capable of releasing NO
under physiological conditions, potential problems still exist such as the
lack of tissue specificity and the short blood plasma half-life of small NO
donors. In the field of drug delivery, pro-drug prepared as polymeric
nanomedicine are widely exploited to improve the pharmacokinetics of
small drugs. In this thesis, | aim to prepare furoxan-based polymeric NO
donors and explore their potential therapeutic application. A practical
protocol for removing copper impurities in furoxan-based polymeric NO

donors was also developed.



Nitric Oxide

Nitric oxide (NO) has long been recognized as a toxic gas molecule
as well as environmental pollutant. During the last twenty years of the 20"
century, it has been found that NO plays important roles in the human body.
In the year 1992, NO was selected as “Molecule of the year” due to its
important regulatory roles in various physiological processes.® Robert F.
Furchgott, Louis J. Ignarro and Ferid Murad won the Nobel Prize in
Physiology or Medicine in 1998 because of the discovering of its function
as a signaling molecule in the cardiovascular system. Until now, thousands
of reports have been published regarding the discovery of physiological

roles and potential therapeutic applications of NO.

NO is produced endogenously through both enzymatic and non-
enzymatic pathways (Figure 1). In the enzymatic pathway, NO is
generated from L-arginine and molecular oxygen by the enzymatic action
of nitric oxide synthases (NOS).X® There are three mammalian NOS
isoforms: neuronal (nNOS), endothelial (eNOS), and inducible (iNOS).1!
NO produced by eNOS stimulates soluble guanylyl cyclase (sGC), which

increases cyclic guanosine monophosphate (cGMP) concentration in



vascular smooth muscle cells, resulting in vasorelaxation.? Alternatively,
NO is also produced non-enzymatically via the nitrate-nitrite-nitric oxide
pathway.®* Nitrate is converted to nitrite by oral bacteria, which
disproportionates into NO after entering the acidic environment of the
stomach. NO produced in this pathway reduces gastrointestinal tract

infection and increases mucous barrier thickness and gastric blood flow.4

Non-enZymatic source

NOy

Normoxia ( ) Hypoxia
Oxidation ( ) Reduction
0,

Smooth muscle
cell

Guanylyl

L-arginine cyclase  Vasorelaxation

Enzymatic source GTP Cyclic,
GMP

Figure 1. Two parallel pathways for the generation bioactive NO in mammals.
[Ref. 13]

Due to the diverse and essential roles in many physiological processes
in the cardiovascular®®, central nervous'® and immune systems?’, NO finds

application in organ transplantation?8, ischemia-reperfusion®®, and stent
3



restenosis prevention?°. Furthermore, recent studies showed that the use of
NO in combination with chemotherapeutic agents (cisplatin and
doxorubicin) can enhance their cytotoxicity in various cancer cells?! and
also overcome drug resistance in cancer??. Another potential application of
NO is to enhance the enhanced permeation and retention (EPR) effect in
tumors.% Furthermore, NO was reported to enhance the chemopreventive
effect of non-steroidal anti-inflammatory drugs (NSAIDs).?* For example,
NSAIDs having a NO-releasing moiety showed stronger anti-proliferative
and pro-apoptotic effects in different cancer cells compared to the NSAID

alone.

NO Donor

NO is a free radical having one unpaired electron, which can be
oxidized in a few seconds under physiological condition.?® NO donors, a
class of compounds that generate NO upon decomposition, have been
developed to study the biological properties of NO in cells.® NO donors
can be classified into three groups based on the NO release mechanisms: a)
hydrolytic decomposition; b) stimuli-sensitive decomposition (e.g., light,

heat and thiol); ¢) enzymatic oxidation.?! This classification is summarized



in Table 1. Furthermore, other important parameters to consider for a
certain applications are the byproducts formed after NO release and the

half-lives of NO donors.

Table 1. Classification of NO-donors based on the NO release mechanisms.

Hydrolytic

Nitrosothiols
Diazetine dioxides
Sydnonimines
N-Nitrosamines
Oximies

Stimuli-sensitive
(i. e. thiols, light, heat)

NO donors

Nitrosimines
C-Nitroso compounds
Furoxans
Oxatriazole-5-imines

Enzymatic
(i. e. Cyt-P450, peroxide)

Organic nitrites

Organic nitrates
Metal-NO complexes
N-Nitrosamines
N-Hydroxyl nitrosamines
Hydroxylamines
N-Hydroxyguanidences
Hydroxyureas

Furoxans

Furoxans (1,2,5-oxadiazole-2-oxides) are an important class of NO



donors that release NO by reacting with thiol-containing compounds such
as cysteine and glutathione.?® The general chemical structure of furoxan
derivatives and some examples are shown in Figure 2. Furoxans have been
reported to exert a variety of NO-related bioactivities, including
cytotoxicity?’, mutagenicity?®, immunosuppression?®, central muscle
relaxant properties®, anticonvulsive effects®, monoamino oxidase
inhibition®2, and vasodilatory activities®®. CAS 16093 (Figure 2) is one of
the most bioactive furoxans and showed a potent vasodilatory effect in the
femoral artery. The vasodilatory potency of the furoxans correlated well
with their NO releasing capacity. Recently, a series of peptidomimetic
scaffold-conjugated furoxan derivatives® has been synthesized and shown
to exhibit neuroprotective and procognitive activities with potential
applications in stroke and Alzheimer's disease. Since NO was reported to
enhance the chemopreventive effect of non-steroidal anti-inflammatory
drugs (NSAIDs),?* several reports appeared concerning the conjugates of
furoxans with anti-inflammatory and antimalarial drugs®®’. Marco L. et al.
reported the furoxan-lbuprofen derivatives (Figure 2) showed a reduced
gastric ulcerogenicity but no altering in anti-inflammatory activity when

compared with ibuprofen.® Meanwhile, furoxan-Aspirin derivatives®

6



(Figure 2) prepared via an ester bond reported by Clara C. et al that showed
an antiplatelet action which is primarily contribute by the NO release
activity and an anti-inflammatory trend. But these derivatives are lack of

acute gastrotoxicity due to the ester nature.
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Figure 2. Chemical structures of furoxan derivatives [Ref. 8, 34, 35, 38, 39]
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Scheme 1. NO release from furoxan under physiological condition by the action of

thiols.
Furoxans are thermally stable compounds. They are also stable

against acids and electrophiles. On the other hand, their stability toward

bases and nucleophiles is less pronounced. In addition, it has been shown



that the NO release properties of furoxans can be modulated by changing
the R; and R, groups attached to the furoxan ring (Figure 2). These features
make furoxans attractive NO donors that have potential to deliver NO to
target tissues or cells in a controlled manner. The mechanism for NO
release from furoxans by the reaction with thiol-containing compounds like
cysteine and glutathione has been reported by Feelisch et al.*° (Scheme 1).
The attack of RS™ at position 3 or 4 leads to formation of intermediates that
undergo ring opening to the nitroso derivatives. NO is then formed by
oxidation of eliminated nitrosyl anions (NO-). The reaction of the nitroso
derivative with thiol can also result in the formation of S-nitrosothiol that
decomposes to NO via radical cleavage. The generated NO reacts with
oxygen to form NO; and N,Os, which can hydrolyze to form nitrite and
nitrate anions. Both anions can nitrosate thiols to form S-nitrosothiols and

nitrite.

Polymeric nanomedicine

Although the development of NO donors opens up a new strategy in
NO-based therapies, one of the potential problems is the lack of tissue

specificity of those low molecular weight compounds. In addition, since



NO exerts versatile roles in the body, the systemic administration of NO
donors may elicit not only the desired activity but also affect other
functions which could potentially cause side effects in healthy tissues.
Furthermore, small NO donors generally exhibit a short half-life in the
body due to rapid renal clearance and metabolic degradation. Therefore,
controlled delivery of NO donors to the specific tissues or cells is necessary

for practical applications.

Sy
e

Polymer —drug conjugates Micelles Vesicles

Dendrimers Hydrogel

Figure 3. Schematic illustration of representative polymeric nanomedicines.
In the field of drug delivery, nanomedicine* refers to multi-
component drug or drug delivery systems in the size range of subhundred

nanometer.*243 A wide variety of polymeric materials including polymer-

9



drug conjugates,**4" polymeric micelles,***! polymeric liposome,>>5*
dendrimers,>®>%" polymeric vesicles,*®% and polymeric hydrogels®-%
(Figure 3) have been prepared and used to deliver drugs to the target

tissues/cells in a controlled manner. %

The approach to use polymer-drug conjugates was first proposed by
Ringsdorf (Figure 4). In this approach, drug molecules are bound to a
hydrophilic polymer via a covalent bond, which can be cleaved at the site
of interest to release drugs.®® Additionally, modification of polymer
conjugates with antibodies or targeting peptides can enhance accumulation
of drugs at target tissues. Solubilizing groups can be attached to the
polymer backbone to modify the bioavailability of the drug—polymer
conjugate. In general, substances smaller than 5 nm, such as low
molecular weight drugs are eliminated from the body by renal clearance.
In addition, substances larger than 200 nm in dimension would be captured
by reticuloendothelial system. Therefore, it is expected that polymer-drug
conjugates in the size range of 5-200 nm show prolonged blood circulation

time .56

10
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Figure 4. Ringsdorf’s model on polymer-drug conjugates.

Polymeric micelles, another type of nanomedicines, are prepared from
amphiphilic block copolymers having hydrophilic and hydrophobic
segments by assembly in aqueous media. These block copolymer micelles
has been widely used in the field of drug delivery because of the high drug-
loading capacity of the core and the ability to improve solubility and
bioavailability of drugs.®”% Polymeric micelles in the size range of 10-100
nm in diameter promote drug accumulation at tumor sites due to leaky
vasculature and poor lymphatic drainage, also called ‘“enhanced
permeability and retention (EPR) effect”. Another beneficial aspect of
polymeric micelles is their long blood circulation time after systemic

administration.

Polymeric NO donor

The use of nanomedicine is one of the strategy to improve the stability
11



and pharmacokinetics of NO donors.?® NO donor-loaded inorganic
nanoparticles like silica nanoparticles’®", gold nanoparticles’, iron oxide
nanoparticles” and hydrogel/glass composite’ have been reported. These
nanoparticles had sustained NO-release property and showed promise in
antibacterial and antitumor therapies as well as wound healing.”™ Poly
(lactic-co-glycolic acid) (PLGA) nanoparticles containing a NO donor,
diazeniumdiolate (NONOate), has also been prepared and used to deliver
NO to the vaginal mucosa resulting in improved vaginal blood perfusion,
which may have implications in the treatment of female sexual
dysfunction.”” Furthermore, NONOate derivatives were encapsulated into
PEG-coated polymeric nanoparticles and showed anticancer activity.”
Compared to the nanoparticles, fewer number of reports have been
published on NO-releasing polymeric micelles. The first NO-releasing
micelles were reported by Jo et al. ™ in 2009. The micelles containing
NONOate moieties showed extremely slow NO release. However, the
potential risk in the use of NONOates due to their toxicity as well as the
carcinogenic secondary amine byproduct of NONOates after NO release
may limit the therapeutic application of the NONOate-based micelles.®

Recently, Duong et al. reported nitrosothiole-bearing polymeric micelles

12



which enabled intracellular delivery of NO.8! More recently, NO releasing
micelles carrying various types of NO donors including organic nitrate®?,
S-nitrosothiol®® and photo sensitive 4-nitro-3-trifluoro-methylphenol

(NTP)3 were also reported.

Purpose and outline of thesis

Considerable effort has been devoted to develop NO-releasing
polymeric nanomedicines where various NO donors are attached to
macromolecular nano-structures including polymers, micelles or latex
nanoparticles’®®>®, Despite the interesting properties of furoxan
derivatives, furoxan-containing polymeric NO donors have not been
investigated. Thus, in this thesis, | aim to prepare furoxan-containing
polymeric nanomedicines, hydrophilic polymer-furoxan conjugates and
polymeric micelles containing furoxan moieties, and explore their potential

application in NO-based therapy.

This thesis consists of six chapters including general introduction and

concluding remarks. The content of each chapter is briefly described below.

In chapter 2, “Nitric oxide-releasing polymeric furoxan conjugates”

13



Is described. The polymeric furoxan conjugates were prepared by
conjugating azide-functionalized furoxan derivatives to poly(ethylene
glycol) (PEG) with an alkyne end group by the copper(l)-catalyzed 1,3-
Huisgen cycloaddition. The NO release properties in response to cysteine,
hydrolytic stability and a synergistic anti-proliferative effect with

ibuprofen in human colon cancer cells were evaluated.

In chapter 3, “Furoxan-bearing micelles for nitric oxide delivery”
Is described. The furoxan-containing polymeric micelles were prepared
from an amphiphilic block copolymer consisting of a hydrophobic
furoxan-bearing block and a hydrophilic poly (N-acryloylmorpholine)
(PAM) block, which was synthesized by using a combination of the
reversible addition-fragmentation chain transfer (RAFT) polymerization
and the copper(l)-catalyzed 1,3-Huisgen cycloaddition reaction techniques.
The NO release properties in response to cysteine, hydrolytic stability and
a synergistic anti-proliferative effect with ibuprofen in human colon cancer

cells were evaluated.

In chapter 4, “Copper removal from polymers by
diethyldithiocarbamate complexation” is described. In chapter 2 and 3,

14



furoxan-containg polymeric NO donors were prepared by using the
copper(l)-catalyzed 1,3-Huisgen cycloaddition reaction. However, a
drawback of this approach is the remaining trace amounts of copper
catalyst in the final product, which may affect the NO releasing property
of furoxans. In this chapter, new purification method using
diethyldithiocarbamate (DTC) as a complexing ligand followed by size
exclusion chromatography was developed to remove copper impurities
from the PEG-furoxan conjugate as well as furoxan-containing polymeric

micelle.

In chapter 5, “NO-releasing micelles from amphiphilic furoxan-
bearing  block  polymers by modification of  poly(N-
acryloylmorpholine)-b-poly(pentafluorophenyl acrylate) with amine-
containing furoxan” is described. Since the use of the copper-catalyzed
reaction to conjugate furoxan moieties to polymers requires the additional
purification step to remove the copper impurities, a new synthetic approach
to prepare a furoxan-bearing block copolymer without using a copper
catalyst was developed. Poly(N-acryloylmorpholine)-b-
poly(pentafluorophenyl acrylate) diblock copolymer was synthesized and

the pentafluorophenyl ester moieties were reacted with amine-containing
15



furoxan derivative to yield a furoxan-bearing diblock copolymer. The

micelles were prepared from this polymer and the morphology and NO

release property were characterized.

In chapter 6, the results and conclusions obtained in each chapter are

summarized.
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Chapter 2

Nitric oxide-releasing polymeric furoxan conjugates

Introduction

In this chapter, preparation of polyethylene glycol (PEG)-furoxan
conjugates was described. To avoid side reaction and archive high degree
of conjugation, copper(l)-catalyzed 1,3-Huisgen cycloaddition reaction, or
copper-catalyzed azide-alkyne cycloaddition reaction (CUAAC), was used.
CUuAAC was known as the classic “click reaction” coined by K. Barry
Sharpless in 1998, and was first fully described by Sharpless, Hartmuth
Kolb, and M.G. Finn of The Scripps Research Institute in 2001.8-%° Since
the CUAAC is a very robust and orthogonal reaction, in recent years, it has
been often used to prepare polymeric materials with a complex structure

and functionality.

As shown in Figure 5, by using CuAAC, two azide-containing
furoxan derivatives were successfully conjugated to alkyne group-bearing
PEG. The conjugates released NO in response to cysteine and enhanced
the anti-proliferative effect of ibuprofen in HT-29 colon cancer cells.

Furthermore, the furoxan derivatives underwent decomposition in
17



physiological buffer, which can be slowed down by the conjugation of

furoxan derivatives to PEG.

Figure 5. Nitric oxide-releasing polymeric furoxan conjugates.

18



Experimental

Instrumentation

NMR spectroscopy. *H NMR and 3C NMR spectra were measured
with a Bruker DPX400 NMR spectrometer. For *H NMR spectra a total of
32 scans were collected and the D1 was set to 10 s for the polymers and 1
s for the low molecular weight compounds. Chemical shifts are referenced
to the residual undeuterated NMR solvent signal at 2.50 (d-DMSQO) and
7.26 ppm (CDCI3). For 3C NMR 1024 scans were collected and the D1
was set to 2 s. Chemical shifts are referenced to the residual undeuterated

(CDs0D) solvent at 49.00 ppm.

UV/Vis spectroscopy. The absorbance was measured with a Tecan
infinite M200 plate reader in transparent polystyrene 96 well plates and
UV/Vis spectra were recorded on a Thermo Scientific NanoDrop 2000c

spectrophotometer using 2 uL of sample volume or a quartz cuvette.

Attenuated total reflection infrared spectroscopy (ATR-IR).
Attenuated total reflection infrared (ATR-IR) spectra were obtained on a

Thermo Scientific Nicolet iS5 equipped with an iD5 universal ATR

19



sampling accessory.

Electrochemical detection of NO. For NO detection a 2 mm NOP-
electrode was connected to a TBR4100 Four-Channel Free Radical
Analyzer (WPI, United States). The measurements were recorded with the
LabScribe software. The electrode was inserted in a 1-3 mL four port
closed chamber. The temperature was measured with a temperature sensor

and controlled through an external circulating bath.

Materials

Propargylamine, propargylamine hydrochloride, diphenylphosphoryl
azide (DPPA), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), L-cysteine,
reduced glutathione, N-(1-naphthyl)ethylenediamine dihydrochloride
(NED), diethylenetriaminepentaacetic acid (DTPA), diethylammonium
diethyldithiocarbamate, 2,3-diaminonaphthalene and sulfanilamide (SA)
were purchased from Tokyo Chemical Industry (TCI), Japan.
Disuccinimidyl carbonate (DSC), super dehydrated dimethyl sulfoxide
(DMSO), super dehydrated dimethylformamide (DMF), super dehydrated
toluene, copper(ll) sulfate pentahydrate (CuSO,4-5H,0), sodium ascorbate,

concentrated HCI (ag.), 1 N HCI (aqg.), sodium nitrite (NaNQO,), potassium

20



bicarbonate (KHCO3), sodium hydrogen sulfate (NaHSO,4), anhydrous
sodium sulfate (Na,SO,), ibuprofen and silica (SiO;) were purchased from
Wako Pure Chemical Industry (Japan), and 2 M HCI in isopropanol (HCI/i-
PrOH) was purchased from Kokusan Chemicals (Japan). Hexane, ethyl
acetate (EtOAc), tetrahydrofuran (THF), tert-butyl alcohol (t-BuOH),
diethyl ether (Et,O), triethylamine (EtsN), calcium hydride (CaH,),
dichloromethane (CH.Cl,), ethanol (EtOH) and molecular sieves 3A were
purchased from Nacalai Tesque (Japan). Ninhydrin and poly(ethylene
glycol) methyl ether (average M, 5000) were purchased from Sigma-
Aldrich (Japan). All chemicals were used as received except for EtsN
which was distilled over ninhydrin and CaH, and placed over molecular
sieves. Molecular sieves were dried by heating at 180 °C for 5 h. TLC silica
gel 60 F254 plates were from Merck (Japan). Sephadex LH20 was from
GE Healthcare (Japan). Deuterated solvents for *H NMR (CDz;OD, CDCl;
and d6-DMSQ) were from Cambridge Isotope Laboratories, Inc. (USA).
Dialysis tubing (MWCO 2 kDa) and 0.45 pum syringe filters were
purchased from Spectrum Laboratories Inc. (Japan). Dulbecco’s phosphate
buffered saline (10x, PBS), fetal bovine serum (FBS) and DMEM

GlutaMAX were from Life Technologies (USA).

