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ABSTRACT

The bioorthogonal trans-cyclooctene-tetrazine ligation has emerged into a
powerful tool in the field of biomedical research. The development and the versatile
applications of tetrazine ligation was made possible by the advancement of trans-
cyclooctene synthesis. Based on the previous art of photoisomerization methods in
Fox group, I carried out the first practical photosynthesis of trans-cycloheptene
derivatives that were stabilized as silver(I) complexes form, as well as the
photoisomerization of silicon-containing hetero-trans-cycloheptene derivatives. The
reactivity of both the trans-cycloheptene silver(I) complexes and the hetero-trans-
cycloheptene derivatives were investigated.

Based on the rapid trans-cyclooctene-tetrazine ligation, first example of
interfacial crosslinking will be described in Chapter 2. Bioocompatible hyaluronic
acid-based hydrogel microspheres and channels were generated in a diffusion
controlled fashion. These hydrogels can be covalently tagged with 3D resolution
without the help of any external stimulus or triggers. An in vitro tumor model was
achieved by 3D encapsulation and culture of LNCaP prostate cancer cells.

Also included in Chapter 2 will be a novel interfacial polymerization strategy
developed for the synthesis of hybrid multiblock copolymer. Meter-long copolymer
fibers were pulled out of interface of two immiscible solutions. The unique modular
approach enables the facile incorporation of functional peptides into the copolymer to

fine-tune its biological properties. A fibronectin-derived peptide was successfully
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introduced onto the fibers during the polymerization and dramatically promoted the
attachment and alignment of fibroblasts and myoepithelial-like cells.

In Chapter 3, a novel method to activate rapid bioorthogonal reactivity
catalytically will be described. This was achieved by catalytic conversion of an
unreactive, latent dihydrotetrazine to reaction-ready tetrazine functionality. Series of
long wavelength photosensitizers were found to catalyze the oxidation of DHTz to Tz
effieciently in the presence of light and air. Horseradish peroxidase (HRP) was found
to catalyze the oxidation at nanomolar concentrations in absence of peroxide. These
methods can provide a milder and more physiology-friendly way to “turn-on” rapid
tetrazine ligation reactivity with great promise in extending to a wide range of
applications in materials, cellular, and in vivo systems.

Moreover, based on the previous bioorthogonal interfacial polymerization
developed from our group, DHTz functionality can be successfully incorporated onto
the copolymer fibers, which can be activated postsynthetically by either light or an
HRP enzyme. Conjugations with small molecule fluorophores, cell-instructive peptide
sequences and fluorescent proteins were accomplished, providing a new tool for
modulating the cell adhesive properties of a biomaterial.

TCO-tetrazine ligation has emerged as a multifaceted strategy in polymer and
biomaterials discovery, bringing promising results and exhilarating progress. The
versatile materials we developed here will prove useful and become indispensable

elements in the tissue engineering toolbox.

Xviii



Chapter 1

BIOORTHOGONAL CHEMISTRY AND TETRAZINE LIGATION

1.1 Brief History of Bioorthogonal Chemistry

The development of chemical reactions for studying biology at the molecular
level under physiological condition is challenging due to the diverse chemical
functionality that is present in any biological system. The term “bioorthogonal
chemistry” was first coined by Bertozzi in 2003' to describe chemical reactions in
which the reacting components can selectively couple with each other, forming a
covalent linkage inside of living system without interfering with native biochemistry.
Research in the area of bioorthogonal chemistry has been expanding dramatically
since then,' and various kinds of ligation tools have been developed and enabled the
study of biomolecules such as proteins, glycans and lipids in living systems.

One of the first examples of bioorthogonal chemistry is the Staudinger ligation
(Table 1.1, Entry 2) independently developed by Bertozzi>® and Raines’ in the year
2000. This method was adapted from the classic Staudinger reduction® between azides
and triarylphosphines. The Staudinger ligation can proceed under water-tolerant
conditions to generate a stable amide bond linkage. It has shown excellent
bioorthogonality and has been applied to labeling of proteins and live cells.”"*

However, the Staudinger ligation is not without limitation, and its broader
application has been limited by its relatively slow reaction kinetics (k> 0.003 M1 s in
PBS)." Like most bioorthogonal reactions, the Staudinger ligation is a two-component

reaction and follows second-order kinetics. The reaction rate depends on the



concentrations of both components as well as on the intrinsic second-order rate
constant k, [M™' s'] of the reaction. Slower reactions therefore have a disadvantage
when the labeling targets are of low abundance. This can only be compensated by
applying large excess of labeling reagents which furthermore causes the problem of
solubility, toxicity and background/off target signal.

The most broadly utilized bioorthogonal reaction is the copper(I) catalyzed
azide-alkyne cycloaddition (CuAAC) (Table 1.1, Entry 4). This “click” reaction
features a 1,3-dipolar cycloaddition between an azide and an alkyne, which was
originally reported by Michael in 1890'® and extensively studied by Huisgen
beginning in 1967'". The thermal cycloaddition reaction using unstrained alkynes was

118

limited due to its slow kinetics and harsh conditions. In 2002, Meldal ® and

Sharpless' developed the copper(I) catalyzed version of the cycloaddition between
terminal alkynes and azides under mild reaction conditions and also with dramatically

increased reaction kinetics. The CuAAC reaction gained immediate application in

20-23 24-26

chemical biology,'” surface chemistry, materials science. However, the

cytotoxicity of copper can be a limitation for in vivo studies® "

, although recent
studies have shown that non-toxic Cu-ligand complexes can be used to catalyze the
3+2 reaction in the extracellular environment.’’

An approach to facilitate the 3+2 cycloaddition without the need for catalysis
was described by Bertozzi in 2004,** where cyclooctynes were used to improve the
reaction kinetics through release of strain energy. This reaction has been referred to as
a strain-promoted azide-alkyne cycloaddition (SPAAC) (Table 1.1 Entry 5). Since the

initial report, a series of cyclooctyne derivatives were developed by Bertozzi,*>~*

36,37

Boons®>® and van Delft to enhance the reactivity.>® Because of the excellent
y



biocompatibility, the SPAAC has been widely used in the applications of

bioconjugation for not only live cells but also for live animals.*>



Table 1.1: Representative bioorthogonal reactions and their reaction rates.