21



Preparation of cell lysate. RAW 264.7 macrophages were cultured in
DMEM GlutaMAX supplemented with 10% heatinactivated FBS and 50
U/mL-50 pug/mL penicillin-streptomycin in a CO, incubator at 37 °C. Cells
were scraped off when reaching 70-80% confluency. The cell suspension
(3.20 x 10° cells/mL) was centrifuged at 500 rpm for 5 min and the cell
pellet was washed with cold Dulbecco’s phosphate buffered saline (PBS)
three times. The cell suspension was centrifuged at 500 rpm for 5 min and
resuspended in 1 mL passive lysis buffer at 1.28 x 107 cells/mL, and
vortexed at RT for 10 min. The suspension was centrifuged, and the clear

supernatant was collected and stored at -20 °C.

Synthesis

3-(Hydroxyl-methyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (1). was

prepared as reported.®

3-(Hydroxyl-methyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide (2).

was prepared as reported.*

3-(Azidomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (3). 50.8 mg (0.26

mmol) of (1) was dissolved in 2 mL of toluene and cooled to 0 °C in an ice

22



bath. To the solution was added 56.8 uL (0.26 mmol, 1.0 eq.) of DPPA and
39.9 uL (0.26 mmol, 1.0 eq.) of DBU. The flask was evacuated/purged with
argon (3 x) and the mixture was stirred in the dark. After TLC indicated
the disappearance of (1), 10 mL of water and 20 mL of EtOAc were added
to the reaction mixture. The layers were separated and the aqueous phase
was extracted with EtOAc (2 x 20 mL). The extracts were combined and
washed with water (3 x 20 mL), 5% KHCOs (aqg.) (2 x 20 mL) and brine
(20 mL). The organic phase was dried over Na,SO,, filtered and
concentrated under reduced pressure. The residue was purified by SiO,
column chromatography (EtOAc/hexane = 1 : 10, Rf = 0.3) to yield 35.1
mg (0.16 mmol, 61%) of a white solid. *H NMR (CDCl3) & = 7.72 (m, 2H,
2 X CHaromar), 7.58 (M, 3H, 3 X CHaromar), 4.47 (5, 2H, CHy). The 'H NMR
data were in agreement with those previously reported.®* The *H NMR
spectrum is shown in Figure 6. FT-IR: v (cm™') 2101 (N3) and 1602, 1578
(furoxan ring). The IR spectrum is shown in Figure 7. HRMS (m/z,M +
H* , ESI-TOF-MS, FAB" ): calculated for CoH;NsO, 218.0678, found

218.0680.

3-(Azidomethyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide (4). 111.1

mg (0.47 mmol) of (2) was dissolved in 3 mL of toluene and cooled to 0 °C
23



in an ice bath. To the solution was added 100.7 uL (0.47 mmol, 1.0 eq.) of
DPPA and 69.9 uL (0.47 mmol, 1.0 eq.) of DBU. The flask was
evacuated/purged with argon (3 x) and the mixture was stirred in the dark.
After TLC indicated the disappearance of (2), the reaction mixture was
concentrated under reduced pressure and the residue was purified by SiO,
column chromatography (EtOAc/hexane =1 : 7, Ry = 0.27) to yield 91.6
mg (0.35 mmol, 74%) of a yellow solid. *H NMR (CDClz) = 8.42 (m, 2H,
2 % CHaromat), 7.98 (M, 2H, 2 X CHaromat), 4.51 (S, 2H, CH,). The 'H NMR
data were in agreement with those previously reported.®® The *H NMR
spectrum is shown in Figure 8. FT-IR: v (cm™!) 2112 (N3), 1610, 1596
(furoxan ring) and 1526 (NOy). The IR spectrum is shown in Figure 9
HRMS (m/z, M, ESI-TOF-MS, FAB"): calculated for CoHgNsO4 262.0451,

found 262.0452.

3-((4-(Aminomethyl)-1H-1,2,3-triazol-1-yl)methyl)-4-phenyl-1,2,5-

oxadiazole 2-oxide HCI salt (5). 104.0 mg (0.48 mmol) of (3), 43.8 mg
(0.48 mmol) of propargylamine hydrochloride, 2.4 mg (9.6 pumol) of
CuS0O,4-5H,0 and 9.5 mg (48 umol) of sodium ascorbate were dissolved in
a mixture of 3 mL of t-BuOH and 1.5 mL of H,O. The solution was

degassed with argon by five freeze—thaw cycles and the mixture was stirred
24



for 24 h at 35 °C. After cooling down to room temperature, the mixture
was diluted with 5% w/v KHCO3 (ag.) (10 mL) and extracted with CH,ClI,
(3 x 60 ml). The combined extracts were dried over NaSQ,, filtered and
concentrated under reduced pressure. The resulting oil was dissolved in
200 pL 2 M HCV/i-PrOH and diluted with 10 mL Et,0 to give a white solid.
The solid was dried under reduced pressure, dissolved in 5 mL of H,0 and
lyophilized to yield 117.3 mg (0.38 mmol, 79%) of a white solid. *H NMR
(d6-DMSO) 6 = 8.50 (bs, 3H, NH3"), 8.36 (s, 1H, CH triazole), 7.82 (m,
2H, 2 X CHaromat furoxan), 7.63 (m, 2H, 2 x CHgroma: furoxan), 5.83 (s, 2H,
CH,-furoxan), 4.09 (s, 2H, CH,-NHz*"). *C NMR (CDs;OD) & = 156.85,
140.19, 131.24, 129.16, 127.71, 125.77, 125.28, 111.52, 42.03, 33.99. The
'H NMR and 3C NMR spectra are shown in Figure 10, 11 and FT-IR: v
(cm™) 3241 (N-H), 1595, 1577 (furoxan ring). The azide band of (3) at
2102 cm™! was not observed anymore. The IR spectrum is shown in Figure
12. HRMS (m/z, M+H", ESI-TOF-MS, FAB™): calculated for C1,H12NgO;

273.1100, found 273.1098.

3-((4-(Aminomethyl)-1H-1,2,3-triazol-1-yl)methyl)-4-(4-nitrophenyl)-
1,2,5-oxadiazole 2-oxide HCI salt (6). 197.4 mg (0.75 mmol) of (4), 68.9

mg (0.75 mmol) of propargylamine hydrochloride, 3.8 mg (15.2 pmol) of
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CuS04-5H,0 and 14.9 mg (75 umol) of sodium ascorbate were dissolved
in a mixture of 2 mL of t-BuOH, 1 mL of EtOH, 1 mL of THF and 2 mL of
H,O. The solution was degassed with argon by five freeze—thaw cycles and
the mixture was stirred for 24 h at 35 °C. After cooling down to room
temperature, the mixture was diluted with 5% w/v KHCOj3 (ag.) until the
solution reacted basic by pH paper and extracted with CH,Cl, (3 x 50 mL).
The extracts were dried over NaSO,, filtered and concentrated under
reduced pressure to yield 192.6 mg (81%) of a yellow solid. *H NMR
(CDCl3) 6 = 8.45 (d, 2H, 2 x CHaromat furoxan), 8.21 (d, 2H, 2 X CHaromat
furoxan), 7.79 (s, 1H, CH triazole), 5.57 (s, 2H, CH,-furoxan), 4.01 (s, 2H,
CH>-NH,). 3C NMR (CDs0D) 6 = 155.36, 149.57, 148.91, 131.69, 129.17,
124.02, 123.13, 111.43, 41.72, 36.09. The *H NMR and *C NMR spectra
are shown in Figure 13, 14. HRMS (m/z, M+H*, ESI-TOF-MS, FAB):

calculated for C12H11NgO4 318.0951, found 318.0948.

The HCI salt of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)- methyl)-
4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide was prepared by dissolving the
solid (28.0 mg, 0.091 mmol) in 0.91 mL 1 M HCI (ag.). The solution was
filtered through a 0.45 um hydrophilic filter to remove small particles and

lyophilized to yield 29.8 mg (0.084 mmol, 92%) of a pale yellow solid. *H
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NMR (d6-DMSO) & = 8.42 (m, SH, NH3" and 2 x CHgromat furoxan), 8.35
(s, 1H, CH triazole), 8.10 (m, 2H, 2 x CHaroma: furoxan), 5.89 (s, 2H, CH,-
furoxan), 4.08 (s, 2H, CH,-NHs*). The *H NMR spectrum is shown in
Figure 15. FT-IR: v (cm™!) 3405 (N-H), 1609, 1595 (furoxan ring) and
1520 (NOy). The IR spectrum is shown in Figure 16. HRMS (m/z, M+H*,
ESI-TOF-MS, FAB®): calculated for Cj;;HiiNgO, 318.0951, found

318.0956.

PEG-NHS (8). 3 g (0.6 mmol) of PEG-OH (7) was dissolved in 100 mL
of toluene and dried by azeotropic distillation using a Dean-Stark trap
under argon. After all toluene had been distilled off the dried (7) was
dissolved in 25 mL DMF. To the clear solution was then added under argon
768.5 mg (3 mmol, 5 eq.) of DSC and 422 uL (3 mmol, 5 eq.) of EtsN. The
reaction mixture was placed in an oil bath at 40 °C and stirred for 24 h.
After cooling down to room temperature the reaction mixture was diluted
with 150 mL of Et,O to precipitate the polymer. The suspension was
filtered and the residue was washed with Et,O (3 x 20 mL). The residue
was dried under vacuum to yield 2.9 g (97%) of a white solid. *H NMR
(d6-DMSO) & = 4.44 (bs, CH,OC(0)), 3.80-3.30 (bs, CH,CH,O PEG),

3.23 (s, CH30 PEG), 2.81 (s, 2 x CH, NHS). The degree of modification
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was calculated to be 97% by comparing the integral values of the NHS
signal and the OCHj3 signal of PEG. The *H NMR spectrum is shown in
Figure 17 FT-IR: v (cm™') 1812 and 1789 (C=0 imide), 1742 (C=0

carbonate).

PEG-alkyne (9). 617 mg (0.12 mmol) of (8), 79 uL (1.2 mmol, 10 eq.) of
propargylamine and 172 pL (1.2 mmol, 10 equiv.) of EtsN were dissolved
in 6 mL DMF. The solution was evacuated/ purged with N, (3 x) and stirred
for 24 h at RT. The mixture was acidified with 2 mL of 1 M NaHSOq (aq.)
and the solution was transferred to a dialysis tube (MWCO 2 kDa) and
dialyzed against 1 L of water for 48 h by replacing water every 12 h. The
solution was lyophilized to yield 600 mg (97%) of a white solid. *H NMR
(CDCl3) 8 =5.20 (bs, NH), 4.20 (bs, CH,0C(0)), 3.96 (bs, CH,NH), 3.90—
3.40 (bs, CH,CH,0 PEG), 3.37 (s, CH3O PEG), 2.24 (s, CH alkyne). The
degree of modification was calculated to be about 97% by comparing the
integral ratio of the alkyne proton signal and the OCH3 signal of PEG. The
'H NMR spectrum is shown in Figure 18. FT-IR: v (cm™!), 1724 (C=0

carbamate). No clear vibration band due to the alkyne was observed.

PEG-furoxan conjugate (PEG-F, 10).
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Method A: prepared by nucleophilic substitution of (5) with (8). 20.6
mg (4.1 umol) of (8), 6.35 mg (20.5 umol, 5 eq.) of (5) and 5.76 uL (0.205
mmol, 10 eq.) of EtsN were dissolved in 1 mL DMSO. The flask was
evacuated/purged with N, (3 %) and the mixture was stirred for 24 h. The
mixture was acidified with 1 mL of 1 M NaHSO, (ag.) and the solution
transferred to a dialysis tube (MWCO 2 kDa) and dialyzed against 1 L of
water for 24 h by replacing water every 12 h. The solution was lyophilized
to yield 19.7 mg (95%) of a white solid. The degree of modification was
calculated to be about 95% by comparing the integral ratio of the phenyl

signals of furoxan and the OCHj signal of PEG.

Method B: prepared by the copper(l)-catalyzed 1,3-Huisgen
cycloaddition reaction between (3) and (9). 106.6 mg (21.3 umol) of (9),
11.6 mg (53.4 umol, 2.5 eq.) of (3), 0.11 mg (0.43 umol) of CuSO,4-5H,0
and 4.3 mg (21.3 umol) of sodium ascorbate were dissolved in a mixture
of 1 mL of t-BuOH and 1.7 mL of H,0O. The solution was degassed with
argon by three freeze-thaw cycles and the mixture was stirred for 24 h at
35 °C. After cooling down to room temperature, the solution was
transferred to a dialysis tube (MWCO 2 kDa) and dialyzed against 1 L of

water for 48 h and replacing water every 24 h. The solution was lyophilized
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to yield 99.7 mg (94%) of a white solid. The degree of modification was
calculated to be about 88% by comparing the integral ratio of the phenyl

signals of furoxan and the OCHj signal of PEG.

The *H NMR spectrum is shown in Figure 19. *H NMR (CDCl3) 6 =
7.86 (bs, CH triazole + 2 x CHgromat furoxan), 7.58 (bs, 3 X CHaromat furoxan),
5.55 (bs, CH,-furoxan + NH), 4.45 (bs, CH,-NH), 4.22 (bs, CH,OC(O)),
3.90-3.40 (bs, CH,CH,0 PEG), 3.37 (s, CHsO PEG). FT-IR: v (cm™!), 1721

(C=0 carbamate), 1600 and 1578 (furoxan ring).

PEG-furoxan conjugate (PEG-NF, 11).

Method A: prepared by nucleophilic substitution of (6) with (8). 100.7
mg (20.1 umol) of (8), 32 mg (100.5 umol, 5 eq.) of the free amine of (6)
and 14 pL (100.5 umol, 5 eq.) of EtsN were dissolved in 4 mL DMF. The
flask was evacuated/purged with argon (3 x) and the mixture was stirred
for 24 h. The mixture was acidified with 1 mL of 1 M NaHSO, (ag.) and
the solution transferred to a dialysis tube (MWCO 2 kDa) and dialyzed
against 1 L of water for 24 h by replacing water every 12 h. The solution
was lyophilized to yield 100 mg (99%) of a white solid. The degree of

modification was calculated to be about 50% by comparing the integral
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ratio of the phenyl signals of furoxan and the OCHj3 signal of PEG.

Method B: prepared by copper(l)-catalyzed 1,3-Huisgen
cycloaddition reaction between (4) and (9). 33.2 mg (6.6 umol) of (9), 4.4
mg (16.8 umol, 2.5 eq.) of (4), 0.03 mg (0.12 umol) of CuSO4-5H,0 and
1.32 mg (6.6 umol) of sodium ascorbate were dissolved in a mixture of 1.0
mL of t-BuOH and 1.7 mL of H,0. The solution was degassed with argon
by three freeze—thaw cycles and the mixture was stirred for 24 h at 35 °C.
After cooling down to room temperature, the solution was transferred to a
dialysis tube (MWCO 2 kDa) and dialyzed against 1 L of water for 48 h by
replacing water every 24 h. The solution was lyophilized to yield 30.3 mg
(91%) of a white solid. The degree of modification was calculated to be
about 84% by comparing the integral ratio of the phenyl signals of furoxan

and the OCHj signal of PEG.

The *H NMR spectrum is shown in Figure 20. *H NMR (CDClz) § =
8.45 (d, 2 X CHgromat furoxan), 8.19 (d, 2 x CHaromat furoxan), 7.89 (s, CH
triazole), 5.57 (bs, CH,-furoxan + NH), 4.46 (bs, CH,-NH), 4.23 (bs,
CH,0(CO0)), 3.90-3.40 (bs, CH,CH,0 PEG), 3.37 (s, CH30O PEG). FT-IR:

v (em™), 1720 (C=0 carbamate), 1611 and 1600 (furoxan ring), 1518
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(NOy).

Griess assay

To quantify NO release the concentration of NO,” was measured by
the Griess assay in transparent 96 well polystyrene plates. The samples
were reacted with 50 pL of 2% (w/v) SA in 5% HCI (aq.) for 5 min before
adding 50 uL 0.1% (w/v) NED (aq.).®* After 5 min the absorbance at 550
nm was measured and the NO,™ concentrations were calculated from the
standard curves of 0-100 uM NO;" in either 2.5 mM cysteine, 2.5 mM
glutathione, 45% FBS or 0.58 x 107 cells/mL cell lysate in 50 mM PBS
(pH 7.1) containing 2.5 mM DTPA. All samples were corrected for
absorbance of polystyrene, reaction medium and the SA/NED reagent

mixture by subtraction of the absorbance of wells containing water only

Preparation of the NO donor stock solutions

Stock solutions of the different donors were prepared by dissolving in
milliQ water. For the PEG conjugates the amounts to be dissolved were
based on the molecular weight as determined from the *H NMR spectrum

and the degree of functionalization. Before preparing the PEG-conjugate

32



stock solutions, (10) and (11) (10 mg) were dissolved in 100 uL DMF. To
the colorless solutions was added 100 pL of a diethylammonium
diethyldithiocarbamate solution in DMF (14.8 mg/mL) resulting in a
brown solution. This solution was then loaded on a Sephadex LH20 size
exclusion column (1.5 cm diameter x 26 cm height) and eluted with DMF.
Fractions were collected in 1.5 mL Eppendorf tubes and the solutions were
measured by UV/Vis. The fractions that contained PEG were pooled and
concentrated under reduced pressure. The solid was dissolved in CDCl;
and measured by *H NMR to confirm the presence of PEG. After removal
of CDCI; under reduced pressure the conjugates were dissolved in water

and lyophilized. The lyophilized solid was used to prepare stock solutions.

NO release experiments in the presence of cysteine or glutathione

50 pL of the NO-donor (500 uM) in water was mixed with 50 uL of 5
mM cysteine/glutathione in 100 mM PBS containing 5 mM DTPA in a 96
well plate (pH 7.1). NO, standard curves were prepared on the same plate
by mixing 50 uL of NaNO, solution at different concentrations with 5 mM
cysteine/glutathione in 50 mM PBS containing 5 mM DTPA. All samples

were run in triplicate. The plates were placed in a humidified incubator at
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37 °C and taken out at the indicated time points.

NO release under deoxygenated conditions

300 puL of (5) in water (500 uM) and 2 mL of 5 mM cysteine in 50
mM phosphate buffer containing 5.0 mM DTPA were degassed by
bubbling with water vapor saturated nitrogen gas through the solution
using a needle inserted through the septum in a glass tube. A second needle
was inserted in the septum for N, to escape. The solutions were degassed
for at least 30 min at RT. After degassing the pressure, the relieve needle
was taken out and under a positive nitrogen pressure, 300 uL of cysteine
solution was withdrawn through the septum with a gastight syringe. This
was then rapidly injected through the septum of the tube containing the
solution (5) under a positive nitrogen pressure. Parallel to this experiment
air saturated donors and cysteine solutions were mixed as well. After 3 h
at RT the SA (150 puL) and NED (150 uL) solutions were added. The
solutions were transferred (150 pL) to a well plate and the absorbance at
550 nm was read. The concentrations were calculated from a standard
curve prepared at the same time. The NO,™ concentrations were 5.4 + 0.96

uM and 11.6 = 0.37 uM (n = 3) in the absence and presence of oxygen
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respectively.

Electrochemical detection NO release from (10)

Because the electrode responded to cysteine the concentration of 2.5
mM saturated the electrode signal. | therefore adjusted by trial-and-error
the cysteine concentration to 25 pM. At this concentration the sensor could
be operated in the range specified for NO detection. A volume of 1 mL of
10 mM phosphate buffer at pH 7.4 was degassed by bubbling N, for at least
30 min and transferred to the measuring chamber. Then 10 pL of a solution
of 2.5 mM cysteine in 50 mM PBS containing 2.5 mM DTPA was added
giving a final cysteine and DTPA concentration of 25 uM. The solution was
maintained at 37 °C and after the current became stable, 10 uL ofa 2.5 mM
solution of (10) in milliQ water was added giving a final concentration of
25 uM. The change in current in pA was then measured as a function of

time.

Effect of chemical decomposition on NO release

A stock solution of the donors at 500 uM donor solution in water was

prepared. 50 puL of each donor was mixed with 50 uL 100 mM PBS
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containing 5 mM DTPA and placed in a humidified incubator at 37 °C. The
rest of the solution was immediately frozen and stored at -20 °C. After 24
h the stock solution was warmed to room temperature and 50 uLL was mixed
with 50 uL of 100 mM PBS containing 5 mM DTPA on the same plate.
Immediately 100 uL of a 5 mM cysteine solution in 50 mM PBS containing
5 mM DTPA was added to all samples and placed in a humidified incubator
at 37 °C. A NO; standard was prepared in the same way by mixing 50 pL
NO; (aq.) with 50 uL of 50 mM PBS containing 5 mM DTPA followed by
the addition of 100 pL of 5 mM cysteine in 100 mM PBS containing 5 mM

DTPA. After 24 h the plate was taken out for the Griess assay.

NO release in the cell lysate and fetal bovine serum

The cell lysate and the FBS were diluted 9:1 with 10x PBS giving
1.16 x 107 cells/mL cell lysate or 90% FBS solutions. Then, 50 uL of these
solutions were added to 50 pL of the sample solutions. A NO,™ standard
was prepared in a similar way by mixing 50 uL NO; (ag.) at different
concentrations with 50 puL 1.16 x 107 cells/mL cell lysate or 90% FBS.
After 24 h the plate was taken out and the NO, concentration was

determined by the Griess assay.
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Furoxan stability

UV/Vis: The different donors at 500 uM in water were mixed (80 pl)
with an equal volume of 100 mM PBS containing 5 mM DTPA in 600 uL
microfuge tubes and placed inside an incubator at 37 °C. At different time
points the tubes were taken out, and cooled to RT before recording the

UV/Vis spectrum.

'H NMR: Solutions of (10) and (11) were prepared by mixing a
solution at 4.5 mg/mL in 2 mL of water with 2 mL of 100 mM PBS
containing 5 mM DTPA. The solutions were incubated at 24 h at 37 °C,
before being frozen and lyophilized. To the residue was added 700 pL d6-

DMSO and the *H NMR spectrum was recorded.

HT-29 cell culture

Cells were cultured in McCoy’s 5SA medium containing 10% fetal
bovine serum and 50 U/mL-50 pg/mL penicillin-streptomycin in a CO,
incubator at 37 °C. The cells were trypsinized and passaged when reaching

70-80% confluency.

Effect of conjugates (10) and (11) on the antiproliferative effect of
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ibuprofen (IBU) in HT-29 cells

Cells were seeded at 1.5 x 10* cells per well in a 96 well polystyrene
plate. To the different wells were added in triplicate solutions of (10)/(11),
IBU or a mixture of (10)/(11) and IBU (IBU/furoxan molar ratio = 1/1) at
different concentrations in 100 pL medium containing 10% water and 1%
DMSO. After culturing for 2 d, the supernatant was removed and the cell

viability was measured by the MTT assay.

MTT assay

After 2 d the supernatant was removed and replaced with 100 pL
medium and 10 uL MTT solution in PBS (5 mg/mL). After 2 h at 37 °C,
the formed formazan crystals were dissolved in 100 pL of 0.1 g/mL SDS
in 0.01 M HCI (ag.) and the absorbance at 570 nm was measured. The cell

viability is expressed as the percentage of cells that had not been treated.

NOz quantification in cell supernatants

Since the photometric Griess assay for assessing NO release is not
sensitive enough for quantifying NO, in cell culture supernatants, by using

a fluorescence Griess assay.? After culturing the HT-29 cells for 2 d 80 uL
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of the cell supernatant was transferred to a black polystyrene plate and
diluted to 100 pL with milliQ water. To the solution was then added 10 pL
of a solution of 2,3-diaminonaphthalene (0.05 mg/mL) in 0.62 M HCI (aq.).
After reacting for 10 min in the dark 5 pLL of 3 M NaOH (aq.) was added
and the fluorescence was measured (Aex = 365 nm, Aey =450 nm). The NOy
concentration was calculated from a standard in the range 0-10 uM

prepared in 80 pL culture medium and 20 pL water.
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Results and Discussion

Synthesis of azide- and amine-containing furoxan derivatives

Azide-containing furoxan derivatives (3) and (4) by were first
synthesized via a single step conversion of the alcohol using the diphenyl
phosphorylazide/1,8-diazabicyclo[5.4.0]-7-undecene (DPPA/DBU) Merck
method as shown in Scheme 2.2 The IR spectra of (3) and (4) showed
peaks at 2102 and 2112 cm™ that can be assigned to the asymmetric N3
stretching vibration (Figure 7 and Figure 9).%* Furthermore, the C=N
stretching vibrations of the furoxan ring of (3) and (4) were found at 1595,
1577 and 1609, 1594 cm™ , respectively.*® Compound (4) also showed the
characteristic N-O stretching vibration of the NO, group at 1520 cm™.%
Although both azides (3) and (4) have been reported, these compounds
were prepared in a two-step synthesis from the corresponding alcohol by
tosylation with tosyl chloride followed by nucleophilic displacement with
sodium azide.®® Compound (3) was also prepared in two steps from the
methyl derivative by bromination with N-bromosuccinimide and reaction
with sodium azide.®” Compared to these methods, this method has the

advantage in synthesizing azide-containing furoxans in a single step and

40



good yields. To prepare amine-containing furoxan derivatives (5) and (6),
azide derivatives (3) and (4) were reacted with propargylamine-HCI salt by
the copper-catalyzed Huisgen cycloaddition reaction.®® Both compounds
were characterized by *H and *C NMR, IR as well as HRMS (Figure 6-
16). The formation of the triazole ring for (5) and (6) was confirmed by *H
NMR showing the CH protons of the triazole ring at 8.36 and 7.79 ppm,
respectively. IR showed the absence of the bands at 2101 and 2112 cm*

due to the N3 of (5) and (6), respectively.

R

R
R
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= NH,
HO DPPA N3 HCI HoN™ Y
R T { e NP
e N___N © N/ N
N

_ DBU _ CuSO, N=N
O"g0o 0" g0 sodium ascorbate

-N
(1) R=H Toluene (3) R=H t'BUOH/HZO (5) R=H 0 ® 0
(2) R=NO, (4) R=NO, (6) R=NO,

Scheme 2. Synthesis scheme of low molecular weight furoxans.
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Figure 6 *H NMR spectrum of 3-(azidomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide
(3).
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Figure 7. Infrared spectrum of 3-(azidomethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide
(3) in the region of 3500-500 cm™.
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Figure 8. 'H NMR spectrum of 3-(azidomethyl)-4-(4-nitrophenyl)-1,2,5-
oxadiazole 2-oxide (4) in CDCls.
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Figure 9. Infrared spectrum of 3-(azidomethyl)-4-(4-nitrophenyl)-1,2,5-
oxadiazole 2-oxide (4) in the region of 3500-500 cm™.
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Figure 10. 'H NMR spectrum of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)methyl)-
4-phenyl-1,2,5-oxadiazole 2-oxide HCI salt (5) in d6-DMSO.
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Figure 11. 3C NMR spectrum of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)
methyl)-4-phenyl-1,2,5-oxadiazole 2-oxide HCI salt (5) in CD3OD.
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Figure 12. Infrared spectrum of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)

methyl)-4-phenyl-1,2,5- oxadiazole 2-oxide HCI salt (5) in the region of 3500-500
cm,
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Figure 13. 'H NMR spectrum of free amine of 3-((4-(aminomethyl)-1H-1,2,3-
triazol-1-yl)methyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide HCI salt (6) in
CDCls.
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Figure 14. C NMR spectrum of free amine of 3-((4-(aminomethyl)-1H-1,2,3-
triazol-1-yl)methyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide HCI salt (6) in
CDsOD.
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Figure 15. 'H NMR spectrum of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)
methyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide HCI salt (6) in d6-DMSO.
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Figure 16. Infrared spectrum of 3-((4-(aminomethyl)-1H-1,2,3-triazol-1-yl)
methyl)-4-(4-nitrophenyl)-1,2,5-oxadiazole 2-oxide HCI salt (6) in the region of
3500-500 cm't.
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Synthesis of the PEG-furoxan conjugates by nucleophilic

substitution

The first approach in preparing the PEG—furoxan conjugates was
nucleophilic substitution of N-hydroxysuccinimide carbonate activated
PEG (PEG-NHS, 8) with the amine-containing furoxan derivatives (5) and
(6) as outlined in Scheme 3. Firstly, hydroxyl-terminated PEG (PEG-OH,
7) was reacted with N,N’-disuccinimidyl carbonate (DSC) to yield PEG-
NHS (8). Successful modification was confirmed by *H NMR which
showed the presence of a new signal at 4.44 ppm of the CH; next to the
carbonate and the singlet at 2.81 ppm of the four succinimide protons. IR
showed two bands of the v(C=0) stretching vibrations at 1812 and 1789
cm! of the cyclic imide and a band at 1742 cm of the carbonate (Figure
21). The amine-containing furoxan derivatives (5) and (6) were then
reacted with PEG-NHS (8) yielding the conjugates (10) and (11). The
reaction was almost quantitative for (10) (degree of functionalization:
95%) when adding 5 eq. of (5) relative to the NHS carbonate. However,
the extent of the reaction was only 50% for (11) under the same conditions

indicating the low reactivity of amine derivative (6).
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Synthesis of the PEG—furoxan conjugates by the copper-catalyzed

Huisgen cycloaddition reaction

Preparation of the PEG-furoxan conjugates by the Huisgen
cycloaddition of PEG-alkyne (9) with (3) and (4). PEG-alkyne (9) was
prepared from PEG-NHS (8) by nucleophilic substitution with
propargylamine. Successful reaction was confirmed by *H NMR and IR.
Figure 17-21. 'H NMR showed that the CH; bound to the carbonate
shifted from 4.44 to 4.20 indicating the formation of the carbamate. This
was further supported by the appearance of a broad signal at around 5.20
ppm due to the NH carbamate proton. IR also showed a shift of the v(C=0)
stretching vibration from 1742 to 1724 cm™ further supporting the
formation of the carbamate. The CH alkyne proton appeared at 2.24 ppm
in the 'H NMR spectrum, but no clear band could be observed in the IR
spectrum. PEG-alkyne (9) was reacted with 2.5 eq. of (3) and (4) to yield
the conjugates (10) and (11) with a degree of functionalization of 88 and
84% as evidenced from the appearance of the CH triazole proton and the
disappearance of the alkyne proton in the *H NMR spectra. IR further
showed the presence of the signals due to the furoxan ring and the NO,

band in the case of (11) (Figure 21). For further study, the conjugates (10)
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and (11) prepared by this method were used.
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Scheme 3. Synthesis scheme of PEG-furoxan conjugates.

o X—b *d6-DMSO
a Il,.f y Cc I\,I'I Y
Hco W07 o
130 5
a
b

. N

9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 17. *H NMR spectrum of PEG-NHS (8) in d6-DMSO.
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Figure 18. *H NMR spectrum of PEG-alkyne (9) in CDCls.
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Figure 19. *H NMR spectrum of PEG-F (10) in CDCls.
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Figure 20. *H NMR spectrum of PEG-NF (11) in CDCls.
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(b) PEG-NHS (8), (c) PEG-alkyne (9), (d) PEG-F (10) and (e) PEG-NF (11).
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NO release from the PEG-furoxan conjugates in the presence of

cysteine

Furoxans are known to release NO in response to compounds
containing thiol groups. Thus, NO release in the presence of cysteine was
studied. For comparison, the amine-containing furoxan derivatives (5 and
6) were also included. The amount of released NO was quantified by
measuring the nitrite (NO,") concentration using the Griess assay.* As can
be seen from Figure 22 A, the furoxans (5 and 6) released NO in the
presence of cysteine, with the nitrophenyl derivative (6) giving slightly
faster NO release. This faster release may be due to the electron-
withdrawing nature of the NO, group at the para position which increases
the furoxan reactivity towards thiols.3® Compared to the furoxans (5 and 6),
the PEG—furoxan conjugates (10 and 11) showed slower NO release as
shown in Figure 22 B. This seems to be due to an electronic effect as
indicated by a difference in the chemical shift of the CH, protons between
the furoxan and triazole rings in d6-DMSO. For (5) and (6), this signal
appeared at 5.83 and 5.89 ppm, whereas it shifted to 5.71 and 5.76 ppm for
(10) and (11), respectively. (Figure 23) This increased electron density for

this CH, protons indicates that the carbamate is affecting the electron
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density of the furoxan ring and its reactivity with cysteine, and therefore
NO release. Furthermore, the release of NO was also tested in the presence
of glutathione, another abundant thiol-containing molecule in the body, and

observed a similar trend with cysteine as shown in Figure 22 C and D.
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Figure 22. NO release from (5), (6), (A and B), PEG-F (10) and PEG-NF (11) (C
and D) at 250 uM in the absence or presence of cysteine and glutathione as
measured by the Griess assay. (n=3).
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Figure 23. 'H NMR spectra of amine-containing furoxan derivatives F-NH: (5)
and NF-NH:2 (6) and PEG-F (10), PEG-NF (11) in the region 4.5-6.5 ppm in d6-
DMSO.

Griess assay under deoxygenated conditions and electrochemical

detection of NO

The release of NO from furoxans is complex and several mechanisms
have been suggested including the formation of nitroxyl anion (NO") as an
intermediate that is oxidized to NO.8 Although the Griess assay has been
widely used for assessing NO release from furoxans, it is possible that the
measured NO,™ arises from a different reaction pathway and is not formed
directly by oxidation of NO. One such pathway would involve the direct
reaction of NO- with molecular oxygen to form peroxynitrite that could
also eventually yield NO, .21 To exclude this possibility, i.e., that the
measured NO;™ in the Griess assay is not formed by the oxidation of NO,

experiments were carried in the absence of oxygen. The reaction mixtures
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of furoxan (5) (250 uM) in the presence of 2.5 mM cysteine in 50 mM PBS
were reacted under N, for 3 h and analyzed by the Griess assay. In the
absence of oxygen, the concentration was 5.4 £ 0.96 uM showing that the
NO," concentrations in Figure 22 partially arise from the oxidation of NO.
On the other hand, the NO, concentration was 11.6 = 0.37 uM for the
reaction carried out in the presence of oxygen. This higher NOy
concentration could indeed be due to peroxynitrite formation under aerobic
conditions. In addition, there are two possible side reactions that can lower
the NO; concentration: the reaction of cysteine with HNO (protonated
form of NO") to form disulfides and sulfenamides and HNO dimerization
to hyponitrous acid (H2N»O,) and dehydration to nitrous oxide (N,0).1%
Both reactions may become more pronounced in the absence of oxygen
which is possibly responsible for the oxidation of NO- to NO under
oxygenated conditions. To further confirm the release of NO directly, a
NO-specific electrode sensor was applied. As shown in Figure 24, NO
release can be detected from conjugate (10) in the presence of cysteine.
This result shows qualitatively that NO can be released thereby further

supporting that the Griess assay is indeed a measure of NO production.
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Figure 24. NO release from PEG-F (10) as detected by a NO-specific electrode. A
solution of 25 uM cysteine in 10 mM PBS was maintained at 37 °C and after the
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current stabilized, 10 pL of a solution of PEG-F (10) in water was added (the final
concentration was 25 pM) as indicated by the arrow.

NO release from the PEG—furoxan conjugates in the presence of

fetal bovine serum and macrophage cell lysate

The NO release from the furoxans and the PEG—furoxan conjugates
was investigated in the presence of fetal bovine serum (FBS) and cell lysate
from murine macrophages. The furoxans (5 and 6), and PEG—furoxan
conjugates (10 and 11) were incubated at 37 °C in the presence of 45%
FBS or 5.8 x 10° cells per mL cell lysate for 24 h and NO;™ levels were
measured by the Griess assay. For the samples incubated with FBS, the
NO; concentrations were below the detection limit of the assay indicating
that FBS did not induce NO release from these furoxans (Figure 25). On

the other hand, the addition of cell lysate resulted in the increase of the
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NO;, concentration showing that NO release can be induced by the
intracellular components. The difference between FBS and cell lysate may
be due to the difference in the concentration of thiol-containing compounds.
It has been reported that compounds containing thiol groups such as
cysteine, glutathione and proteins with free cysteine residues are abundant
inside cells (e.g. in the millimolar level for glutathione), while the
concentrations of these compounds are much lower in human serum (8 uM

for cysteine and 2 uM for glutathione).103104
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Figure 25. NO release from the amine-containing furoxans (5 and 6) and the PEG-
furoxan conjugates (10 and 11) in the presence of 45% fetal bovine serum (FBS)
(white columns) or 5.8 x 108 cells per mL cell lysate (black columns) from 264.7
murine macrophages in 50 mM PBS (pH 7.1) at 37 °C after 24 h as measured by
the Griess assay. Furoxan concentration: 250 pM. n = 3.