4,15,40-47

Entry Reaction ky (M1 s1)
Ketone/hydroxylamine condensation:
X
1 o PH4s o H HN P 2 N’X\Z\} 104 -10-3
OJ]\R OJ\R X=NorO OJ\R
-H,0
Staudinger ligation (traceless):
/
(0)
0 ﬁ)’\% e o 0.003
0 HO (PBS)
O—N3 + | T> NH +
ZSpph, - g PPh;
(0]
Cyanobenzothiazole (CBT) condensation:
, 9.19
3 QN s g NS 5S¢ | (PBs)
T e — - I
~gH N S N
Cu(l)-catalyzed alkyne-azide cycloaddition (CuAAC):
_N K,
4 [}], 4 obs
O-Ns + :—f\? —CU(I)> Nﬁ\\? 10 - 200
ligand O/
Strain-promoted alkyne-azide cycloaddition (SPAAC):
_ Qu M
TN N °N
r bl —
5 | O+ L O ST g 102- 1
3
Strain-promoted alkyne-nitrone cycloaddition (SPANC):
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6 N /2\} <30
+
A [ — O
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Entry Reaction ky (M-1s1)
Photo-click cycloaddition:
PN i
7 N NH hv N” -\} <60
N—N + WCOZMe —_— N
~N2 d CO,Me
Quadricyclane ligation:
-
Ar ’ Ar Ar
8 2/\8 - = 0.25
o STTNGNS Y S (PBS/tBUOH)
g
5 S / S_S
AI’ Ar’ \Ar'—&\

1.2 Inverse-electron-demand Diels-Alder Cycloaddition (IEDDA) and trans-
Cyclooctene-Tetrazine Ligation

Another major class of bioorthogonal reactions (Table 1.2) that played
significant roles in the past years is inverse-electron-demand Diels-Alder
cycloaddition (IEDDA) between tetrazines and strained alkenes or alkynes. The
reactions yield dihydropyridazines or pyridazines with nitrogen gas as the only
byproduct.*®

In 2008, the Fox group reported an inverse-electron-demand Diels-Alder
cycloaddition between trans-cyclooctene derivatives and 1,2,4,5-diaryl-s-
tetrazine(Table 1.2, Entry 1).** This methodology was inspired by an early study from
Sauer,”™! in which he reported that compared to the cis isomer, frans-cyclooctene can
react towards electron-deficient diene (tetrazine) with extraordinarily faster kinetics.

In Fox’s initial report, the reaction between trans-cyclooctene and dipyridyl-s-

tetrazine could proceed rapidly and quantitatively with rate up to k, 400 M s™" ks,

1,140 M s, and k, 2,000 M™' s when carried out in THF, methanol, and 9:1



methanol/water respectively. As a proof of bioorthogonality, the reaction was run
successfully in cell media and in rabbit reticulocyte lysate. In a further demonstration,
a TCO functionalized thioredoxin (Trx) protein (prepared from conjugating TCO-
maleimide derivative to reduced thioredoxin) was treated with dipyridyl-s-tetrazine
and full conversion was observed in less than 5 minutes.

The tetrazine ligation showed a hydrophobic effect by exhibiting a
dramatically enhanced reaction rate with increasing content of water in the solvent, a
secondary rate constant as high as 24,500 M s was measured when the reaction was
carried on in pure water.’>

Over the following years, the Fox group further developed several additional
trans-cyclooctene derivatives with enhanced performance. With the help of
computational design, conformationally strained cis-fused bicyclic skeleton was
introduced, bringing more strain energy to the system and lead to enhanced kinetics.
Mike Taylor from the Fox group developed sTCO in 2011, a trans-cyclooctene
derivative with a cis-fused cyclopropane ring can react with dipyridyl-s-tetrazine in an

5% which makes it the fastest

unprecedented bimolecular rate at 3,300,000 Mt
bioorthogonal reaction ever reported. In 2014, dTCO were developed by Ampofo
Darko by adopting a dioxolane-fused trans-cyclooctene derivative which displayed

elevated reactivity towards tetrazine compared to parent TCO (k; at 366,000 M s™" in

water) and better water solubility.™
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Scheme 1.1: The fastest bioorthogonal reaction pair reported to date.™

Although only recently developed, the TCO-tetrazine ligation has drawn a

tremendous amount of attention which leads to considerable number of applications in

40,55

various areas including protein labeling,** cell imaging™, drug release,””® nuclear

medicine and materials sciences.””

Ting®' demonstrated fluorescence labeling to specific proteins inside living
cells via a two-step, site-specific labeling using lipoic acid ligase. Chin>* and Meh]®*®
reported rapid and efficient site-specific protein labeling using genetically encoded
trans-cyclooctene or tetrazine-based unnatural amino acids (UAAs) within living cells.
In an on-going collaboration with Pfizer®, the researchers compared trans-
cyclooctenes with a series of strained alkene and alkyne partners in evaluation of
bioorthogonal reactions in live cells with clickable HaloTag" ligands in which TCO
probes showed considerable advantages.

Aside from above, the tetrazine ligation has been extensively employed in the

65-67

field of nuclear medicine for imaging and diagonostics. Together with Li and



Conti, the Fox group developed a novel methods of '*F PET imaging utilizing the

68-71

unusual-rapid TCO-tetrazine ligation. Most recently, a newer modification of the

method was reported in which the faster sSTCO was employed.”*"

18F /\/O\/\O/\/O

O...
N

Scheme 1.2: "*F-TCO’ and '*F-sTCO probes.”>"

Coinciding with the Fox group in the year of 2008, the Weissleder/Hilderbrand
group described bioconjugation method in which norbornenes were used as dienophile
to react with tetrazines.’* Pretargeted labeling and imaging of live SKBR3 cancer cells
were achieved, demonstrating the specificity of the tetrazine and norbornene
conjugates in the presence of live cells and serum. This method benefits from the good
shelf stability and commercial availability of norbornene derivatives. However, one
limiting factor lies in the sluggish reaction kinetics compared to TCO-tetrazine
ligation, the second order rate constant was measured at 2 to 9 M™' s™ when the
reaction was carried out in fetal bovine serum (FBS).