Hydrolytic stability of the PEG—furoxan conjugates

The stability of the PEG—furoxan conjugates was evaluated under
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physiological conditions. I first followed the changes in the UV/Vis spectra
of the conjugates in PBS at pH 7.1 over the course of 3 days. As shown in
Figure 26, both the furoxans and PEG—furoxan conjugates showed a
decrease in the absorbance at around 260 nm and an increase in the
absorbance at wavelengths above 300 nm over time. The observed spectral
changes appeared more pronounced for the furoxan with a nitrophenyl
group (6 and 11) than that with a phenyl group (5 and 10), but these spectral
changes were not observed in water, which suggests that the changes in
PBS were related to a hydrolysis reaction taking the slightly basic pH into

consideration.
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Figure 26. Change in the UV/Vis spectra of amine-containing furoxan (5) and
(6) (A and B), and PEG-furoxan conjugates (10) and (11) (C and D) in 50 mM

PBS (pH 7.1) at 37 °C.
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Figure 27. 'H NMR spectra showing the region 4.4-3.8 ppm of PEG-F (10) (A)
and PEG-NF (11) (B) after incubation in 50 mM PBS (pH 7.1) for 24 h at 37 °C.
Solvent: d6-DMSO

To understand these spectral changes, 'H NMR spectra after
incubation of the conjugates in PBS was recorded. As can be seen in Figure
27A, the CH; in between the triazole and carbamate (CH,-NH), showing
up at around 4.15 ppm, decreases in intensity and a new signal at 4.22 ppm
was observed. In the case of (11), the peak at around 4.15 ppm disappeared
completely and a new peak appeared at 4.22 ppm in a 1: 1 ratio with the
CH; next to the carbamate. On the other hand, no significant change in the
peak at 4.04 ppm due to the CH; protons next to the carbamate bond
(CH,O(CO)) was observed for both (10) and (11). This result indicates that
some chemical reaction took place in the triazole—furoxan part of the
molecule. Since it was not clear whether the triazole—furoxan structure was

still conjugated to PEG, after 24 h of incubation in PBS, the product was
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dialyzed against water to remove small compounds below 2 kDa.
Surprisingly, the *H NMR spectrum showed the absence of the para
substituted phenyl group indicating that the furoxan ring was no longer
attached to PEG (Figure 28A). This was also supported by IR showing the
absence of the furoxan ring vibration and the NO, vibration bands (Figure
29A). The presence of the carbamate bond and triazole ring was confirmed

by 'H NMR and IR. The aromatic region showed a broad
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Figure 28. 'H NMR spectra of the (A) PEG-NF (11) (a) before and (b, c) after
incubation in 50 mM PBS (pH 7.1) for 24 h at 37 °C. (B) PEG-F (10) (a) before
and (b, ¢) after incubation in 50 mM PBS (pH 7.1) for 96 h at 37 °C. The spectra
for (c) were recorded in the presence of D20. The conjugates were dialyzed and
lyophilized before recording 'H NMR in d6-DMSO.
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triplet as well as a singlet (Figure 28A (b)). This triplet was assigned to
the NH of the carbamate as it could be exchanged with D,O (Figure 28A
(c)). Further support for this comes from the doublet at 4.22 ppm, assigned
to the CH; next to the NH of the carbamate, which becomes a singlet after
D,0 exchange. The singlet at 7.62 ppm was assigned to the proton of the
triazole ring suggesting that the triazole ring was still intact. Therefore, it
seems that the loss of the signals due to the nitrophenyl group was due to
the cleavage of the bond between the triazole and furoxan rings.
Furthermore, the PEG conjugate (10) also showed similar *H NMR and IR
spectral changes but the reaction was much slower compared to (11)

requiring more than 4 days at pH 7.1 to reach completion (Figure 28B and

29B).
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Figure 29. IR spectra of PEG-NF (11) incubated in 50 mM PBS (pH 7.1) for 24 h
at 37 °C (A) and PEG-F (10) incubated in 50 mM PBS (pH 7.1) for 96 h at 37 °C
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Scheme 4. Suggested decomposition reaction of the PEG-furoxan conjugates.

Based on these results, | propose the formation of PEG- triazole (12)
as shown in Scheme 4. Several reports showed that the triazole group can
behave as a leaving group, which has been used to prepare NH-1,2,3-
triazoles under basic conditions by the retro-Michael addition reaction of
B-tosylethyl'% and cleavage of N-hydroxymethyl,% pivaloylmethyl*” and
carbamate!® derivatives. In addition, the formation of this triazole
structure was suggested from a nitrophenyl-substituted furoxan linked to
the peptidomimetic scaffold in the presence of cysteine solely based on
HPLC and mass data.® To gain support for the formation of (12) from (10)
and (11), the *H NMR spectrum was recorded in CDCls. The triazole proton
and the protons next to the NH of the carbamate appeared at 7.63 and 4.47
ppm, respectively (Figure 30). These chemical shifts are very similar to
that reported for tert-butyl ((1,2,3-triazol-4-yl)methyl)carbamate: 7.62 and
4.40 ppm respectively.1?® At this point, the mechanism of how (12) forms

from (10) and (11) is not clear.
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Figure 30. 'H NMR spectrum of PEG-triazole (12) in CDCls.

To evaluate the effect of this structural change on the NO release
behavior, the furoxans (5 and 6) and PEG—furoxan conjugates (10 and 11)
were pre-incubated in PBS for 24 h and reacted with cysteine to induce NO
release. As can be seen in Figure 31, lower levels of NO, were observed
for all compounds after 24 h of pre-incubation. This data suggests that the
decomposition of the furoxans and PEG—furoxan conjugates give products
which have no or less NO release ability. Interestingly, both the PEG—
furoxan conjugates showed significantly higher NO release compared to
the corresponding furoxans, indicating that the PEG conjugation improved
the stability of furoxans. Furthermore, the nitrophenyl derivatives (6 and
11) appeared to be more susceptible towards degradation than the phenyl
derivatives (5 and 10) as these compounds showed a stronger decrease in
the measured NO," concentrations. This observation is also supported by
the UV/Vis spectra in Figure 26, which show that the nitrophenyl

derivatives undergo more drastic spectral changes compared to the phenyl
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derivatives. It seems that furoxan with electron-withdrawing groups (i.e.,
the nitrophenyl derivatives) accelerated both NO release and furoxan
decomposition, which also explains the observed difference between (10)

and (11) in release profiles at longer time points (Figure 22A and B).
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Figure 31. The amount of NO released from the furoxan and PEG-furoxan
conjugates (250 pM) pre-incubated in PBS for 24 h. The samples were pre-
incubated in 50 mM PBS (pH 7.1) for 24 h, reacted with 2.5 mM cysteine in 50 mM
PBS (pH 7.1) for 24 h and the NO2 concentration was determined by the Griess
assay. **p<0.01,n=3

Effect of (10) and (11) on the anti-proliferative effect of ibuprofen

in colon cancer cells

Several studies reported that NO enhances the chemopreventive effect
of non-steroidal anti-inflammatory drugs. For example, NSAIDs having a
NO-releasing moiety showed stronger anti-proliferative and pro-apoptotic

effects in different cancer cells compared to the NSAID alone.''® Thus, I
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investigated whether the combination of ibuprofen (IBU), a commonly
used NSAID, and conjugates (10) and (11) show enhanced anti-

proliferative effects in HT-29 colon cancer cells
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Figure 32. Anti-proliferative effect of IBU in the presence of PEG-furoxan
conjugates (10) and (11) (A and B). HT29 cells were cultured for 2 d in the presence
of IBU (circle), PEG-furoxan conjugates (square) and IBU and PEG-furoxan
conjugates (triangle). **p < 0.01, ***p < 0.001, n = 3.

As can be seen in Figure 32, IBU showed a weak anti-proliferative
effect with a LDsp value above 1000 uM. Combination of IBU and the
conjugates (IBU/furoxan molar ratio = 1/1) significantly reduced the cell
viability at higher doses compared to IBU alone. In particular, conjugate
(11) (LDso = 810 uM) showed a stronger effect than conjugate (10) (LDso

= 960 uM). Interestingly, conjugate (10) alone increased the cell viability
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showing its weak proliferative effect. Conjugate (11) also showed a similar
increase in the cell viability below 500 uM, but showed significant toxicity
at 1000 uM. These observations may relate to the role of NO in cancer
biology. It has been reported that NO exhibits both tumoricidal and tumor
promoting properties, depending on the NO concentration and duration of
action.''! Continuous NO release is known to stimulate cell proliferation at
lower concentrations. Therefore, the proliferative effect of conjugates (10)
and (11) may be due to the slow NO release that stimulates proliferation of
HT-29 cells. The observed toxicity of conjugate (11) at a high concentration
could be due to the decomposition products. Due to its low hydrolytic
stability compared to conjugate (10), conjugate (11) decomposed to release
larger amounts of the decomposition products which may be toxic to the

cells.

To further confirm that the observed synergetic effect on the anti-
proliferative effect of IBU was due to NO released from the conjugate, the
NO;  concentration was measured in culture medium by a fluorescence
Griess assay. As shown in Figure 33, the addition of conjugate (10)
increased the NO; concentration in a dose-dependent manner. This result

indicates that the enhanced anti-proliferative effect in HT-29 cells treated
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with both IBU and conjugate (10) can be attributed to NO release from the
conjugate. On the other hand, for conjugate (11) the NO, concentration
was not increased significantly. Although enhanced reduction in the cell
viability for cells treated with conjugate (11) was observed, this effect may

be caused by the decomposition byproducts and not due to NO release.
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Figure 33. Release of NO as detected by the concentration of NO2™ in the medium
after culturing for 2 d using the fluorescence Griess assay. HT-29 cells (1.5 x 10*
cells/well) were treated with PEG-furoxan (10) or (11) at the indicated
concentrations for 2 d before measuring the NO2™ concentration.
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Conclusion

Polymeric NO donors were prepared by linking furoxan derivatives
to poly(ethylene glycol) (PEG) using the copper-catalyzed Huisgen
cycloaddition reaction. The conjugates were prepared using two different
furoxan derivatives having phenyl or nitrophenyl substituent groups
attached to the furoxan ring. The conjugates released NO in the presence
of cysteine, glutathione and the cell lysate of murine macrophages, but not
FBS. Both the furoxans and PEG—furoxan conjugates decomposed in PBS
to yield products with no or less NO release activity. The PEG conjugation
slowed down the decomposition and released a significantly higher amount
of NO compared to the corresponding furoxans after 24 h of incubation in
PBS at 37 °C. Furthermore, the PEG conjugate of furoxan with a phenyl
substituent released NO and enhanced the anti-proliferative effect of

ibuprofen in HT-29 colon cancer cells.
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Chapter 3

Furoxan-bearing micelles for nitric oxide delivery

Introduction

As described in chapter 2, PEG-furoxan conjugates slowly underwent
decomposition under physiological conditions, which may limit its
therapeutic application. In this chapter, to solve this problem, a polymeric
micelle having a hydrophobic core bearing furoxan moieties was prepared.
In this approach, it is expected that the hydrolytic decomposition of
furoxan can be slowed down by placing the furoxan moieties within the

hydrophobic core.

Amphiphilic block copolymer containing furoxan was prepared by
using a combination of the reversible addition-fragmentation chain transfer
(RAFT) polymerization'2'® and CUAAC. RAFT polymerization is one of
the controlled living radical polymerization. RAFT polymerization can be
used to design polymers with complex architectures, such as linear, comb-
like, star and brush polymers, dendrimers and cross-linked networks.!!4
The self-assembling behavior of the furoxan-containing block copolymer

was characterized by dynamic light scattering (DLS), transmission electron
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microscopy (TEM) and atomic force microscopy (AFM). The NO release
property as well as stability against hydrolytic decomposition of the
micelles was also evaluated. Furthermore, the effect of the micelles on the
IBU-induced anti-proliferative effect was assessed in human colon cancer

HT-29 cells.
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Figure 34. Furoxan-bearing micelles for nitric oxide delivery.
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Experimental

Instrumentation

NMR spectroscopy. *H NMR and were measured with a Bruker
DPX400 NMR spectrometer. For *H NMR spectra a total of 32 scans were
collected and the D1 was set to 10 s for the polymers and 1 s for the low
molecular weight compounds. Chemical shifts are referenced to the
residual undeuterated NMR solvent signal at 2.50 (de-DMSO), 7.26 ppm

(CDCls), and 4.79 (D,0).

UV/Vis spectroscopy. The absorbance was measured with a Tecan
infinite M200 plate reader in transparent polystyrene 96 well plates and
UV/Vis spectra were recorded on either a HITACHI U-2810
spectrophotometer or  Thermo  Scientific  NanoDrop  2000c

spectrophotometer using 2 uL of sample volume.

Attenuated total reflection infrared spectroscopy (ATR-IR).
Attenuated total reflection infrared (ATR-IR) spectra were obtained on a
Thermo Scientific Nicolet iS5 equipped with an iD5 universal ATR

sampling accessory
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Gel permeation chromatography (GPC). Elution charts were
collected with a Tosoh GPC-8020 instrument equipped with refractive
index (RI) detector. The KD-803 (Shodex) column was operated at 50 °C
while flowing 100 mM LiCl in DMF at 1.0 mL/min. Polydispersity index
(Mw/M;) values were calculated based on the elution time of polyethylene

glycol standard polymers.

Dynamic light scattering (DLS). Hydrodynamic diameter was
measurements with an Otsuka ELSZ machine using 4.5 mL disposable
polystyrene cuvettes. Micelle solutions were filtered through 0.45 pm
syringe filter prior to analysis. The mean diameter (Z-average) and

polydispersity index (PDI=py/T"?) were calculated by the cumulant method.

Contact angle measurement. Contact angles of the samples were

determined using a Kyowa Interface Science Drop Master DM 300.

Atomic force microscopy (AFM). The micelle solution in water was
dropped onto a fresh mica surface and then dried by blowing off the
solution by a hand blower. Images were acquired on a Seiko Instruments
SPA400 in dynamic force mode (DFM) using a Si probe with Al coating

(SI-DF20, Seiko).

72



Transmission electron microscopy (TEM). The micelle solution
was placed onto a carbon coated 250 mesh copper grids and then dried by
blotting the side of the grid with filter paper. The grids were negatively
stained with 0.5 wt% Preyssler-type potassium phosphotungstate solution.

Images were acquired on a Hitachi H-7650 TEM operating at 100 kV.

Materials

N-(2-hydroxyethyl)acrylamide, 4-acryloylmorpholine (AM),
tris(trimethylsilyl)silane, carbonyldiimidazole (CDl), propargylamine, 2-
acetamidoethanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), N-1-naphthylethylenediamine dihydrochloride (NED)
and sulfanilamide (SA) were purchased from Tokyo Chemical Industry Co.,
Ltd. (Osaka, Japan). 2,2'-Azobis(isobutyronitrile) (AIBN), super
dehydrated  dimethyl sulfoxide (DMSO), super dehydrated
dimethylformamide (DMF), diethyl ether (Et,O), copper(ll) sulfate
pentahydrate (CuSQO,4-5H,0), sodium ascorbate, L-cysteine, sodium nitrite
(NaNQO,), potassium bicarbonate (KHCO3), sodium hydrogen sulfate
(NaHSOQO,4), sodium sulfate (Na,SO,), ibuprofen (IBU), 36% (w/v)
hydrochloric acid (HCI (aq)), silica (SiO;) were purchased from Wako
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(Japan).  2-(((dodecylthio)carbonthioyl)thio)-2-methylpropanoic  acid,
ninhydrin, aluminum oxide (Al,O3) were purchased from Sigma-Aldrich
(Japan). Hexane, ethyl acetate (EtOAC), tetrahydrofuran (THF), tert-butyl
alcohol (t-BuOH), triethylamine (Et3sN), calcium hydride (CaH,),
dichloromethane (CH.Cl,), methanol (MeOH), and molecular sieves 3A
were purchased from Nacalai Tesque (Kyoto, Japan). Deuterated solvents
for 'H NMR (D,0, CDCl; and ds-DMSO) were from Cambridge Isotope
Laboratories, Inc. (USA). Dialysis tubing (MWCO 2 kDa) was purchased
from Spectrum Laboratories (USA). 10x PBS was from Invitrogen. AIBN
was recrystallized from MeOH. N-(2-hydroxyethyl)acrylamide and 4-
acryloylmorpholine were passed through an Al,O; column to remove
inhibitor. EtsN was distilled over ninhydrin and CaH, and kept over
molecular sieves. All other chemicals were used as received. McCoy’s
culture 5A, fetal bovine serum and penicillin—streptomycin were

purchased from Invitrogen (USA).
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Synthesis

PHEA-CTA (15). N-(2-hydroxyethyl)acrylamide (HEA, 13) was
polymerized using AIBN as the initiator and 2-(((dodecylthio)carbon
thioyl)thio)-2-methylpropanoic acid (14) as the chain transfer agent (CTA).
The [HEAJ/[CTAJ/[AIBN] molar ratio was 25/1/0.1 and the monomer
concentration was 1 M. 575.5 mg (5 mmol) of (13), 72.9 mg (0.2 mmol) of
(14) and 3.28 mg (0.02 mmol) of AIBN were dissolved in 5 mL of DMSO.
The solution was degassed with argon by five freeze-thaw cycles and
heated at 60°C for 24 h. The polymerization was stopped by placing the
Schlenk tube in liquid nitrogen. After thawing, the solution was transferred
to a dialysis tube (MWCO 2 kDa) and dialyzed against 3 L water for 24 h
with replacing the water every 12 h. The solution was lyophilized to yield
609 mg (94%) of a yellow solid. *H NMR (D,0) & = 8.35-7.90 (bs, NH-
C(O) PHEA), 3.85-3.55 (bs, CH,-OH PHEA), 3.53-3.05 (bs, NH-CH,
PHEA and CH,-S-C(S) CTA), 2.50-1.00 (m, CH,-CH PHEA, and 2 x CH;
CTA), 1.19 (8 x CH, CTA), 1.11 and 1.08 (bs, C(CHs), CTA), 0.80 (bs,
CH,-CH3 CTA). Whereas the NH protons could be still observed the OH
of PHEA and CO,H of the CTA were completely exchanged with D,O and

not observed. The *H NMR spectrum is shown in Figure 35. The degree
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of polymerization was 25 as calculated from the integral ratio of the -CH,-
signal between 3.85-3.55 ppm of PHEA and the -CHjs signal at 0.80 ppm

of the CTA.

PHEA-PAM-CTA (17). 4-Acryloylmorpholine (AM, 16) was
polymerized using AIBN as the initiator and (15) as the macro CTA. The
[AM]/[macro CTA]/[AIBN] molar ratio was 100/1/0.2 and the monomer
concentration was 1 M. 705.9 mg (5 mmol) of (16), 162.1 mg (0.05 mmol)
of (15) and 1.64 mg (0.01 mmol) of AIBN were dissolved in 5 mL DMSO.
The solution was degassed with argon by five freeze-thaw cycles and
heated at 60°C for 24 h. The polymerization was stopped by placing the
Schlenk tube in liquid nitrogen. After thawing, the solution was transferred
to a dialysis tube (MWCO 2 kDa) and dialyzed against 3 L water for 24 h
and replacing water every 12 h. The solution was lyophilized to yield 845
mg (97%) of a pale yellow solid. *H NMR (D,0) & = 8.25-8.00 (bs, NH-
C(0)), 4.25-3.05 (m, NH-CH,-CH,-OH PHEA, N-CH;-CH,-O PAM and
CH,-S-C(S) CTA), 2.68 (bs, CH-CH, PAM), 2.30-1.00 (m, CH,-CH PHEA,
CH,-CH PAM and 10 x CH, CTA), 1.06 and 1.03 (bs, C(CHs), CTA), 0.86
(bs, 3H, CH,-CH3 CTA). Whereas the NH protons could be still observed

the OH of PHEA and CO,H of the CTA were completely exchanged with
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D,0 and not observed. The *H NMR spectrum is shown in Figure 36. The
degree of polymerization was calculated from the molar ratio of
PAM/PHEA units using the integral values of the signals at 3.80-3.33 and
2.68 ppm and the number of HEA monomer units in the macro CTA (15).

The degree of polymerization for PAM was 100.

PHEA-PAM (18). 824.5 mg (0.048 mmol) of (17), 59.1 L (0.24 mmol)
of tris(trimethylsilyl)silane and 15.8 mg (0.096 mmol) of AIBN were
dissolved in 5 mL DMF. The solution was degassed with argon by five
freeze-thaw cycles and heated at 80°C for 20 h. The reaction was stopped
by placing the Schlenk tube in liquid nitrogen. After thawing, the solution
was added drop wise to Et,O (150 mL). The precipitate was filtered off,
washed with Et,O (2 x 10 mL) and dried under reduced pressure to yield
754.6 mg (93%) of a white powder. *H NMR (D,0) & = 4.25-3.05 (m, NH-
CH,-CH,-OH PHEA, N-CH,-CH,-O PAM), 2.68 (bs, CH-CH, PAM),
2.30-1.00 (M, CH,-CH PHEA, CH,-CH PAM), 1.05 and 1.00 (bs, C(CHs),
CTA). The NH, OH of PHEAA and CO;H of the CTA were not observed
due to exchange with D,O. The spectrum is shown in Figure 37. The
UV/Vis spectrum of the polymer in DMF showed the absence of the

absorption at 310 nm confirming successful end group removal (Figure
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41).

P(CDI)-PAM (19). 734.4 mg (43.0 umol, 1.08 mmol OH groups) of (18)
was dried at 60°C overnight under reduced pressure over KOH pellets. The
polymer was dissolved in 18 mL DMF and 1.78 g (10.8 mmol, 10 equiv)
of CDI was added. The flask was evacuated/purged with N (3x) and the
mixture stirred for 24 h. The polymer solution was added to diethyl ether
(100 mL) and the precipitate was recovered by centrifugation to yield 766.6
mg (97%) of a white powder. *H NMR (CDCl;) & = 8.19 (bs, CH
imidazole), 7.40 (bs, CH imidazole), 7.00 (bs, CH imidazole), 4.43 (bs,
CH,-0-C(0)), 4.00-3.00 (m, NH-CH,-CH,-O-C(O)-imidazole and N-CH-
CH,-O PAM ), 2.63 (bs, CH-CH, PAM), 2.20-0.84 (m, CH,-CH PHEA,
CH-CH, PAM and C(CHs), CTA). The spectrum is shown in Figure 38.
The degree of modification was 100% as calculated from the integral ratio
of the imidazole signals and the CH PAM signal. This degree of
functionalization was further supported by measuring *H NMR of the

polymer in CDCls.

P(alkyne)-PAM (20). 754.2 mg (38.8 pumol, 0.97 mmol of imidazole

groups) of (19), 1.36 mL (9.7 mmol) of Et;N and 621.3 mg (9.7 mmol) of
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propargylamine were dissolved in 20 mL DMF. The flask was
evacuated/purged with N, (3 x) and the mixture stirred for 48 h. The
mixture was acidified with 10 mL of 1 M NaHSO, (aq) and the solution
transferred to a dialysis tube (MWCO 2 kDa) and dialyzed against 3 L
water for 24 h with replacing water every 12 h. The solution was
lyophilized to yield 625.8 mg (84%) of a pale yellow solid. *H NMR
(CDCls) 6 = 7.80-6.40 (bs, NH amide and carbamate), 3.98 (bs, CH»-O-
C(0O)-alkyne), 4.00-3.00 (bs, NH-CH,-CH»-O-C(0O)-NH-CH,- alkyne and
N-CH,-CH»-O PAM), 2.63 (bs, CH-CH, PAM), 2.3-0.83 (m, CH alkyne,
CH,-CH PHEA CH-CH; PAM and C(CHjs), CTA). The spectrum is shown
in Figure 39. Due to overlap of the alkyne proton with PAM and PHEA
signals the degree of modification could not be calculated using integral
ratios. Since *H NMR showed the absence of imidazole peaks and the *H
NMR spectrum in dg-DMSO did no show a signal between 4.5-5.0 ppm

due to OH groups it was assumed that the reaction was quantitative.

P(furoxan)-PAM (21). 632.1 mg (3.3 umol, 0.83 mmol alkyne groups) of
(8), 179.6 mg (0.83 mmol, 1 equiv) of (20), 0.194 mg (16.5 umol) of
CuSO45H,0 and 16.3 mg (82.6 umol) of sodium ascorbate were dissolved

in a mixture of 15.5 mL of t-BuOH and 26.3 mL of H,0. The solution was
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degassed with argon by five freeze-thaw cycles and the mixture stirred for
24 h at 35°C. After cooling down to room temperature, the solution was
first filtered through a 0.45 um syringe filter and transferred to a dialysis
tube (MWCO 2 kDa) and dialyzed against 3 L water for 48 h and replacing
water every 12 h. The solution was lyophilized to yield 675.9 mg (83%) of
a white solid. *H NMR (CDCls) § = 7.91 (bs, CH triazole), 7.88 (bs, 2 x
CHaromat furoxan ), 7.52 (bs, 3 x CHaromat furoxan), 5.55 (bs, CH,-furoxan),
4.35 (bs, CH,-NH-C(0)-0), 3.95-3.20 (bs, NH-CH,-CH,-O-C(O)-NH and
N-CH,-CH2-O PAM), 2.64 (bs, CH-CH, PAM), 1.93-0.83 (m, CH,-CH
PHEA, CH-CH; PAM and C(CHz3), CTA). The NH protons of the amide
and carbamate appeared as a broad signal between 7.8-6.4 ppm. The H
NMR spectrum is shown in Figure 40. The degree of modification was
calculated to be 72% by comparing the integral ratio of the CH,-furoxan
protons and the CH signal of PAM. For NO release and cell culture
experiment, the polymer was further purified as follows: The polymer was
dissolved at 40 mg/mL in DMF and 125 pL of this solution mixed with 125
uL of 21.2 mg/mL of diethyl ammonium dithiocarbamate in DMF. This
solution was then loaded onto a Sephadex LH20 size exclusion column and

eluted with DMF. Fractions were analyzed by UV/Vis using a Nanodrop
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and those fractions containing polymers were combined and concentrated
under reduced pressure. After dissolving in 250 uL DMF and dilution with
water the mixture was passed through a 0.45 um syringe filter and dialyzed.

The polymer was recovered by lyophilization.

Micelle formation

The furoxan-bearing block copolymer (21) was dissolved in DMF (20
mg/mL) and 250 puL of this solution was added drop wise to 2250 pL of
milliQ water under stirring. After 30 min, the clear solution was transferred

to a dialysis tube (MWCO 2kDa) and dialyzed against 1 L water overnight.

Critical micelle concentration (CMC) measurement

The micelle solutions at different concentrations in milliQ water were
dropped (2 uL) onto parafilm and the contact angle was measured. The
CMC was calculated from the contact angle versus concentration curve as

reported. !t
Griess assay
The concentration of NO,” was measured by the Griess assay in

transparent 96 well polystyrene plates. The samples were reacted with 50
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uL of 2% (w/v) SA in 5% HCI (aq) for 5 min before adding 50 uL 0.1%
(w/v) NED (aq)°* After 5 min, the absorbance at 550 nm was measured and
the NO,™ concentrations calculated from standard curves of 0-100 uM NO;
in either 1.25, 2.5, 12.5 or 25 mM cysteine, or 25 mM cysteine in 5% (w/v)
Triton X-100 in 50 mM PBS (pH7.1) containing 2.5 mM DTPA. All
samples were corrected for absorbance of polystyrene, reaction medium
and the SA/NED reagent mix by subtraction the absorbance of wells

containing water only.

NO release from the micelles and model compound (22)

Agueous solutions of micelles and the model compound (Scheme 6,
22, synthesized by co-workers) at 500 uM (50 pL) were mixed with either
50 uL of 2.5, 5.0, 25 or 50 mM cysteine in 100 mM PBS containing 5 mM
DTPA. NO; standard curves were prepared on the same plate by mixing
50 uL of NaNO; solution at different concentrations with 2.5, 5.0, 25 or 50
mM cysteine in 100 mM PBS containing 5 mM DTPA. The plates were
placed in a humidified incubator at 37°C and taken out at the indicated time
points for Griess assay. The concentration of furoxan in the micelle and

model compound solutions was calculated, after diluting 1:1 with DMF,
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from the absorbance at 263 nm and a standard curve of the model
compound in H,O/DMF 1:1. The furoxan concentration of the aqueous
micelle solution was in good agreement with that estimated from the initial
polymer weight, degree of functionalization and the final volume of the

solution after dialysis.

NO release from the micelles in the presence of Triton X-100

The micelle solution was diluted to a final furoxan concentration of
500 uM and 10% (w/v) Triton X-100. To 50 puL in a well plate was then
added 50 pL of 50 mM cysteine in 100 mM PBS containing 5.0 mM DTPA
(pH7.1). The plates were placed in a humidified incubator at 37°C and

taken out after 3 d for Griess assay.

Stability of the micelles and model compound

The micelle and model compound (22) solutions were diluted with an
equal volume of 100 mM PBS containing 5 mM DTPA to a final furoxan
concentration of 250 uM (pH7.1). The samples were kept for 0, 1, 3and 7

d at 37°C before being measured by UV-Vis.

83



NO release from the micelles and model compound (22) after

incubation in PBS

The micelle and model compound (22) solutions were diluted 9:1 with
100 mM PBS to a final of 500 uM furoxan concentration and 10 mM PBS
(pH 7.4). The samples were kept for 0, 1, 3 and 7 d at 37°C before being
mixed 1:1 with 50 mM cysteine in 100 mM PBS containing 5 mM DTPA.
After 3 d at 37°C, the amount of NO released was quantified by the Griess

assay.

Cell culture

HT-29 human colon cancer cells were cultured in McCoy’s 5A
medium containing 10% fetal bovine serum and 50 U/mL-50 ug/mL
penicillin—streptomycin in a CO; incubator at 37 °C. Cells were trypsinized

and passaged when reaching 70—80% confluence.

Effect of the micelles on ibuprofen (IBU)-induced anti-proliferative

effect in HT-29 cells

HT-29 cells were seeded at 1.5 x 10 cells/well in 96 polystyrene well

plate with 100 pL medium. After 1 d at 37°C, the medium was replaced
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with 100 pL of fresh medium containing 10 uL of the sample solutions of
the micelles, IBU and mixture of micelles and IBU (furoxan/IBU molar
ratio is 1) in water/DMSO (99:1). As a control, cells were treated with 100
uL medium alone. The cells were cultured for 2 d at 37°C. The medium
was removed and replaced with 100 uL. medium and 10 uL. MTT solution
in PBS (5 mg/mL). After 2 h at 37°C, the formed formazan crystals were
dissolved in 100 uL of 0.1 g/mL SDS in 0.01 M HCI (ag) and the
absorbance at 570 nm was measured. The statistical difference between

two groups was calculated using Student’s t-test (n=3).
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Results and Discussion

Synthesis of furoxan-bearing block copolymer (21)
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Scheme 5. Synthesis scheme to prepare diblock copolymer (21).

An amphiphilic block copolymer consisting of a hydrophilic PAM
block and hydrophobic furoxan-bearing block was synthesized as shown
in Scheme 5. Hydroxyl group-bearing block copolymer (18) was first
synthesized by the RAFT polymerization technique. This polymer was
modified with propargylamine to introduce alkyne groups, which were

further reacted with an azide-containing furoxan derivative (3) using the
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well-known copper-catalyzed Huisgen cycloaddition reaction between an
azide and alkyne. Structures of each step of product were confirmed by H

NMR and IR. (Figure 35-40 and 43)
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Figure 35. 'H NMR spectrum of PHEA-CTA (15) in D20.
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Figure 36. 'H NMR spectrum of PHEA-PAM-CTA (17) in D20.
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Figure 37. 'H NMR spectrum of PHEA-PAM (18) in D20.
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Figure 38. 'H NMR spectrum of P(CDI)-PAM (19) in CDCls.
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Figure 39. 'H NMR spectrum of P(alkyne)-PAM (20) in CDCls.
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Figure 40. 'H NMR spectrum of P(furoxan)-PAM (21) in CDCla.
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N-(2-hydroxyethyl)acrylamide (HEA, 13) was polymerized in DMSO
at 60 °C for 24 h wusing 2-(((dodecylthio)carbonthioyl)thio)-2-
methylpropanoic acid (14) as the chain transfer agent (CTA) and AIBN as
the radical initiator. The HEA concentration was 1 M and the
HEA/CTA/AIBN ratio was 25/1/0.1. The average degree of polymerization
(DP) of the resulting polymer (PHEA-CTA, 15) was 25 according to *H
NMR. In addition, gel permeation chromatography (GPC) showed a
unimodal peak with a low polydispersity index (M./M,) of 1.05 showing
a narrow size distribution (Table 2, Figure 42). Then, by using (15) as a
macro-CTA, N-acryloylmorpholine (AM, 16) was polymerized to yield
PHEA-PAM-CTA block copolymer (17). The polymerization proceeded
quantitatively when the AM concentration was 1 M and the
AM/PHEA/AIBN ratio was 100/1/0.2. The block copolymer had a

unimodal size distribution as confirmed by GPC (Table 2 and Figure 42).

To avoid the formation of thiols by transamidation with the
thiocarbonate group during post-modification of the block copolymer, that
could potentially lead to dimerization, the CTA end-group was removed
using radical-induced cleavage using tris(trimethylsilyl)silane as the

hydrogen source'®. The absence of the absorption at 310 nm due to the
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trithiocarbonates group was confirmed by UV-Vis spectroscopy (Figure
41). Furthermore, GPC showed that no dimerization took place during the

end group removal (Figure 42).

Absorbance (a. u.)

270 290 310 330 350 370
Wavelength (nm)

Figure 41. UV/Vis spectra of 17 (A) and 18 (B) in DMF (5 mg/mL) showing
successful CTA group removal.

The hydroxyl groups of PHEA-PAM block copolymer (18) were
activated by reacting with carbonyldiimidazole (CDI). The formation of
the carbonyl imidazolide was confirmed by *H NMR showing peaks due
to the imidazole group. Furthermore, IR showed, in addition to the broad
band of the v(C=0) stretching vibration of the amide of PHEA and PAM
at around 1640 cm™, a weak new band at around 1764 cm™ that can be
assigned to the v(C=0) stretching vibration of the imidazolide (Figure 43).
The activated polymer (19) was then conjugated with propargylamine to

yield the alkyne-bearing polymer (20). The shift of the v(C=0) stretching
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band at 1764 to 1722 cm™ in the IR spectrum and the absence of
imidazolide peaks in the *H NMR spectrum showed successful conjugation
with propargylamine. Furthermore, GPC showed that the alkyne-bearing
polymer (20) showed a unimodal peak indicating that crosslinking of the
polymer chains did not occur during hydroxyl activation with CDI (Figure

42).

Table 2. Molecular Weights of 15, 17, 18, 19, 20 and 21 by *H NMR and GPC

Poymer ot o e
15 3243 3243 105
17 17360 17360 105
18 17083 17083 104
19 19485 19485 n m¢
20 19147 19147 104
21 24577 23057 108

2 Theoretical molecular weight. ® Molecular weight
calculated by NMR. ¢ Molecular weight and PDI
determined by PEG standard GPC. ¢ Not measured
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Figure 42. GPC elution profiles of 15 (A), 17 (B), 18 (C), 20 (D) and 21 (E) as
measured by the change in refractive index (RI1). The elution profiles have been
normalized for comparison reasons.
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Figure 43. IR spectra of the different intermediates to prepare polymer 22. (a) 18,
(b) 19, (c) 20 and (d) 21. The vibration bands of the furoxan ring are indicated by
the arrows.

The alkyne-bearing polymer (20) was reacted with azide-containing
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furoxan derivative (3) in t-BuOH/H0 in the presence of a copper catalyst.
The degree of functionalization was 72% as calculated from *H NMR using
the integral values of the CH,-furoxan protons at around 5.6 ppm and the
CH of the PAM backbone at 2.6 ppm. In addition, the IR spectrum showed
the shift of v(C=0) stretching vibration from 1720 to 1715 cm™ and the
appearance of a shoulder and a weak absorption around 1600 cm™ that can
be assigned to the C=N stretching vibrations of the furoxan ring (Figure

43).

Preparation and characterization of the furoxan-bearing micelles

The furoxan-bearing micelles were prepared from block copolymer
(21) by self-assembly in water. The micelles were about 50 nm in diameter
with a narrow size distribution as determined by DLS (Figure 44 A). The
spherical morphology of the micelles was confirmed by TEM and AFM
(Figure 44 B and C). Furthermore, the micelles displayed a critical micelle
concentration of 0.8 UM as determined by the contact angle measurement.
115 These results clearly show that the furoxan-bearing block of polymer

(21) is hydrophobic enough to drive micellization.
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Figure 44. Structural characterization of the furoxan-bearing micelles. (A) Size
distribution by DLS. (B) TEM image (negative staining with 0.5% Preyssler-type
potassium phosphotungstate solution) (C) AFM image.

NO release from the micelles

It has been reported that NO release from furoxans can be induced
by thiol-containing compounds such as cysteine. NO release from the
micelles in the presence of cysteine at different concentrations was tested
by Griess assay. As shown in Figure 45A, micelles release NO in the
presence of cysteine and the amount of released NO increases with the
increase of the cysteine concentration.
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Scheme 6. Structure of model compound 22.
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Figure 45. NO release from the micelles. (A) NO release from the furoxan-bearing
micelles in the presence of cysteine at different concentrations. The micelles were
reacted in 50 mM PBS (pH7.1) with 1.25 (open triangle), 2.5 (closed triangle), 12.5
(open circle) and 25 mM (closed circle) of cysteine (furoxan concentration: 250 pM)
at 37°C. At the indicated time points, the nitrite (NO2") concentration was measured
by the Griess assay. (B) NO release from the micelles (open circles) and the model
compound (22) (closed circles) in the presence of 1.25 mM cysteine. The micelles
and compound (22) were reacted in 50 mM PBS (pH7.1) with 1.25 mM cysteine
(furoxan concentration: 250 pM) at 37°C. At the indicated time points, the nitrite
(NO2) concentration was measured by the Griess assay.

The effect of the micelle structure on NO release was also studied. In
this experiment, a furoxan derivative (22, Scheme 6) was prepared and
used as a model compound by co-workers. As can be seen in Figure 45B,
there is a dramatic difference in the amount of NO released between the
micelles and compound (22) in the presence of 1.25 mM cysteine. Whereas
the total amount of NO release after 3 d reached about 70 uM for
compound (22), the micelles at the same furoxan concentration only

released about 3 uM. This result may be due to the limited interaction
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between cysteine and furoxan moieties located within the hydrophobic
core of the micelles. To further support this hypothesis, NO release from
the micelles was measured in the presence of Triton X-100, a surfactant
that can disrupt the micelle structure. Upon the addition of Triton X-100,
the micelles released 2.05 = 0.08 times more NO compared to the micelles
alone. This result clearly shows that the micelle structure is the critical

factor affecting NO release.