Over the years, a good number of strained alkenes and alkynes aside from
TCOs and norbornenes were developed as dienophiles to conjugate with tetrazines.
Prescher’” and Devaraj’® independently discovered that methylcyclopropenes were
amendable to reactions with tetrazines. Although these conjugations are significantly

slower than TCO-tetrazine ligation, they are smaller in size. Bicyclo[6.1.0]non-4-yne



(BCN), which was originally developed by van Delft*® for use in SPAAC, was later
utilized by Wang as dienophile towards tetrazines.”” The reaction rate of BCN-
tetrazine pair (k, measured 44.8 M™' 5™ in MeOH) was not comparable to TCO-
tetrazine ligation, yet the relatively more straightforward synthetic route to BCN has

made it popular in the field of chemical biology.



Table 1.2: Representative inverse-electron-demand Diels-Alder cycloadditions
(IEDDA) and their reaction rates.**0-4%-3-3+73-78

Entry Dienophile Cycloadduct ky (M1 s71)
trans-Cyclooctene (TCO)
1 H,./ 1 ~N 10 - 105
, . NH
X K
sTCO y
- 3
2 W "N 105 - 107
\H o NH
R
Norbornene
3 N 1-10
x_NH
¥4
Cyclopropene
4 2 =N 10 - 100
% Y
R
Bicyclo[6.1.0]non-4-yne (BCN) |
3 H
5 ﬁ H N | 102-104
) A
H
H R

1.3 Flow Photochemical trans-Cyclooctene Synthesis

The development and applications of TCO-tetrazine ligation largely rely on the

synthesis of trans-cyclooctene derivatives. The first synthesis of parent trans-

10




cyclooctene was reported in 1950 by when Ziegler and Wilms. Mixture of cis-
cyclooctene and trans-cyclooctene were prepared through Hoffman elimination of
trimethylcyclooctyl ammonium iodide (Scheme 1.3).”’ In 1953, Cope and co-workers
reported isolation of pure trans-cyclooctene by extraction with 20% aqueous silver
nitrate (Scheme 1.3).* frans-Cyclooctene forms a water-soluble complex with silver
nitrate while the cis-isomer is retained in the organic phase. Pure frans-cyclooctene

was recovered by treating the complex with ammonium hydroxide.

® S) ® ©

NMes| NMe3OH H
O Ag,0, H,0 O heat, vacuum O:
BA AR A S — T
H

60:40 trans:cis

H H H
AgNO; (a
H “H H
) NH,OH i
--AgNO; — 4=
» -

Scheme 1.3: Ziegler’” and Cope’s*™®! approaches of parent frans-cyclooctene.

A number of methods for the synthesis of parent trans-cyclooctene have been

d,**™ yet the methods of preparing functionalized trans-cyclooctene

reporte
derivatives are limited.*>™ There are a few approaches reported over the years but
most of them require multiple steps and often involve harsh conditions. An attractive

alternative approach is to utilize alkene isomerization to directly elaborate trans-

11



cyclooctene derivatives from the corresponding cis-isomers. The photoisomerization
of cis-cyclooctene to trans-cyclooctene was first reported by Swenton® in 1969 and
was extensively studied by Inoue in the past decades. In 1977, Inoue reported the
direct cis-trans photoisomerization of cyclooctene using 185 nm UV irradiation which
could produce trans-cyclooctene in gram scale at yield of 26%.”° In the following
years, Inoue continued his study of cyclooctene photoisomerization and extensively
investigated the singlet sensitization using aromatic esters. A series of articles were

published towards the evaluation of reaction conditions such as solvent,”"*>

91,93-95

temperature, pressure,”® as well as enantioselective photoisomerization with help

9193102 These studies have greatly expanded the scope and

of chiral photosensitizers.
understanding of the photoisomerization. However, the photochemical synthesis of
functionalized frans-cyclooctene derivatives was still limited by low trans/cis ratio
under preparative conditions.

In 2008, Royzen and Fox devised a closed-loop flow photochemical reactor
that enables efficient preparation of trans-cyclooctene and derivatives in the scale of

grams with excellent yields.'”

This design exploits Le Chatelier’s principle by
introducing silver (I) nitrate as a trans-cyclooctene scavenger, by removing trans-
isomer from the system, the equilibrium between frans and cis-isomers can be

perturbed to favor the frans-isomer.

12
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X hv, singlet sensitizer R\ X
/ AgNOS /\/
. —-€ \AgNO:g

Scheme 1.4: Coordination of silver nitrate drives the unfavorable trans/cis equilibrium
by forming a stable trans-cyclooctene silver complex.

Shown in Figure 1.1 is an illustration of the flow photoisomerization apparatus.
A solution containing the cis-cycloalkene substrate and a photosensitizer (in this case
methyl benzoate) solution was irradiated at 254 nm in a Rayonet” photoreactor and
the solution was continuously cycled through a column packed with AgNOs adsorbed
onto silica gel. The trans-isomer is trapped on the silica gel in form of a silver(I)
complex while the cis-isomer can flow back to the photoreactor. The process is
constantly repeated until the starting material is depleted. The trans-cyclooctene
product can easily be liberated by treating the silver complex with ammonium

hydroxide.

13



Arrows
indicate
direction of

liquid flow

L
“~AgNO;

wnnnnne does not elute

A

hv

\\\ g Sio, O
w |\ |

Figure 1.1: Illustration of Royzen and Fox’s closed-loop flow photochemical
reactor.'”

Royzen and Fox’s approach was the first practical example of preparative scale,
direct synthesis of functionalized frans-cyclooctene derivatives from cis-cyclooctene
precursors. A series of trans-cyclooctene derivatives were prepared successfully on

gram scale and satisfactory yield (Table 1.3).
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Table 1.3: Representative substrates synthesized using the closed-loop flow
photochemical reactor.'”

/R hv,PhCO,Me, rt, ether/hexane /R
| > \
active removal of frans isomer
\OH OH HO ~ OH
Hie- - Hll'-@'\ “
OH He N\ H

77% dr: 2.2:1

68% (3.9 g) 64% dr:1.9:1 53% dr: 3.0:1
Me,_ OH
' @\\O Me @
71% dr: 3.4:1 % dr:11:1
(diaxial major) 58% dr:1:1 62% (3.1 g) 52%

1.4 Flow-enabled Photosynthesis of trans-Cycloheptene (TCH) and hetero-
trans-Cycloheptene Derivatives

trans-Cycloheptene possesses a high strain energy of 25 kcal/mol'™ and a
severely twisted alkene bond with dihedral angle of 116.3° (compared to 139° that of
trans-Cyclooctene)'”” which makes it highly reactive and thermally unstable. At room
temperature, trans-cycloheptene rapidly isomerizes back to cis-cycloheptene with a

106

half-life as short as 45 seconds " at r.t. Even at —10 C°, the isomerization of trans-

cycloheptene is still quite fast (half-life 23 minutes).'*

Due to the very limited
stability, there has been very little investigation into the chemistry of trans-

cycloheptene compared to its eight-member ring homolog, trans-cyclooctene.
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1.4.1 Previous Arts of trans-Cycloheptene Synthesis

The trapping of trans-cycloheptene was first reported by Corey in 1965.'"” In
this study, trans-1,2-cycloheptenethionocarbonate was treated with P(OMe);
generating the unstable parent trans-cycloheptene which was trapped in situ with

diphenylisobenzofuran, forming a frans-cycloadduct (Scheme 1.5).

Scheme 1.5: Corey’s trapping of parent trans-Cycloheptene.'”’

As mentioned before, Inoue have made tremendous efforts on developing
methods for medium-size cycloalkane photoisomerization, which includes the direct

104,106,108
77 In 1981, Inoue and co-

photochemical synthesis of ¢trans-cycloheptene.
workers reported preparation of trans-cycloheptene at —78 °C by a singlet-sensitized
photoisomerization of the cis-isomer.'* The frans-cycloheptene was subsequently
trapped by acidic methanol to give methoxycycloheptene in 15% yield.

Similar to trans-cyclooctenes, trans-cycloheptenes serve as excellent ligands
for transition metals and it has been demonstrated in several studies that the trans-
cycloheptene metal complexes are isolable. Jendralla reported that the preparation of

AgClO4 and AgOT{f complexes of 3-methoxy-#rans-cycloheptene and 6-methoxy-

(2),4(E)-cycloheptadiene and the AgClO4-3-methoxy-trans-cycloheptene complex are

16



able to reversibly dissociate and react with a number of dienes to give 4+2

cycloadducts (Scheme 1.6).'”'!!

OCH,

O @_ ACI,
e oad

. OCHs ocH3

OCHs OCHj
OCH; Q Q

Scheme 1.6: Jendralla’s study towards 3-methoxy-trans-cycloheptene silver
complex.'”

By incorporating silicon into the trans-cycloheptene backbone, it is possible to
partially relieve the high strain energy and distorted alkene bond of trans-cycloheptene

because of the longer C-Si bonds. Several room temperature-stable silicon-containing

112

trans-cycloheptene derivatives have been synthesized. In 1991, Ando "~ reported

preparation of trans-1,2-Dipheny1-4,4,5,5,6,6-hexamethyl-4,5,6-trisila-cycloheptene
from photoisomerization of its cis-isomer. In 1999, enantiomerically pure (E)-
1,1,3,3,6,6-hexamethyl-1-sila-4-cycloheptene was synthesized, resolved and

113

characterized crystallographically by Krebs. '~ Recent studies by Woerpel

demonstrated application of heteroatom-containing trans-oxasilacycloheptene

— . . 114-11
derivatives in synthesis. !
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1.4.2 Modification of the Flow Photochemistry Apparatus

I sought to adapt the current well-developed method of synthesizing trans-
cyclooctenes'” into the synthesis of trans-cycloheptenes. Due to the thermal lability
of trans-cycloheptenes and the previous arts in which it was demonstrated that trans-
cycloheptenes complexes are isolable, I planned to isolate and store trans-
cycloheptenes in form of silver(I) complexes, in this way the products can maintain
their reactivity as trans-isomer and can stay intact from undesired isomerization.

Due to the thermal lability of carbocyclic trans-cycloheptenes, it was necessary
to alter our reactor design (Figure 1.2). In the modified configuration, the reservoir
containing starting substrates and sensitizers were moved out of the photowell and put
in a temperature controlled chilling bath (—50 °C). The photoisomerization was carried
out in a coil of optically transparent FEP (fluorinated ethylene propylene) tubing''®
which provides higher surface area and minimal volume (approx. 30 mL for a tubing
coil of 8 m length) compared to quartz flask. The use of FEP tubing also minimized
the time lag (typical flow rate was set to 100 mL/min) between photoisomerization
and product scavenging on silver nitrate impregnated silica gel. I sought to learn if the
apparatus could serve to minimize undesired isomerization and degradation of the

trans-cycloheptene product before it could be captured as a Ag(I) complex.
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Figure 1.2: Illustration of modified flow photochemical reactor apparatus for trans-
cycloheptene synthesis.
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1.4.3 Photosynthesis and Reactivity of frans-Cycloheptene (TCH) and hetero-
trans-Cycloheptene Derivatives

With the newly modified flow photoreactor in hand, I moved on to test out the
photoisomerization of cis-cycloheptene and hetero-cis-cycloheptene substrates.
Reaction conditions such as solution concentration, solvent polarity, temperature, flow
rate, tubing volume size were carefully evaluated.

According to an earlier mechanistic study,'"” the isomerization from trans-
cycloheptene to its cis-isomer proceeds via an “interrupted dimerization” mechanism,
where an initially formed 1,4-biradical changes geometry rapidly and cleaves to

produce two cis-cycloheptene molecules. According to this theory, the concentration

19



of reaction solution mixture could play significant role in the reaction efficiency. Thus,
I chose to run the reaction at relatively diluted concentration (approx. 10 mM) to
prevent possible dimerization.