Hydrolytic stability of the micelles

In chapter 2, the PEG-furoxan conjugate (10 and 11) slowly
decomposed and lost its NO releasing ability in physiological buffer. Since
the triazole group is known to behave as a leaving group, especially at basic
condition, the formation of PEG-triazole (12) was suggested as a
decomposition product. To evaluate the effect of micelle structure on
decomposition of the furoxan moiety, the stability of the furoxan-bearing
micelles and model compound (22) was investigated in PBS at 37°C. The
furoxan decomposition was monitored by measuring UV/Vis spectroscopy
since the previous work in chapter 2 had shown drastic spectral changes

during decomposition of the PEG-furoxan conjugate. As can be seen in
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Figure 46, model compound (22) underwent spectral changes over the

course of 1 week, whereas the spectrum of the micelles was not affected

significantly.
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Figure 46. UV/Vis spectra of (A) model compound (22) and (B) furoxan-bearing
micelles after incubation in PBS at 37°C. The model compound (22) and micelles
(furoxan concentration: 250 pM) in 50 mM PBS (pH7.1) were kept at 37°C. The
UV/Vis spectra were measured at the indicated time point.

The NO release ability of the micelles and model compound (22) were
also evaluated after incubation for the indicated time in PBS at 37°C. As
shown in Figure 47, the amount of released NO from the model compound
(22) dropped to 40% after 1 d and to 0% after 1 week. In contrast, the NO
releasing ability of the micelles was not affected significantly even after 1
week of incubation. This difference between the micelles and model

compound can be explained by the hydrophobic core of the micelles
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protecting the furoxan groups from hydrolysis.

100
80
60
40

20

D Ll 1 1 L] Ll ?

o1 2 3 4 5 6 7
Time [d]

% [NO,] comparedto 0 d

Figure 47. NO release form the furoxan-bearing micelles (open circle) and the
model compound (closed circle) (22) after incubation in PBS at 37°C. The micelles
and model compound (22) (furoxan concentration: 250 pM) were kept in 10 mM
PBS (pH7.4) at 37°C. At the indicated time points, cysteine was added to a final
concentration of 25 mM and kept for 3 d at 37°C. The NOz2" concentration was
measured by the Griess assay.

Anti-proliferative effect of ibuprofen (IBU) and micelles in colon

cancer cells

As mentioned in chapter 2, co-administration of NO donors and
NSAIDs enhances the anti-proliferative effect of NSAIDs in cancer cells.
PEG-furoxans have already exhibited the ability to enhance the anti-
proliferative effect of ibuprofen in HT-29 colon cancer cells. In this chapter,

the effect of the furoxan-bearing micelles on IBU-induced anti-
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proliferative effect in human colon cancer HT-29 cells was also studied.
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Figure 48. Anti-proliferative effect of IBU and furoxan-bearing micelles. HT-29
cells were cultured for 2 d in the presence of IBU (circle), micelles (square) and IBU
with micells (triangle). Cell viability was assessed by the MTT assay. **p<0.01
versus IBU. n=3.

As shown in Figure 48, IBU as well as the furoxan-bearing micelles
alone showed a weak anti-proliferative effect in HT-29 cells (LDsp: >1000
HM). On the other hand, IBU with the furoxan-bearing micelles
(IBU/furoxan molar ratio =1/1) showed significant reduction in the cell
viability having a LDsp value of 500 uM. This result clearly shows that NO
released from the micelles enhanced the anti-proliferative effect of IBU.
Furthermore, in chapter 2, the LDs, for co-administration of IBU and the
PEG-furoxan conjugate (10) was 960 uM which is much higher than that

for IBU and micelles together. Therefore, the observed enhanced anti-
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proliferative effect for the micelles may be due to the micelle structure that

enabled sustained release of NO.
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Conclusion

The furoxan-bearing micelles were prepared from amphiphilic block
copolymers consisting of a hydrophilic poly (N-acryloylmorpholine)
(PAM) and a hydrophobic furoxan-bearing block. The micelle structure
slowed down NO release in the presence of cysteine as well as hydrolytic
decomposition of the furoxan moiety in physiological buffer solution.
Furthermore, the micelles enhanced the IBU-induced anti-proliferative
effect in human colon cancer HT-29 cells suggesting a potential use of the

micelles in cancer chemotherapy.
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Chapter 4
Copper removal from polymers by diethyldithiocarb-

amate complexation

Introduction

Copper-catalyzed reactions have become important synthetic tools for
preparing polymeric materials with complex structures and functionality.
Among the copper-catalyzed reactions used in polymer chemistry, the
copper(l)-catalyzed 1,3-Huisgen cycloaddition reaction between an azide
and alkyne to form the triazole has received increased interest in recent
years. Another example is the copper-catalyzed atom transfer radical
polymerization (ATRP) which has been used to prepare well-defined
polymers.tt” However, one of the problems using these synthetic
methodologies is the presence of trace amounts of copper in the final
product. Apart from discoloring the polymer, the electrochemical
properties of copper can also affect material performance. Furthermore,
due to its toxicity, copper can be a problem for polymeric materials used in
biomedical applications.!'® To avoid copper contamination problems,

copper-free reactions have been developed including strain-promoted
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azide-alkyne cycloaddition reactions™® as well as metal-free ATRP using
an organic-based photoredox catalyst'?°. However, these methods have not
been widely used due to limited availability of alkyne substrates for the
copper-free 1,3-Huisgen cycloaddition reaction and requirement of a light
source for metal-free ATRP. Therefore, the majorities of studies use
copper-catalyzed reactions and remove the soluble copper catalysts after

polymer synthesis.

Several methods have been reported to remove copper catalysts
from polymeric materials. In general, alumina, silica, and clay are used to
adsorb copper catalyst from polymer solutions.'?* Another example is the
use of cation exchange resins which typically only work well for water-
soluble polymers.'?? Recently, an electrochemical method has also been
reported to remove copper from water-soluble polymer.!? Despite the
many methods developed so far, there is no standard purification method
that is compatible with the wide range of the polymers typically prepared

by these copper-catalyzed reactions.

In chapter 2 and 3, | found that both PEG-furoxan conjugates and

furoxan micelles prepared by CUAAC contained trace amounts of copper
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impurities after dialysis due to high affinity of copper towards the polymer,

which seemed to affect NO release from the polymer.

In this chapter, development of new copper removal method for
polymers which strongly bind to copper was described. A key component
of this method is diethyldithiocarbamate (DTC) which serves as a ligand
to dissociate copper from the polymer. It has been reported that DTC has a
high affinity towards both Cu (1)*?* and Cu (11)!%. The Cu (I1) complex has
been used for the photometric determination of copper.t?5127 In addition,
this ligand has good solubility in many organic solvents. Therefore, it can
be expected that the DTC complexation method could be applied for
purification of polymers with different solubility parameters. After treated
with DTC in N,N-dimethylformamide (DMF), the PEG-furoxan conjugates
(10) and Pfuroxan-PAM (21) were isolated from the copper/DTC complex
by size exclusion chromatography. This copper removal method was
compared with other commonly used methods in terms of copper content
and yield after purification. Furthermore, the NO release properties of the
polymers after the different purification methods were also evaluated by

the Griess assay.
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® . Copperion

Figure 49. Copper removal from polymers by diethyldithiocarbamate
complexation.

Experimental

Instrumentation

NMR spectroscopy. *H NMR spectra were measured with a Bruker
DPX400 NMR spectrometer. A total of 32 scans were collected and the D1
was set to 10 s. Chemical shifts are referenced to the residual undeuterated

NMR solvent signal at 7.26 ppm (CDCls).

UV/Vis spectroscopy. Absorbance and UV/Vis spectra were measured
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on a Tecan infinite M200 in transparent polystyrene 96 well plates or a

Thermo Scientific NanoDrop 2000c spectrophotometer.

Inductively coupled plasma atomic emission spectroscopy (ICP-
AES). ICP-AES was done on a Shimadzu Sequential Plasma Emission

Spectrometer ICPS-7510 instrument.

Materials

Diethylammonium diethyldithiocarbamate (DDTC), L-cysteine,
sulfanilamide (SA), N-1-naphthylethylenediamine dihydrochloride (NED)
and diethylenetriaminepentaacetic acid (DTPA), were purchased from
Tokyo Chemical Industry (TCI) Japan. Tetrahydrofuran (THF) was from
Nacalai Tesque. Super dehydrated dimethylformamide (DMF), copper (1)
sulfate pentahydrate (CuSO4-5H,0), Cu(l) bromide (CuBr), concentrated
HCI (aq), sodium nitrite (NaNO,), 5,5-dithio-bis-(2-nitrobenzoic acid
(Ellman’s reagent), ethylenediaminetetraacetic acid (EDTA), C-200 silica
mesh size 75-150 um (SiO,) and the copper standard solution (1004 ppm)
in 0.1 M HNOg; (aq) were purchased from Wako Pure Chemical Industry
(Japan). Activated neutral alumina mesh size 58 A (Al,03) and Dowex

Marathon MSC hydrogen form with a total exchange capacity of 4.5
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mmol/g dry weight were purchased from Sigma-Aldrich (Japan). Sephadex
LH-20 was from GE Healthcare (Japan). ICP grade nitric acid (HNO3) was
from Merck (Japan). TLC silica gel 60 F254 plates were from Merck
(Japan). All chemicals were used as received except for THF which was
distilled under atmospheric pressure prior to the copper removal
experiments. Deuterated chloroform (CDCl3) was from Cambridge Isotope
Laboratories, Inc. (USA). Dialysis tubing (MWCO 2 kDa) was purchased

from Spectrum Laboratories Inc. (Japan). 10X PBS was from Invitrogen.

Synthesis

The PEG-furoxan conjugate (10) and the block copolymer (21) were
prepared by the copper catalyzed 1,3-Huisgen cycloaddition reaction
between the azide-containing furoxan and the corresponding alkyne
polymer as described previously (Chapter 2 and Chapter 3). PEG-
furoxan conjugate (10) and block copolymer (21) had a degree of

functionalization of 81 and 72% respectively.
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Preparation of the polymer samples for the copper removal

experiments

To avoid sample inhomogeneity of the solid polymer that could affect
the different copper removal methods, single stock solutions were prepared
for (10) and (21). In case of P(furoxan)-PAM, 438 mg of (21) was dissolved
in 8.8 mL DMF, added to 79 mL water and dialyzed against 2 L milliQ H,O
for 72 h with replacing the water 3 times. In case of PEG-furoxan (10) the
stock solution was prepared by dissolving 238 mg in milliQ H,O directly.
To determine the polymer concentration of (10) and (21) a known volume
was lyophilized and weighed. For the cation exchange resin the stock
solutions were used directly. In case of the silica, alumina and
DTC/Sephadex LH-20 a known volume of the stock solution was

lyophilized and the solids used for the copper removal methods.

Copper removal using Al.0z and SiO;

Polymer solutions of (10) and (21) (300 uL, 100 mg/mL) in THF were
added to a glass column (diameter 0.6 cm) containing 300 mg of adsorbent
previously equilibrated with THF. The column was eluted with THF with

and 5 fractions of 1 mL were collected. Fractions were spotted on TLC
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silica plates by UV and those containing the polymer were combined. The
solution was concentrated under reduced pressure to yield the polymer as

a solid.

Copper removal using Dowex Marathon MSC cation exchange

resin

8 mL of (21) (3.75 mg/mL) was mixed with 4 g of resin and 300 uL
of (10) (100 mg/mL) was mixed with 1 g resin and shaken for 24 h at room
temperature. The mixture was filtered and the resin washed with 1 mL
water. After combining the washings with the filtrate the solution was

lyophilized to yield the polymers as a solid.

Copper removal by the DTC complexation method

P(furoxan)-PAM (21) was dissolved at 80 mg/mL in DMF and 375 puL
of this solution mixed with 375 puL of 42.4 mg/mL of DDTC in DMF
resulting in a darkbrown solution. PEG-furoxan (10) (30 mg) was
dissolved in 100 uL DMF. To the colorless solutions was added 100 uL of
a DDTC solution in DMF (14.8 mg/mL) resulting in a brown solution. The

brown solutions were loaded on a Sephadex LH-20 size exclusion column
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(1.5 cm diameter x 26 cm height) previously washed with DMF and eluted
with the same solvent. Collection of the fractions was done by gravity
elution. Atotal of 25 fractions of 1.5 mL were collected in eppendorf tubes.
Fractions were analyzed by measuring the UV/Vis spectra on a Nanodrop
instrument. Fractions that contained (10) and (21) were pooled and

concentrated under reduced pressure.

'H NMR of the polymers after copper removal

The polymers after copper removal were dissolved in CDCI; and
measured by *H NMR to confirm that no structural changes had taken place.

The *H NMR samples were then concentrated under reduced pressure.

Recovery yields of the polymers after copper removal

The solids obtained after *H NMR were first dissolved in 0.5 mL DMF
in case of P(furoxan)-PAM (21) and diluted with 1.5 mL H,O. In case of
PEG-furoxan (10) the polymer was dissolved in H,O directly. The different
solutions (8 total) were than dialyzed against 1 L milliQ for 48 h replacing
the water 2 times. The polymer solutions were lyophilized to determine the

recovery yields expressed as the weightyerore/Weightaser ratio in %.
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UV/Vis spectra mixtures DDTC and Cu (I) and Cu (I1) salts

Solutions of Cu (1) and Cu (Il) at 10 uM were prepared by dissolving
CuS04-5H,0 (2.5 mg) and CuBr (1.4 mg) in 1 mL 100 mM DDTC/DMF
solution. The brown solution was diluted to 10 uM Cu (I) or Cu (1) and
100 uM DDTC before measuring the UV/Vis spectra on a Nanodrop

instrument.

Griess assay

To quantify NO release the concentration of NO,  was measured by
the Griess assay. The samples were reacted with 50 uL of 2% (w/v) SAin
5% HCI (aq) for 5 min before adding 50 uL 0.1% (w/v) NED (aq).®* On
the same plate NO;" standard curves in the range 0-100 uM were prepared
by mixing 50 uL of NaNO, (aq) solution at different concentrations with
50 uL 5 mM cysteine in 50 mM PBS with/without 5 mM DTPA. After 5
min the absorbance at 550 nm was measured and the NO;™ concentrations
calculated from a standard curve of NO,". All samples were corrected for
absorbance of polystyrene, reaction medium and the SA/NED reagent mix

by subtraction the absorbance of wells containing water only.
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Ellmann assay

Cysteine concentrations were measured by the Ellmann assay.'?® The
samples (10 uL) were reacted with 10 uL Ellmann reagent (4.0 mg/mL) in
Ellmann buffer (100 mM phosphate buffer containing 2.5 mM EDTA) for
10 min. The solution was then diluted with Ellmann buffer to 500 uL. A
total volume of 300 uL was transferred to a transparent polystyrene plate.
At the same time a standard of cysteine in the range 0 to 3.0 mM was
prepared and measured in the same way. The absorbance at 412 nm was
measured and the cysteine concentrations in the samples were calculated.
All samples were corrected for absorbance of polystyrene, reaction
medium and the Ellmann reagent by subtraction the absorbance of wells

containing water only.

NO release from polymer (10) with/without DTPA

Solutions (60 uL) of PEG-furoxan (10) with a furoxan concentration
of 500 uM were mixed with 60 uL 5.0 mM cysteine in 50 mM PBS pH7.1
with/without 5.0 mM DTPA. The tubes were placed in a bioshaker at 37°C
and taken out at the indicated time point and frozen at -80°C. All samples

were run in triplo. After collecting the last time point all samples were
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thawed and 50 uL was transferred to a transparent well plate before adding
the Griess reagents. The remaining 10 uL was used for measuring the

cysteine concentrations.

Preparation of the polymer solutions for Griess assay

The solids obtained after determining polymer yield were dissolved
in DMF and diluted with water in case of P(furoxan)-PAM (21). The solids
for PEG-furoxan (10) were directly dissolved in water. The different
solutions (8 in total) were than dialyzed against 1 L milliQ for 48 h
replacing the water 2 times and used for the NO release experiments. The
furoxan concentrations were calculated from the UV absorbance at 263 nm.
The solutions were then diluted with milliQ water to a final furoxan
concentration of 500 uM. This concentration was checked by measuring

the UV/Vis spectra after dilution.

NO release from the polymer after copper removal

50 uL of polymer solution with a furoxan concentration (500 uM) in
water was mixed with 50 uL 5 mM cysteine in 100 mM PBS in 600 uL

eppendorf tubes (final pH: 7.1). To see the effect of DTPA on NO release
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the 5 mM cysteine buffer contained 5 mM DTPA (final pH: 7.1). All
samples were run in triplo. The tubes were placed in a bioshaker at 37°C
and taken out after 1 d (PEG-furoxan (10)) or 3 d (P(furoxan)-PAM (21)).
The samples (50 uL) were transferred to a transparent polystyrene plates
and after adding the Griess reagents the absorbance was measured with a

well plate reader the NO;™ concentrations were calculated.

Preparation copper standard for ICP-AES measurements

The copper standard (1004 ppm) was diluted with 5% HNO3 (aq) in
glass vials to the different copper concentrations. The standard was linear

in the range 0-50 ppm with a R?=1.

Preparation of polymer samples for ICP-AES

After measuring NO release the stock solutions were lyophilized and
the solids dried under vacuum at 60°C for 24 h. The polymers were
dissolved in 65% HNOj3 at 40 mg/mL and heated at 90°C for 4 h. After
cooling to room temperature the solutions were diluted for the ICP-AES
measurements. The copper content is expressed as mg of copper/kg of

polymer and given in ppm.
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Results and Discussion

Copper quantification in the polymers

PEG with a terminal alkyne group and a block copolymer consisting
of a PAM block and a alkyne group-bearing block were reacted with an
azide-containing furoxan via the copper-catalyzed 1,3-Huisgen
cycloaddition in a mixture of tert-butanol and water using the
CuSO,/sodium ascorbate catalytic system to yield PEG-furoxan conjugate
(10) and P(furoxan)-PAM (21). After purification by dialysis against water,
the copper content of the polymers was measured by inductively coupled
atomic emission spectroscopy (ICP-AES). As shown in Table 3, both
polymers contained copper and the amount of copper per triazole group
was 3.6 times higher for (21). This higher level of copper contamination in
(21) may be due to the presence of the neighboring triazole groups that link
the furoxan groups to the polymer. There has been a report on polytriazoles
as copper(l)-stabilizing ligands in the 1,3-Huisgen cycloaddition
reaction,'?® suggesting that the high density of triazole groups on the

polymer backbone is responsible for the high affinity for copper.

Table 3. Copper levels in the polymers after copper removal.
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PEG-furoxan (10) P(furoxan)-PAM (21)

Purification method Cu[ppm]®* Removal [%]° Cu[ppm]* Removal [%]°
No purification 23 nal 374 nat
Silica <3 100° 161 57
Alumina <3 100° 117 68
Cation exchange resin <3 100° 127 65
DTC/Sephadex LH-20 <3 100° 14 96

2 The amount of copper measured by ICP-AES and expressed as mg of copper/kg of
polymer (ppm).

b The amount of copper removed as a percentage of that originally present in the polymer.