Solvent-wise, mixture consisted of various ratios of diethyl ether and hexanes
were used according to the inherent polarity of cis-cycloheptene substrates. Solvent
with proper polarity was chosen to ensure successful turnover of unreacted cis-
cycloheptene while not too polar to flush the cis-cycloheptene silver(I) complex and
silver nitrate off the column. A Neslab CB 80 was used to regulate an ethanol bath to —
50 °C, and the inline temperature of the reaction mixture before entering photowell
was measured to be 0 °C and the inline temperature after exiting the photowell but
before entering the silver nitrate impregnated silica column was measured to be 20 °C.
In each photoisomerization, approx. 5 mmol cis-cycloheptene substrate was used with
coil of FEP tubing with a 30 mL capacity. The flow rate was set to 100 mL/min which
made the time delay between irradiation and trapping on AgNOs/silica to be 20
seconds.

With the above parameters determined, I carried out photoisomerization of
commercial available parent cis-cycloheptene. The cis substrates were consumed in 6
hours, based on GC analysis. Different solvents (MeOH/DCM, ethanol and
acetonitrile) were tested to extract the silver(I) complex out of silica column and
ethanol showed best performance. The resulting trans-cycloheptene silver(I) complex
was stored in —18 °C freezer without isomerization. While the Ag(I) complex could be
isolated as a solid, it was contaminated by excess AgNOs, which lead to an

overestimation of the yield when the solid was directly weighed. Thus, the yield was
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determined by 'H NMR analysis, and measured to be 53% by '"H NMR using
mesitylene as internal standard.

Besides parent cis-cycloheptene, I also carried out the syntheses and
photoisomerizations of substrates (4Z)-cyclohept-4-en-1-ylmethanol and (£)-Si, Si-
diphenyl-5-silacycloheptene to afford silver complexes (4E)-Cyclohept-4-en-1-
ylmethanol*AgNOs and (E)-Si, Si-diphenyl-5-silacycloheptenes AgNO3 with yields of
60% and 66%, respectively.

Graduate student Yinzhi Fang extensively participated in this project and
developed numbers of hetero-cis-cycloheptene substrates and carried out
photoisomerizations on them (substrates 1-4 to 1-7 in Table 1.4). A summary of
successful photochemical trans-cycloheptene and hetero-trans-cycloheptene syntheses

1s illustrated in Table 1.4.
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Table 1.4: Summary of Successful Photochemical #trans-Cycloheptene and hetero-
trans-Cycloheptene Substrates. Compounds 1-1 — 1-3 were prepared by
me. Compounds 1-4 — 1-7 were prepared by Yinzhi Fang.

R R
@ @
e

hv, PhCO,Me, Et,O/Hex

R, Active removal w/ AgNO;
R1\S'i Then extract w/ EtOH R,
4 RS 2
RsTC ! k/ "\
— R; AgNOg
HO Ph,
AgNO; AgNO; AgNO;4
1-1 1-2 1-3
53% 64% 53%
HO OH
CN
§ Me OH
. Me
_Si “ai
S _si Me = Me-S 2
Me~ - Me o \ 1
‘\ \ AgN03 ‘A NO
AgNO;, AgNO4 Me gNO3
1-4 1-5 1-6 1-7
77% 72% 64% 62%

dr:1.1:1
I furthermore performed a series of reactivity experiments (Table 1.5) on
trans-cycloheptene- AgNOs (1-1) to produce dihydroxylation product (1-10) and
cycloaddition products (1-8; 1-9). The reactions proceeded smoothly in ethanol

solution without prior removal of coordinated AgNOs.
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Table 1.6: Reactivity Scope of trans-Cycloheptene- AgNOs (1-1)

> Trapping reagent
- > Product
AgNO4 EtOH

N—N Ph
Ph— d—ph
N=N N N
/‘\‘ > _ N
AgNO3 98%

1-1 1-8

A\

0
Y
8

82% H
1-1 1-9
0s0O4, NMO wOH
/“/ ?
AgNO3 82% OH
1-1 1-10

Because of the incorporation of silicon atom, the hetero-trans-cycloheptenes
exhibit better stability compared to the carbon-cyclic trans-cycloheptenes and have
good stability in solution. Thus the reactivity experiments were carried out in solution
after desalting of the AgNOs (Table 1.6). Fleming-Tamao oxidation with cycloadduct
(5aS,6R,95,9a5)-3,3-diphenyl-2,3,4,5,5a,6,9,9a-octahydro-1H-6,9-
methanobenzo[d]silepine (1-13) provided the corresponding ring-opening product

2,2'-((1R,28,35,45)-bicyclo[2.2.1]hept-5-ene-2,3-diyl)bis(ethan-1-0l) (1-16)
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Table 1.7: Reactivity Scope of (E)-Si, Si-diphenyl-5-silacycloheptene (1-11).
Compounds 1-13 and 1-16 were prepared by me. Compounds 1-12, 1-14
and 1-15 were prepared by Yinzhi Fang.

N ¢

Si Trapping reagent
@ » Product
/

Ph\
Si Ph/\Ns Ph

90% Ph”
/
1

1-11
‘s. D Ph
> /S
Vi 98% Ph

KH, -BuOOH, TBAE ' HO\/\@
DMF/THF HO~

7/
—
1
-
T T N T 0T
zZ. Z
sZ \\

76%
1-11 1-13 1-16
Ph H
‘s| CH,N, Ph. :
@ g Ph’Si N
% N
Vi 65% )
1-11 1-14
cl
Ph. Ph >=-=o H o

)
-
>
%
o

Si N
@ > /S.
o Ph
4 78% H CI

1-11 1-15

1.5 Conclusions

The bioorthogonal trans-cyclooctene-tetrazine ligation has emerged into a
powerful tool in the field of biomedical research. The development and the versatile
applications of tetrazine ligation was made possible by the advancement of trans-

cyclooctene synthesis. Based on the previous art of photoisomerization methods in



Fox group, I carried out the first practical photosynthesis of trans-cycloheptene
derivatives that were stabilized as silver(I) complexes form, as well as the
photoisomerization of silicon-containing hetero-trans-cycloheptene derivatives. The
reactivity of both the trans-cycloheptene silver(I) complexes and the hetero-trans-

cycloheptene derivatives were investigated.

1.6 Experimental Procedures

General Considerations
2-(but-3-en-1-yl) hex-5-enoic acid'*® and silver nitrate impregnated silica

1'” were prepared by known procedures. THF was purified by distillation from

ge
Na/benzophenone. All other solvents and reagents were purchased from commercial
sources without additional purification. All reactions were carried out in glassware
that was flame-dried under vacuum and cooled under nitrogen. Flash Chromatography
was performed using normal phase Silicycle silica gel (40-63D, 60A). An APT pulse

sequence was used for ?C NMR spectra, where methylene and quaternary carbons

appear ‘up’ (u), and methine and methyl carbons appear ‘down’ (dn).
2-(but-3-en-1-yl)hex-5-en-1-o0l (1-17)
X i HO,
= 78% =z
1-16 1-17

A dry two-neck round-bottom flask equipped with a reflux condenser was

sequentially charged with anhydrous THF (5.30 mL) and LiAlIH4 (271 mg, 7.14 mmol).
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The mixture was chilled by an ice bath, and a solution of 2-(but-3-en-1-yl) hex-5-
enoic acid'*® (1-16, 600 mg, 3.57 mmol) in anhydrous THF (5.30 mL) was added
dropwise with a syringe. The reaction mixture was then heated to reflux overnight.
The reaction mixture was then allowed to cool to room temperature and then to ice
bath temperature, and 20 mL of 15% NaOH solution was added dropwise. The
resulting mixture was filtered and the filter cake was washed with ethyl acetate (20
mL). The aqueous phase was extracted with ethyl acetate (3 x 20 mL). The resulting
solution was dried with Na,SOy, filtered and concentrated on the rotary evaporator.
Purification by column chromatography with a gradient of 5% ethyl acetate in hexanes
yielded 2-(but-3-en-1-yl)hex-5-en-1-ol (1-17, 431 mg, 2.80 mmol, 78%) as a clear oil.
'H NMR (600 MHz, CDCl;) 8: 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.04-5.01 (m,
2H), 4.97-4.95 (m, 2H), 3.58 (d, /= 5.3 Hz, 2H), 2.09 (dt, J = 14.4, 7.2 Hz, 2H), 1.57-
1.53 (m, 1H), 1.50-1.44 (m, 2H), 1.43-1.37 (m, 2H), 1.35 (s, 1H); °C NMR
(100MHz, CDCls) 6:139.0 (CH), 114.6 (CH»), 65.3 (CH>), 39.5 (CH), 31.2 (CH>),
30.2 (CHa); HRMS (CI) m/z: [M+H]" calced. for C;oH;90", 155.1436 found 155.1420.

(42)-Cyclohept-4-en-1-ylmethanol (1-18)

Grubbs 1st HO
Generation
HO AN Catalyst
[EEE—
Z Reflux
54%
1-17 1-18

A 2 L round-bottom flask equipped with a reflux condenser was charged with

1 L of dichloromethane, followed by addition of 2-(but-3-en-1-yl)hex-5-en-1-ol (1.00
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g, 6.49 mmol, 1.00 equv). The solution was heated to reflux by an oil bath at 47 °C.
Grubbs 1* generation catalyst (267 mg, 0.324 mmol, 0.05 equiv) was added. The
reaction mixture was allowed to reflux for 3 hours. The solvent was removed with a
rotary evaporator. Purification by column chromatography with 8% ethyl acetate in
hexanes yielded 430 mg (3.41 mmol, 54%) of the title compound (1-18) as a green oil.
'H NMR (600 MHz, CDCl;) &: 5.79-5.72 (m, 2H), 3.42 (d, J = 6.5 Hz, 2H), 2.29-2.17
(m, 3H), 2.07-2.00 (m, 2H), 1.80-1.75 (m, 2H), 1.72-1.64 (m, 1H), 1.15-1.06 (m, 2H);
BCNMR (100MHz, CDCl3) &: 132.1 (CH), 68.2 (CH,), 44.9 (CH), 29.6 (CH,), 26.9
(CH,); HRMS (CI) m/z: [M+H]" calcd. for CsH;sO", 127.1123 found 127.1105.

Di(but-3-en-1-yl)diphenylsilane (1-19)

Ph \S'C| PPN HMPA F’h\Si/\/§
ICly + =~ MgBr >
Ph” F THE . PR M\
71% 1-19

A dry round-bottomed flask was charged with Mg (2.85 g, 119 mmol, 3.50
equiv) and dry THF (200 mL) under nitrogen atmosphere. 4-Bromo-I-butene (12.3 ml,
121 mmol, 3.56 equiv) was introduced to the flask dropwise via syringe. The reaction
mixture was allowed to stir at room temperature. After the formation of the Grignard
reagent was judged complete, HMPA (29.6 ml, 170 mmol, 5.00 equiv, dried over
molecular sieve) was added, followed by dichlorodiphenylsilane (7.15 ml, 34.0 mmol,
1.00 equiv). The reaction mixture was stirred at room temperature overnight. After
reaction, THF was removed via rotary evaporation. Saturated aq. NH4Cl1 (100 mL) and

ethyl acetate (100 mL) were added and the aqueous layer was extracted three times
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with ethyl acetate. The organics were combined, dried with anhydrous MgSQOy, filtered,
and concentrated via rotary evaporation. Purification by flash column chromatography
(hexane) afforded the title compound as colorless oil (1-19, 7.03 g, 24.0 mmol, 71%).
'H NMR (400 MHz, CDCl3) &: 7.54-7.49 (m, 4H), 7.43-7.33 (m, 6H), 5.95-5.83 (m,
2H), 5.03-4.82 (m, 4H), 2.15-2.06 (m, 4H), 1.25-1.17 (m, 4H); °C NMR (100MHz,
CDCl;) 6: 141.4 (CH), 135.8 (C), 135.0 (CH), 129.4 (CH), 128.0 (CH), 113.1 (CH»),
27.9 (CH,), 11.8 (CH,); HRMS (LIFDI-TOF) m/z: [M]" calculated for CooH24Si"
292.1642; Found 292.1659.