¢ Was below the detection limit and is therefore expressed as complete copper removal.

4 Not applicable.

Copper removal from the polymers
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Scheme 7. Structure of Diethylammonium diethyldithiocarbamate (DDTC)
Since copper seemed to bind strongly to the polymers, it should be
dissociated from the polymers before further purification to isolate the
copper-free polymers. To dissociate copper form the polymers, DDTC

compound was applied (Scheme 7) which has been shown to have high
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affinity towards both Cu (1) and Cu (I1). Whether DDTC can interact with
copper in dimethylformamide (DMF) was tested in advanced, a solvent in
which both PEG-furoxan conjugate (10) and P(furoxan)-PAM (21) are
soluble. Upon mixing of DDTC with CuBr and CuSO,, the UV/Vis spectra
displayed an absorbance around 450 nm (Figure 50). Since this value is
very similar to that reported for the bis(diethyldithiocarbamato)copper(ll)
(Cu(DTC),) complex having an absorbance maximum at 437 nm in
chloroform!#, it can be proclaimed that DTC interacts with Cu (I1) and Cu
(1) in DMF to form a complex displaying an absorbance maximum at 450

nm.
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Figure 50. UV/Vis spectra in the region 350-550 nm showing the interaction
between Cu (1) and Cu (Il) with DDTC. Copper concentration: 10 uM and
DDTC/Cu molar ratio: 10. Dotted line: CuSOg, solid line: CuBr.
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PEG-furoxan conjugate (10) was dissolved in DMF and mixed with a
solution of DDTC in the same solvent. Upon mixing, the color of the PEG-
furoxan conjugate solution changed from light yellow to brown (Figure
51A) and the UV/Vis spectrum displayed a new absorption maximum
around 450 nm (Figure 51B) as was observed for DDTC and Cu (1)/Cu (II)
solutions (Figure 50). The same absorbance at around 450 nm was also
observed for a solution of P(furoxan)PAM (21) and DDTC in DMF
(Figure 52). These results indicate that copper bound to the polymers also

interacted with DDTC to form a Cu/DTC complex.

Absorbance [a.u] m

+ DDTC 350 400 450 500 550
Wavelength [nm]

-DDTC

Figure 51. Complexation of DDTC with copper. (A) The presence of copper is
readily detected by the change in color after mixing with DDTC. (B) UV/Vis
spectra in the range 350-550 nm of PEG-furoxan (10) in the absence (solid line)
and presence of DDTC (dotted line) in DMF.
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Figure 52. UV/Vis spectra in the range 350-550 nm of P(furoxan)-PAM (21) in
the absence (solid line) or presence of DDTC (dotted line) in DMF. The
absorbance band at 360 nm is due to free DDTC ligand.

To separate the polymer from the Cu/DTC complex, the mixture
was purified by Sephadex LH-20 column chromatography using DMF as
the eluent. In Figure 53 a typical elution profile is shown. The fractions
containing the polymers were collected and analyzed by ICP-AES.
Compared to the original polymers, the amount of copper was below
detection limit for the PEG-furoxan conjugate and reduced by 96% for the
P(furoxan)-PAM. Furthermore, *H NMR did not show any obvious spectral
changes before and after the DDTC treatment for both polymers showing

that the polymers were not contaminated with DDTC.
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Figure 53. A typical elution profile showing that P(furoxan)-PAM (21) is well
separated from the Cu/DTC complex. (A) Solid line: absorbance at 270 nm of the
phenyl group of the polymer, dotted line: absorbance at 450 nm of the Cu/DTC
complex. The increase in absorbance at 270 nm after fraction 12 is due to free
DDTC which elutes faster than the Cu/DTC complex. (B) UV/Vis spectra of fraction
9 (dotted line) and fraction 19 (solid line).

Compared the DTC complexation method with the common methods
using alumina, silica and cation exchange resin, for alumina and silica
methods, the polymer solutions were passed over the adsorbents. For the
cation exchange resin method, aqueous solutions of the PEG-furoxan
conjugate (10) and the P(furoxan)-PAM (21) were mixed with the resin. As
can be seen from Table 3, all methods efficiently removed copper from the
PEG-furoxan conjugate (10) and the amount of copper was below the
detection limit as determined by ICP-AES. On the other hand, the amount
of copper in the P(furoxan)-PAM (21) was much higher after purification
using the common methods compared to the DTC complexation method.

Therefore, the DTC complexation method is especially useful for polymers
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having high affinity towards copper.

Table 4. The recovery yields of the polymers after copper removal.

Polymer yield [%]¢

Purification method PEG-furoxan (10) P(furoxan)PAM (21)
Silica® 62 84
Alumina® 65 87
Cation exchange resin® 95 96
DDTC/Sephadex LH-20° 70 87

3 The polymers were dissolved in THF and passed over silica or alumina.

b Polymer solutionsin H,O were left with cation exchange resin for 24 h.

¢ Polymer solutions in DMF were mixed with DDTC and eluted over Sephadex L.H-20.

4 Fractions containing polymer were concentrated under reduced pressure. After 'H NMR
analysis and solvent removal the polymer was dissolved in DMF and diluted with water in
case of (21) or directly dissolved in water in case of (10) and dialyzed. After lyophilization
the recovered polymer was quantified and expressed as the % of that original used. In case of

the cation exchange resin the solution was lyophilized directly.

The recovery yields were determined after each copper removal
treatment. As shown in Table 4, the DTC method resulted in comparable
or slightly higher recovery yields for both polymers compared to the

methods using the alumina and silica adsorbents. Higher polymer

122



recoveries were observed for the cation exchange resin method because the
additional dialysis step, during which polymer loss mainly occurred in case
of the other methods, was not required since the polymer solutions could

be lyophilized directly after filtering off the resin.

Effect of the different copper removal methods on NO release

The effect of the different copper removal methods on NO release
was evaluated by measuring the nitrite (NO;") concentration, the oxidation
product of NO, using the Griess assay. Polymers were reacted with 2.5 mM
cysteine in PBS at 37°C for 1 d (10) or 3 d (21). Surprisingly, in the case
of PEG-furoxan conjugate (10), the NO release experiment showed
pronounced differences between the different copper removal methods
although the amounts of remaining copper in all samples were below the
detection limit of ICP-AES. The polymer purified by the DTC
complexation method released the highest amount of NO and release from
the polymers purified by the other methods was less than 25% (Figure
54A). This shows that even undetectable amounts of copper can have a
significant effect on NO release. Interestingly when NO release was

repeated in the presence of diethylenetriaminepentacetic acid (DTPA), a
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chelating agent used for transition-metal ions like copper, NO release from
the non-treated, silica, alumina and exchange resin-purified polymers was
very similar but the DTC-purified polymer still showed highest release
(Figure 54A). This result indicates that the remaining copper has a
negative effect on NO release from the PEG-furoxan conjugate. Similar
results were observed for the P(furoxan)-PAM (21) (Figure 54B). The NO
release experiments clearly show that the DTC complexation method is

powerful for removing copper from polymers that strongly bind to copper.
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Figure 54. NO rg;;aéz?rO?;}A;nEIO) and (B) (21) before/after copper removal. The
polymer solutions (furoxan concentration: 250 uM) were reacted with 2.5 mM
cysteine in the absence (black columns) or presence of 2.5 mM DTPA (white
columns) in PBS. After incubation at 37°C for 1 (10) or 3 d (21), the NO2
concentration was measured by the Griess assay. The results are expressed as the
percentage of NO release from the polymer treated with DTC. NT: Non-
treatment, SiOz: silica, Al203: alumina, Resin: cation exchange resin, DTC: DTC
complexation and size exclusion chromatography.
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Effect of copper on cysteine concentration

Since it is known that NO release from furoxans is induced by the
reaction with thiol-containing compounds like cysteine, it is unclear
whether copper remaining in the polymers was affecting the cysteine
concentration by catalyzing oxidation of cysteine to cystine.'*® Therefore
the thiol concentrations was measured by Ellmann assay. As shown in
Figure 55A, the cysteine concentration dropped from 2.5 to 0 mM already
after 1 d in the presence of the PEG-furoxan conjugate (10) from which
copper had not been removed. Since 10 times excess amount of cysteine
was added compared to furoxan, this cysteine depletion seemed not to be
only due to reaction with the furoxan. Interestingly, the decrease in cysteine
concentration also correlated with the leveling off of the amount of NO
released (Figure 55B). The hypothesis is that copper was responsible for
the catalytic oxidation of cysteine to cystine by oxygen from the air.
Therefore NO release experiment was repeated in the presence of DTPA.
As can be seen from Figure 55A, the cysteine concentrations after 1-3 d of
incubation were much higher compared to that in the absence of DTPA
pointing to the involvement of copper ions. Also, the amount of NO

released was increased in the presence of DTPA (Figure 55B).
125



100 60
2 g0 E 50
T 60 - ';1' 40 -
i =
& 40 % 30 + )
= 20 1

20 A 10 4

0 00 . :
0 1 2 3
Time [d] Time [d]

Figure 55. Effect of copper on the cysteine concentration and NO release from the
PEG-furoxan (10). (A) Cysteine concentration as a function of time as determined
by Ellmann assay. (B) NO release as a function of time as determined by the Griess
assay. Non-treated PEG-furoxan (250 pnM) was mixed with cysteine (2.5 mM) in
PBS at 37°C in the presence (closed circle) or absence (open circle) of DTPA

To get proof for the copper-catalyzed oxidation reaction of cysteine to
cystine by the copper contained in the polymers, | repeated the experiment
at a higher cysteine concentration (25 mM). Both PEG-furoxan and PAM-
PF with a furoxan concentration of 250 uM were reacted with 25 mM
cysteine in PBS at 37°C. The reaction volume was 500 uM in order to
collect a sufficient amount of solid for mass spectrometry (MS) analysis.
After 3 d, a precipitate was observed for both PEG-furoxan conjugate (10)
and P(furoxan)-PAM (21) solutions. This precipitate seems to be cystine
which has a low agueous solubility compared to cysteine. The formation
of cystine was further supported by MALDI-TOF-MS which showed the

cystine + H adduct at 241.04 (calculated value 241.03).
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Conclusion

An efficient protocol for the removal of copper impurities from
polymers by complexation with diethyldithiocarbamate (DTC) in
dimethylformamide (DMF) followed by size exclusion chromatography
using Sephadex LH-20 was developed. Both Cu (1) and Cu (11) can interact
with DDTC forming a complex that absorbs at around 450 nm. The color
change can be readily detected by eye and is also an easy test in the
laboratory to confirm the presence of copper using UV/Vis spectroscopy.
Furthermore, an advantage of the present method is that it is readily
scalable to purify larger amounts of polymers by increasing the Sephadex
LH-20 bed volume and amendable for automation using commercial
available fraction collectors. Since DMF is a good solvent for a wide range
of polymers, it is expected that this purification method could be an

alternative for copper removal from polymers where current methods fail.
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Chapter 5

NO-releasing micelles from amphiphilic furoxan-
bearing block polymers by modification of poly(N-
acryloylmorpholine)-b-poly(pentafluorophenyl

acrylate) with amine-containing furoxan

Introduction

NO-releasing polymeric micelles were prepared form the furoxan-
bearing block copolymer in chapter 3. However, the block copolymer
prepared by using the copper-catalyzed reaction contained trace amount of
copper impurities, which affects the NO release property and may induce
a toxic side effect. Therefore, in this chapter, | aim to prepare the furoxan-

bearing block copolymer without using the copper-catalyzed reaction.

Polymers containing pentafluophenyl ester groups are known to
undergo the substitution reaction with various nucleophiles such as amines.
Several reports appeared concerning preparation of functional
(co)polymers via post-polymerization modification of this activated ester

group to obtain polymeric materials with a complex structure and
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functionality.’®1%  For example, Giles B. H. Chua et al. prepared a
library of (meth)acrylamido (co)polymers by reacting
poly(pentafluorophenyl (meth)acrylate) with o-amino, ®-methoxy
functionalized di(ethylene glycol), and tri(ethylene glycol), as well as
PEGs with different molecular weights. The resulting copolymers showed
an improved solubility in water/alcohols and did not show toxicity in
MRC5  fibroblast  cells.®®**  Wilaiporn  G.  reported that
poly(pentafluorophenyl acrylate)-b-poly(N-isopropyl acrylamide) was
synthesized by RAFT polymerization and the light-responsive moieties
were introduced to this polymer by post-polymerization modification to
yield amphiphilic block copolymers which self-assemble to form micelles

in water.t3!

Inspired by these works, in this chapter, poly(N- acryloylmorpholine)-
b-poly(pentafluorophenyl acrylate) diblock copolymer was prepared by
RAFT polymerization and modified with amine-containing furoxan. The
micelles were prepared by self-assembly in water and the morphology of
the micelles was characterized by DLS and AFM. Furthermore, the NO

release property of the micelles in the presence of cysteine was evaluated.
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Experimental

Instrumentation

NMR spectroscopy. *H NMR and were measured with a Bruker
DPX400 NMR spectrometer. For *H NMR spectra a total of 32 scans were
collected and the D1 was set to 10 s for the polymers and 1 s for the low
molecular weight compounds. Chemical shifts are referenced to the
residual undeuterated NMR solvent signal at 2.50 (de-DMSO), 7.26 ppm

(CDCly).

UV/Vis spectroscopy. The absorbance was measured with a Tecan
infinite M200 plate reader in transparent polystyrene 96 well plates and
UV/Vis spectra were recorded on either a HITACHI U-2810

spectrophotometer.

Attenuated total reflection infrared spectroscopy (ATR-IR).
Attenuated total reflection infrared (ATR-IR) spectra were obtained on a
Thermo Scientific Nicolet iS5 equipped with an iD5 universal ATR

sampling accessory

Gel permeation chromatography (GPC). Elution charts were
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collected with a Tosoh GPC-8020 instrument equipped with refractive
index (RI) detector. The KD-803 (Shodex) column was operated at 50 °C
while flowing 100 mM LiCl in DMF at 1.0 mL/min. Polydispersity index
(Mw/M;) values were calculated based on the elution time of polyethylene

glycol standard polymers.

Dynamic light scattering (DLS). Hydrodynamic diameter was
measurements with an Otsuka ELSZ machine using 4.5 mL disposable
polystyrene cuvettes. Micelle solutions were filtered through 0.45 pum
syringe filter prior to analysis. The mean diameter (Z-average) and

polydispersity index (PDI=uy/I"?) were calculated by the cumulant method.

Atomic force microscopy (AFM). The micelle solution in water was
dropped onto a fresh mica surface and then dried by blowing off the
solution by a hand blower. Images were acquired on a Seiko Instruments
SPA400 in dynamic force mode (DFM) using a Si probe with Al coating

(SI-DF20, Seiko).

Materials

Pentafluorophenoal, pentafluorophenyl acrylate, 4-
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acryloylmorpholine (AM), N-1-naphthylethylenediamine dihydrochloride
(NED) and sulfanilamide (SA) were purchased from Tokyo Chemical
Industry Co., Ltd. (Osaka, Japan). 2,2'-Azobis(isobutyronitrile) (AIBN),
super dehydrated dimethylformamide (DMF), diethyl ether (Et,0O), sodium
nitrite (NaNQOy;), propionyl chloride, sodium hydrogen sulfate (NaHSO,),
sodium sulfate (Na,SQO,), 36% (w/v) hydrochloric acid (HCI (aq)), silica
(Si0y) were purchased from Wako (Japan). 2-
(((dodecylthio)carbonthioyl)thio)-2- methylpropanoic acid, aluminum
oxide (Al,O3) and lauroyl peroxide (LPO) were purchased from Sigma-
Aldrich (Japan). Hexane, ethyl acetate (EtOAc), triethylamine (EtsN),
calcium hydride (CaH;), 1,4-dioxane, dichloromethane (CH.Cl),
methanol (MeOH), and molecular sieves 3A were purchased from
Nacalai Tesque (Kyoto, Japan). Deuterated solvents for tH NMR (CDCl;
and ds-DMSO) were from Cambridge Isotope Laboratories, Inc. (USA).
Dialysis tubing (MWCO 2 kDa) was purchased from Spectrum
Laboratories (USA). 10x PBS was from Invitrogen. AIBN was
recrystallized from MeOH. pentafluorophenyl acrylate and 4-
acryloylmorpholine were passed through an Al,O3; column to remove

inhibitor. EtsN was distilled over ninhydrin and CaH, and kept over
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molecular sieves. 1,4-dioxane was distilled over CaH, under Ar and kept

from light. All other chemicals were used as received.

Synthesis

PAM-CTA (23). 4-Acryloylmorpholine (AM, 16) was polymerized using
AIBN as the initiator and 2-(((dodecylthio)carbonthioyl)thio)-2-
methylpropanoic acid (14) as the chain transfer agent (CTA). The
[AMJ/[CTA]J/[AIBN] molar ratio was 70/1/0.2 and the monomer
concentration was 1 M. 1.4117 g (10 mmol) of (16), 52.1 mg (0.14 mmol)
of (14) and 4.69 mg (0.03 mmol) of AIBN were dissolved in 10 mL of
DMF. The solution was degassed with argon by five freeze-thaw cycles
and heated at 60°C for 24 h. The polymerization was stopped by placing
the Schlenk tube in liquid nitrogen. After thawing, the solution was
transferred to a dialysis tube (MWCO 2 kDa) and dialyzed against 3 L
water for 24 h with replacing the water every 12 h. The solution was
lyophilized to yield 1.3597 mg (93%) of a yellow solid. *H NMR (CDCls)
6 =3.90-3.20 (bs, N-CH,-CH,-O PAM and CH,-S-C(S) CTA), 3.53-3.05
(bs, NH-CH, PHEA and CH,-S-C(S) CTA)), 2.68 (bs, CH-CH, PAM), 2.30-

1.00 (M, CH,-CH PAM and 10 x CH, CTA), 1.06 and 1.03 (bs, C(CHs),
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CTA), 0.86 (bs, 3H, CH,-CH3 CTA). The *H NMR spectrum is shown in
Figure 56. The degree of polymerization was 70 as calculated from the
integral ratio of the -CH- signal at 2.68 ppm of PAM and the -CHj3 signal

at 0.80 ppm of the CTA.

PAM-PPA-CTA (25). Pentafluorophenyl acrylate (PA, 24) was
polymerized using AIBN as the initiator and (23) as the macro CTA. The
[PA]/[macro CTA]/[AIBN] molar ratio was 25/1/0.2 and the monomer
concentration was 1 M. 119.1 mg (0.5 mmol) of (24), 205.5 mg (0.02 mmol)
of (23) and 0.66 mg (0.004 mmol) of AIBN were dissolved in 1,4-dioxane
to final volume of 0.5 mL. The solution was degassed with argon by five
freeze-thaw cycles and heated at 70°C for 24 h. The polymerization was
stopped by placing the Schlenk tube in liquid nitrogen. After thawing, the
solution was precipitate in Et,O (150 mL). The precipitate was filtered off,
washed with Et,O (2 x 10 mL) and dried under reduced pressure to yield
324.3 mg (99%) of a pale yellow solid. *H NMR (CDCl3) & = 3.95-3.20 (m,
N-CH,-CH»-O PAM and CH»-S-C(S) CTA), 3.20-2.70 (m, CH-CH, PPA)
2.68 (bs, CH-CH,; PAM and CH,-CH PPA), 2.30-1.00 (m, CH,-CH PPA,
CH,-CH PAM and 10 x CH, CTA, C(CHs), CTA), 0.87 (bs, 3H, CH,-CHs

CTA). The *H NMR spectrum is shown in Figure 57. The degree of
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polymerization was calculated from the molar ratio of PAM/PPA units
using the integral values of the signals at 3.95-3.20 and 3.20-2.70 ppm and
the number of AM monomer units in the macro CTA (23). The degree of

polymerization for PPA was 21.