(£)-Si,-Si-diphenyl-5-sila-cycloheptene (1-20)

Ph \Si/\/§ Gent?r;liiboaséztalyst >Ph \Si'Ph
Ph” >\= CH,Cl,, reflux <=>
1-19 1% 1-20
Di(but-3-en-1-yl)diphenylsilane (7.03 g, 24.0 mmol, 1.00 equiv) was
dissolved in dry CH,Cl, (120 mL). Grubbs 1* generation catalyst (594 mg, 0.722
mmol, 0.030 equiv) was added as a solution in CH,Cl, (1.7 L) and the mixture was
refluxed under nitrogen for 1 hour. The mixture was cooled to room temperature, and
the reaction mixture was concentrated via rotary evaporation. Purification by flash
column chromatography (hexane, R=0.6) afforded the title compound (1-20, 4.50 g,
71% yield) as colorless solid, mp 59 °C. '"H NMR (400 MHz, CDCl3) &: 7.56-7.50 (m,
4H), 7.41-7.32 (m, 6H), 5.90-5.82 (m, 2H), 2.40-2.30 (m, 4H), 1.29-1.22 (m, 4H); "°C
NMR (100MHz, CDCl3) 8: 137.2 (CH), 134.7 (C), 132.7 (CH), 129.3 (CH), 128.0
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(CH), 21.1 (CHy), 11.4 (CH,); HRMS (LIFDI-TOF) m/z: [M]" calculated for
Ci1sH20Si" 264.1329; Found 264.1338.

trans-CycloheptenecAgNO; (1-1)
hv, PhCO-Me, (99:1) Et,O/Hex @
> "/
Q Active removal w/ AgNO; ‘AGNO;

Then extract w/ EtOH
50% 1-1

The cis-cycloheptene (500 mg, 5.20 mmol, 1.00 equiv.) and methyl benzoate
(1.43 g, 10.4 mmol, 2.0 equiv) were dissolved in 500 mL of solvent (2% diethyl
ether/hexane) in a round bottom flask. The round bottom flask was immersed in a
cooling bath (NESLAB CB 80 with a CRYOTROL controller, bath temperature was
set to —50 °C) and connected via PTFE tubing successively to an FMI “Q” pump, a
three-way tee that was equipped with a thermometer probe, a coil of FEP tubing (total
length: 8m; ID: 1/16 inch; OD 1/8 inch) and a 25g Biotage® SNAP cartridge as
illustrated in Figure 1.2. The FEP tubing coil was placed in a Rayonet® RPR-100
reactor with eight 254 nm bulbs. The bottom of the SNAP cartridge was packed with
dry silica gel (6 cm), and the top of the column was packed with silver nitrate
impregnated silica (10 wt% of AgNOs, 11.5 g, 1.30 equiv). The column was flushed
with 200 mL of the reaction solvent. The pump was turned on and the rate of
circulation was adjusted to approx. 100 mL per minute. The temperature at the three-
way tee was maintained at 0 °C. The lamp was then turned on, and photoisomerization
of the stirring mixture was carried out for 6 hours. Afterwards, the sensitizer was

flushed from the column with 300 mL of 10% ether in hexanes. The column was then
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dried by a stream of compressed air, and then flushed with ethanol. The ethanol
solution was concentrated via rotary evaporation, affording dark brown viscous oil
consisting of trans-cycloheptene AgNOs complex (1-1) (2.60 mmol by NMR analysis,
50% yield) and free AgNOs. '"H NMR (400 MHz, CD;0D) &: 5.57-5.54 (m, 2H),
2.55-2.50 (m, 2H), 2.28-2.19 (m, 2H), 1.75-1.56 (m, 6H); °C NMR (100MHz,
CD;0D) &: 120.2 (CH), 32.3 (CH,), 25.5 (CH,); HRMS (CI-TOF) m/z: [M-AgNO;]"
calcd. for C;H3" 97.1017, found 97.1021.

(4E)-Cyclohept-4-en-1-ylmethanol *AgNO; (1-2)

HO
HO
hv, PhCO5Me, (9:1) Et,O/Hex
> 4
Active removal w/ AgNO3 s
Then extract w/ EtOH AgNO3
1-20 60% 1-2

The (42)-Cyclohept-4-en-1-ylmethanol (1-20, 100 mg, 0.79 mmol, 1.00 equiv.)
and methyl benzoate (216 mg, 1.59 mmol, 2.0 equiv) were dissolved in 100 mL of
solvent (70% diethyl ether/hexane) in a round bottom flask. The round bottom flask
was immersed in a cooling bath (NESLAB CB 80 with a CRYOTROL controller, bath
temperature was set to —40 °C) and connected via PTFE tubing successively to an FMI
“Q” pump, a three-way tee that was equipped with a thermometer probe, a coil of FEP
tubing (total length: 2m; ID: 1/16 inch; OD 1/8 inch) and a 10g Biotage® SNAP
cartridge as illustrated in Figure 1.2. The FEP tubing coil was placed in a Rayonet®
RPR-100 reactor. The bottom of the column was packed with dry silica gel (4.60 cm),

and the top of the SNAP cartridge was packed with silver nitrate impregnated silica
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(10 wt% of AgNOs, 2.70 g, 2.00 equiv). The column was flushed with 200 mL of the
reaction solvent. The pump was turned on and the rate of circulation was adjusted to
approx. 100 mL per minute. The temperature at the three-way tee was maintained at 0
°C. The lamp was then turned on, and photoisomerization of the stirring mixture was
carried out for 2 hours. Afterwards, the sensitizer was flushed from the column with
100 mL of 10% ether in hexanes. The column was then dried by a stream of
compressed air, and then flushed with 100 ml ethanol. The ethanol solution was
concentrated via rotary evaporation, affording dark brown viscous oil consisting of
(4E)-Cyclohept-4-en-1-ylmethanol *AgNO3; complex (1-2, 0.474 mmol by NMR
analysis, 60% yield) and free AgNO;. '"H NMR (400 MHz, CD;0D) &: 5.67 (ddd, J =
17.5,9.9,5.7 Hz, 1H), 5.39 (ddd, J=17.6, 10.8, 2.6 Hz, 1H), 3.38-3.27 (m, 2H), 2.85-
2.80 (m, 1H), 2.52-2.36 (m, 2H), 2.30-2.20 (m, 1H), 2.08-2.03 (m, 1H), 2.01-1.96 (m,
1H), 1.70-1.61 (m, 1H), 1.31-1.21 (m, 1H), 1.14-1.03 (m, 1H); "C NMR (100MHz,
CD;0D) 6: 121.7 (CH), 118.8 (CH), 68.9 (CH»), 41.1 (CH), 37.3 (CH»), 36.4 (CH>),
35.4 (CH,), 26.9 (CH,); HRMS (CI-TOF) m/z: [M-OH-AgNO;]" calcd. for CgHi3"
109.1017, found 109.1021.