PAM-PPA (26). 204.2 mg (0.013 mmol) of (25), 129.3 mg (0.79 mmol) of
AIBN were dissolved in 2 mL DMF. The solution was degassed with argon
by five freeze-thaw cycles and heated at 80°C for 24 h. The reaction was
stopped by placing the Schlenk tube in liquid nitrogen. After thawing, the
solution was added drop wise to Et,O (150 mL). The precipitate was
filtered off, washed with Et,O (2 x 10 mL) and dried under reduced
pressure to yield 173.8 mg (86%) of a white powder. *H NMR (CDCl3) &
= 3.95-3.20 (m, N-CH,-CH»-O PAM), 3.20-2.70 (m, CH-CH, PPA) 2.68
(bs, CH-CH,; PAM and CH,-CH PPA), 2.30-1.00 (m, CH,-CH PPA, CH--
CH PAM, C(CHjs), CTA and C(CHs;), AIBN). The spectrum is shown in
Figure 58. The UV/Vis spectrum of the polymer in DMF showed the 80%
decrease of the absorption at 310 nm compare with untreated PPA-PAM-

CTA (25) confirming the end group removal (Figure 61).

PAM-P(furoxan) (27). 50 mg (3.1 umol) of (26), 54 mg (6.2 umol, 2 eq.)
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of the free amine of (5) and 48.9 uL (12.4 umol, 4 eq.) of EtsN were
dissolved in 1 mL DMF. The flask was evacuated/purged with argon (3%)
and the mixture was stirred for 48 h. The mixture was acidified with 1 mL
of 1 M NaHSO, (ag.) and the solution transferred to a dialysis tube
(MWCO 2 kDa) and dialyzed against 1 L of water for 48 h by replacing
water every 12 h. The solution was lyophilized to yield 48 mg (90%) of a
white solid. *H NMR (CDCls) § = 7.95-7.30 (m, CH triazole, 5 X CHaromat),
5.55 (bs, CH,-furoxan), 4.48 (bs, CH,-NH-C(O)), 3.95-3.20 (bs, N-CH.-
CH,-O PAM), 2.64 (bs, CH-CH, PAM), 2.35-0.83 (m, CH,-CH PPA, CH,-
CH PAM, C(CHjs), CTA and C(CHs;), AIBN). The spectrum is shown in
Figure 59. The degree of modification was calculated to be 95% by
comparing the integral ratio of the CH,-furoxan protons and the N-CH,-

CH,-0O signal of PAM.

Perfluorophenyl propionate (28). 250.7 mg (1.36 mmol) of
pentafluorophenol dissolved in 5 mL of CH,Cl, and cooled to 0 °C in an
ice bath. To the solution propionyl chloride 130.8 uL (1.50 mmol, 1.1 eq.)
in 5 mL of CH,Cl, was added dropwise. The flask was evacuated/purged
with argon (3 x) and the mixture was stirred in the dark. After TLC

indicated the disappearance of pentafluophenol, reaction mixture was
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concentrated under reduced pressure. The residue was purified by SiO,
column chromatography (EtOAc/hexane =1 : 4, Rf = 0.8) to yield 301.1
mg (1.25 mmol, 92%) of a colorless oil. *H NMR (CDCls) § = 2.70 (g, 2H,
CH.), 1.30 (m, 3H, CHz3). The *H NMR spectrum is shown in Figure 60.
FT-IR: v (cm 1) 1790 (C=0) and 1516 (C-F). The IR spectrum is shown in
Figure 63. HRMS (m/z, M, ESI-TOF-MS, EI): calculated for CsH7NsO,

240. 0210, found 240. 0210.

Micelle formation

The furoxan-bearing block copolymer (27) was dissolved in DMF (20
mg/mL) and 250 uL of this solution was added drop wise to 2250 uL of
milliQ water under stirring. After 30 min, the clear solution was transferred

to a dialysis tube (MWCO 2kDa) and dialyzed against 1 L water overnight.

Griess assay

The concentration of NO, was measured by the Griess assay in
transparent 96 well polystyrene plates. The samples were reacted with 50
uL of 2% (w/v) SA in 5% HCI (aqg) for 5 min before adding 50 pL 0.1%

(w/v) NED (aq)®! After 5 min, the absorbance at 550 nm was measured and
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the NO,™ concentrations calculated from standard curves of 0-100 uM NO;
in either 1.25, 2.5, 12.5 or 25 mM cysteine, 50 mM PBS (pH7.1). All
samples were corrected for absorbance of polystyrene, reaction medium
and the SA/NED reagent mix by subtraction the absorbance of wells

containing water only.

NO release from the micelles and model compound (5)

Amine-containing furoxan (5) was selected as model compound for
this experiment. Aqueous solutions of micelles and the model compound
at 500 uM (50 pL) were mixed with either 50 pL of 2.5, 5.0, 25 or 50 mM
cysteine in 100 mM PBS containing in 600 puL Eppendorf tubes. For each
sample 3 tubes were prepared in parallel put at 37°C and each day samples
was taken out and frozen at -80 °C. After the last time point was collected
all samples were thawed and transfer to a 96 well plate. The NO; levels
were determined with the Griess assay. NO,™ standard curves were prepared
on the same plate by mixing 50 uL of NaNO, solution at different
concentrations with 50 uL of 2.5, 5.0, 25 or 50 mM cysteine in 100 mM
PBS. The concentration of furoxan in the micelle and model compound

solutions was calculated, after diluting 1:1 with DMF, from the absorbance

138



at 263 nm and a standard curve of the model compound in H,O/DMF 1:1.
The furoxan concentration of the aqueous micelle solution was in good
agreement with that estimated from the initial polymer weight, degree of

functionalization and the final volume of the solution after dialysis.
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Results and Discussion

Synthesis of furoxan-bearing block copolymer (27)

; ¢ -
o
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Scheme 8. Synthesis scheme to PAM-P(furoxan) (27).

The synthetic scheme to prepare amphiphilic block copolymer
consisting of a hydrophilic poly (N-acryloylmorpholine) block and
hydrophobic  furoxan-bearing block is shown in Scheme 8.
Pentafluorophenyl propionate was also synthesized to monitor the

polymerization of pentafluophenyl acrylate as shown in Scheme 9.
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Hydrophilic PAM-CTA (23) was first synthesized by the RAFT
polymerization technique. This polymer was further copolymerized with
pentafluophenyl acrylate to yield a diblock copolymer (26) which was
modified with amine-containing furoxan (5) to obtain an amphiphilic block
copolymer (27). The products were characterized by *H NMR and IR.

(Figure 56-60 and 62)

CDCl, H,O
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Figure 56. *H NMR spectrum of PAM-CTA (23) in CDCls.
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Figure 57. *H NMR spectrum of PAM-PPA-CTA (25) in CDCls,
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Figure 58. 'H NMR spectrum of PAM-PPA (26) in CDCla.
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Figure 59. *H NMR spectrum of PAM-P(furoxan) (27) in CDCls.
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Figure 60. 'H NMR spectrum of perfluorophenyl propionate (28) in CDCls.
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4-Acryloylmorpholine (AM, 16) was polymerized in DMF at 60°C
for 24 h using 2-(((dodecylthio)carbonthioyl)thio)-2-methylpropanoic acid
(14) as the chain transfer agent (CTA) and AIBN as the radical initiator.
The AM concentration was 1 M and the AM/CTA/AIBN ratio was 70/1/0.2.
The average degree of polymerization (DP) of the resulting polymer (PAM-
CTA, 23) was 70 according to *H NMR. The polymerization was carried
out under the different conditions as listed in Table 5. When the reaction
was carried out in DMF at 60 °C with the molar ration of CTA to AIBN of
5 for 24 h, the full conversion of the monomer was observed. Gel
permeation chromatography (GPC) showed a unimodal peak with a low
polydispersity index (M,/M,) of 1.08 showing a narrow size distribution
(Table 6, Figure 62). Then, by using (23) as a macro-CTA,
pentafluophenyl acrylate (PA, 24) was polymerized to yield PAM-PPA-
CTAdiblock copolymer (25). The polymerization proceeded quantitatively
when the PA concentration was 1 M and the PA/PAM/AIBN ratio was
25/1/0.3. The block copolymer had a unimodal size distribution as

confirmed by GPC (Table 6 and Figure 62).
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Table 5. RAFT polymerization of 4-acryloylmorpholine (AM) with under

different conditions.

Solvent? [CTAJ/[AIBN]®  Temp. °C MiC,NMR Mn/Mu,crc
DMSO 5/1 60 13210 1.06
DMF 5/1 60 14481 1.07
1,4-Dioxane 5/1 60 5305 1.16
1,4-Dioxane 5/1 70 10810 1.13
1,4-Dioxane 311 70 14340 1.12

2 Monomer concentration 1M. Molar ration [Monomer]/[CTA]=100, reaction time is 24 h. ® Molar

ration. €. Molecular weight (g/mol) were calculated from the integral ratio of the CH-CH> signals of

PAM and the CH2-CH3 group of the CTA. 9. Molecular weight (g/mol) and M./M,, were determined

by GPC using a PEG standard with DMF elution rate is 1 mL/min.
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Figure 61. CTA removal of PAM-PPA-CTA (25) by reacting against excess amount

of AIBN.
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To avoid the formation of thiols by transamidation with the
thiocarbonate group during post-modification of the block copolymer, that
could potentially lead to dimerization, the CTA end-group was removed by
reacting excess amount AIBN at 80 °C. The absorption at 310 nm due to
the trithiocarbonates group was decreased with the increase of the AIBN
to CTA ratio as observed by UV-Vis spectroscopy (Figure 61). This result
indicated that the optimal CTA removal efficiency was reacted when 60
times molar equivalents of AIBN to CTA group were applied. Furthermore,

GPC showed that no dimerization took place during the end group removal

ézo

O F
F

F F

(Figure 62).

HO F
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Scheme 9. Synthesis scheme to perfluorophenyl propionate (28).
The successful copolymerization of pentafluophenyl acrylate block
was confirmed by *H NMR showing peaks due to the CH-CH, at 3.20-2.70
ppm. Further confirmation was obtained by IR (Figure 63). Compound (28)

was synthesized with the similar pentafluophenyl moiety with PPA block
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used to monitor the reaction processing by IR. After copolymerization, the
bands at around 1516 cm that can be assigned to the v(C-F) stretching
vibration and 1790 cm due to the v(C=0) vibration were observed in the
IR spectrum of PAM-PPA (26).

Table 6. Molecular Weights of 23, 25, 26 and 27 by *H NMR and GPC.

Polymer M, theor” M, g M,,/M, gpc*©
23 10247 10247 1.08
25 15245 15245 1.12
26 15024 15024 1.12
27 16678 16678 1.22

a. Theoretical molecular weight (g/mol).
b. Molecular weight (M,) (g/mol) as calculated by 'H NMR.
¢. Molecular weight (M,) (g/mol) and M,/M,, were determined by GPC

using a PEG standard.
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Figure 62. GPC elution profiles of 23 (A), 25 (B), 26 (C), and 27 (D) as measured
by the change in refractive index (R1). The elution profiles have been normalized
for comparison reasons.
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Figure 63. IR spectra of the different intermediates to prepare polymer 27. (a) 28,
(b) 23, (¢) 26, (d) 27 and (21). The vibration bands of the furoxan ring are indicated
by the arrows.

PAM-PPA (26) was then conjugated with amine-containing furoxan
(5) to yield the furoxan-bearing polymer (27). The shift of the v(C=0)
stretching band at 1790 cm shifted to 1678 cm™ in the IR spectrum and the
absence of v(C-F) as well as CH-CH, (PPA) peaks in the 'H NMR
spectrum showed successful conjugation of amine-containing furoxan (5).
The degree of functionalization was 95% as calculated from *H NMR using
the integral values of the CH,-furoxan protons at around 5.6 ppm and the

N-CH,-CH2-O of the PAM at 3.9-3.2 ppm. In addition, the IR spectrum

showed the shift of v(C=0) stretching vibration from 1720 to 1715 cm™?
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and the appearance of a shoulder and a weak absorption around 1600 cm™
that can be assigned to the C=N stretching vibrations of the furoxan ring
which was agreed with the IR spectrum of furoxan bearing copolymer (21,

Figure 63).

Preparation and characterization of the furoxan-bearing micelles

The furoxan-bearing micelles were prepared from block copolymer
(27) by self-assembly in water. The micelles were about 130 nm in
diameter with a narrow size distribution (polydispersity index: 0.123) as

determined by DLS (Figure 64 A). The spherical morphology of the

micelles was confirmed by AFM (Figure 64B and C).
C
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Figure 64. Structural characterization of the Furoxan micelles. (A) Size
distribution by DLS. (B) (C) AFM image.

NO release from the micelles

NO release from the micelles in the presence of cysteine at different
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concentrations was tested by Griess assay. As shown in Figure 65A,
micelles release NO in the presence of cysteine and the amount of released

NO increases with the increase of the cysteine concentration.
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Figure 65. NO release from the micelles. (A) NO release from the furoxan-bearing
micelles in the presence of cysteine at different concentrations. The micelles were
reacted in 50 mM PBS (pH7.1) with 1.25 (open triangle), 2.5 (closed triangle), 12.5
(open circle) and 25 mM (closed circle) of cysteine (furoxan concentration: 250 pM)
at 37°C. At the indicated time points, the nitrite (NO2’) concentration was measured
by the Griess assay. (B) NO release from the micelles (open triangle) and the model
compound (5) (closed triangle) in the presence of 2.5 mM cysteine. The micelles and
compound (5) were reacted in 50 mM PBS (pH7.1) with 2.5 mM cysteine (furoxan
concentration: 250 uM) at 37°C. At the indicated time points, the nitrite (NO2)
concentration was measured by the Griess assay.

The effect of the micelle structure on NO release was also studied. In
this experiment, amine-containing furoxan derivative (5) was used as a
model compound. As can be seen in Figure 65B, there is a significant

difference in the amount of NO released between the micelles and
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compound (5) in the presence of 2.5 mM cysteine. Whereas the total
amount of NO release after 3 d reached about 112 uM for amine-containing
furoxan (5), the micelles at the same furoxan concentration only released
about 3 pM. This result may be due to the limited interaction between
cysteine and furoxan moieties located within the hydrophobic core of the

micelles which is in good agreement with the results obtained in chapter 3.
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Conclusion

poly(N-acryloylmorpholine)-b-poly(pentafluorophenyl acrylate)
diblock copolymer was synthesized using the RAFT polymerization of
pentafluorophenyl acrylate (PPA) block, which was further modified with
amine-containing furoxan to yield the furoxan-bearing block copolymer.
The resulting amphiphilic diblock copolymer self-assembled in water to
form micelles with the diameter of 130 nm. The micelles released NO in

the presence of cysteine.
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Chapter 6

Concluding Remarks

In this doctoral thesis, preparation and potential therapeutic
application of polymeric furoxan-bearing nanomedicine including PEG-
furoxan conjugates and furoxan-bearing micelles were described.
Furthermore, an efficient protocol for the removal of copper impurities
from polymers during nanomedicine synthesis was developed. The results

obtained in each chapter were summarized below.

In chapter 2, “Nitric oxide-releasing polymeric furoxan conjugates”
was described. Azide- and amine-containing furoxan derivatives with
different substituents, phenyl and nitrophenyl, were prepared and
conjugated to PEG to yield PEG-furoxan conjugates. The conjugates
released NO in the presence of cysteine, glutathione and the cell lysate of
murine macrophages, but not FBS, suggesting that NO release from
conjugates can be induced by the intracellular components. Both the
furoxans and PEG-furoxan conjugates were decomposed in PBS to yield
products with no or less NO release activity. However, the PEG-furoxan

conjugates slowed down the decomposition of furoxan and released a
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significantly higher amount of NO compared to the corresponding
furoxans after 24 h of incubation in PBS. Furthermore, the PEG conjugate
of furoxan with a phenyl substituent released NO and enhanced the anti-

proliferative effect of ibuprofen in HT-29 colon cancer cells.

In chapter 3, “Furoxan-bearing micelles for nitric oxide delivery”
was described. The furoxan-bearing micelles with a diameter around 50
nm were prepared from amphiphilic block copolymers consisting of a
hydrophilic poly(N-acryloylmorpholine) and a hydrophobic furoxan-
bearing block. The micelle structure slowed down NO release in the
presence of cysteine as well as hydrolytic decomposition of the furoxan
moiety in physiological buffer solution. Furthermore, the micelles
enhanced the IBU-induced anti-proliferative effect in human colon cancer
HT-29 cells suggesting a potential use of the micelles in cancer

chemotherapy.

In  chapter 4, “Copper removal from polymers by
diethyldithiocarbamate complexation” was described. An efficient
protocol was developed for the removal of copper impurities from

polymers by complexation with DTC in DMF followed by size exclusion
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chromatography using Sephadex LH-20. An advantage of the present
method is that it is readily scalable to purify larger amounts of polymers
by increasing the column size and amendable for automation using
commercial available fraction collectors. Furthermore, since DMF is a
good solvent for a wide range of polymers, it is expected that this
purification method could be an alternative for copper removal from

polymers where current methods fail.

In chapter 5, “NO-releasing micelles from amphiphilic furoxan-
bearing  block  polymers by modification of  poly(N-
acryloylmorpholine)-b-poly(pentafluorophenyl acrylate) with
amine-containing furoxan” was described. Furoxan-bearing block
copolymer was prepared from pentafluorophenyl ester group-bearing
block copolymer by reacting with amine-containing furoxan derivative.
The polymer formed micelles with diameter of 130 nm by self-assembly in
water. The micelles released NO in the presence of cysteine and showed
much slower NO release compared to the amine-containing furoxan

derivative.

In conclusion, furoxans nanomedicines include micellar type and
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PEG-conjugate type was first time developed in this thesis and released
NO in the presence of cysteine. The micelle structure of furoxan bearing
micelles slowed down the cysteine induced NO release as well as
hydrolytic decomposition of the furoxan moiety of PEG-furoxan
conjugates and low molecular weight furoxans in physiological buffer
solution. Furthermore, furoxan nanomedicines in this thesis enhanced the
IBU-induced anti-proliferative effect in human colon cancer HT-29 cells
suggesting a potential use of the micelles in cancer chemotherapy.
However, for a clinic use of furoxan nanomedicines, one limitation is lack
of targeting delivery property. In such case, furoxan micelles are able to be
modified with targeting peptides or antibodies reach a targeting delivery
application of NO. All in all, there still have abundant of challenges and
promising opportunities to all researchers in the further study of

development and application of polymeric furoxan nanomedicines.
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