(E)-Si, Si-diphenyl-5-silacycloheptenesAgNO; (1-3)

Ph, .Ph hv (254 nm
Si ( ) o Ph\SQ
O 10% ether/hexane, Ph” \[ "AgNO;
— PhCO,Me
1-20 50% 1-3

(£)-Si, Si-diphenyl-5-silacycloheptene (1-20, 100 mg, 0.378 mmol, 1.00 equiv)

and methyl benzoate (285 mg, 1.89 mmol, 5.0 equiv) were placed in a quartz flask and
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dissolved in 100 mL of 1:24 Et,O: hexanes that had been degassed through three
freeze/pump/thaw cycles. Dodecane (64.4 mg, 0.378 mmol, 1.00 equiv) was added to
the flask to allow for GC monitoring. Following the procedure of Royzen, the flask
was configured with a 10 g Biotage® SNAP cartridge and an FMI “Q” pump. The
quartz flask was placed in a Rayonet” RPR-100 reactor with eight 254 nm bulbs. The
bottom of the Biotage column was packed with dry silica gel, and the top of the SNAP
cartridge was packed with silver nitrate impregnated silica (10 wt% of AgNOs, 1.29 g,
2.00 equiv.). The SNAP cartridge was flushed with 100 mL of the reaction solvent.
The pump was turned on and the rate of circulation was adjusted to approx. 100 mL
per minute. The solution in the quartz flask was then irradiated (254 nm) under
continuous flow conditions (100 mL/min) for 3 hours with N, sparging, at which point
GC analysis indicated that the reaction was complete. The SNAP cartridge was
flushed with 100 mL of 1:9 Et,O/hexanes and then dried with compressed air. The
SNAP cartridge was then flushed with 100 mL of EtOH to afford an ethanol solution
of (E)-Si, Si-diphenyl-5-silacycloheptenes AgNOs. The ethanol solution was
concentrated via rotary evaporation, affording dark brown viscous oil consisting of
trans-cycloheptene* AgNO3 complex (1-3, 0.190 mmol by NMR analysis, 50% yield)
and free AgNOs. 'H NMR (400 MHz, CD;0D) §: 7.48-7.46 (m, 4H), 7.37-7.34 (m,
6H), 5.57-5.55 (m, 2H), 2.68-2.61 (m, 2H), 2.45-2.36 (m, 2H), 1.67 (ddd, J = 14.7, 8.5,
4.5 Hz, 2H), 1.52-1.45 (m, 2H); "C NMR (100MHz, CD;0D) &: 137.9 (C), 135.2
(CH), 130.2 (CH), 129.1 (CH), 120.2 (CH), 28.6 (CH>), 17.9 (CH;); HRMS (CI-TOF)
m/z: [M+H-AgNOs]" caled. for CigHy Si’ 265.1413, found 265.1424.

1,4-Diphenyl-6,7,8,9-tetrahydro-SH-cyclohepta|d]pyridazine (1-8)
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N—-N

ph— H—ph Ph
N=N N N
=~ . | _ Ill
AgNO3 98%

1-1 1-8

3,6-diphenyl-s-tetrazine (234 mg, 1.00 mmol) in 10 mL dichloromethane was
added to an ethanolic solution of trans-cycloheptenes AgNOs (1-1, 0.833 mmol, in
60.0 mL EtOH) with stirring at room temperature. Nitrogen evolved immediately upon
mixing and a black precipitate was formed. After stirring for 30 minutes, the reaction
mixture was filtered and the filtrate was concentrated down onto silica gel using a
rotary evaporator and loaded onto a flash column. Column chromatography using a
gradient (0-50%) of ethyl acetate in hexanes followed by 5% methanol in
dichloromethane as eluents afforded the title product (1-8, 246 mg, 0.820 mmol, 98%)
as a white solid, mp 120 °C (decomposition). "H NMR (600 MHz, CDCl;, 8): 7.48-
7.42 (m, 10H), 2.83-2.78 (m, 4H), 1.93-1.86 (m, 2H), 1.72-1.62 (m, 4H). °C NMR
(100 MHz, CDCl3) &: 161.5 (u, 2C), 145.8 (u, 2C), 137.0 (u, 2C), 130.0 (d, 2C), 129.4
(d, 20), 128.4 (d, 2C), 31.9 (u, 2C), 31.2(u, 1C), 25.8 (u, 2C); HRMS (LIFDI-TOF)
m/z: [M]" for C,;H,N,", 300.1621 found 300.1605.

rel-(1R,4S,4aR,9aR)-4,4,5,6,7,8,9,9a-Octahydro-1H-1,4-

methanobenzo[7]annulene (1-9)
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(> W i

82%
1-1 1-9

Freshly cracked cyclopentadiene (412 mg, 6.24 mmol) was added to a 12.5
mM ethanol solution that contains #rans-cycloheptene silver (I) nitrate complex (1-1,
50.0 mL, 0.624 mmol). The mixture was allowed to stir at room temperature overnight.
The reaction mixture was then filtered and concentrated down using rotary evaporator.
Purification by column chromatography using hexane afforded title product (1-9, 83.0
mg, 0.512 mmol, 82%) as a clear oil. "H NMR (400 MHz, CDCls, 8): 6.23 (dd, J=5.8,
3.0 Hz, 1H), 5.90 (dd, J=5.7, 2.9 Hz, 1H), 2.61 (m, 1H), 2.34 (m, 1H), 1.85-1.40 (m,
10H), 1.40-1.33 (m, 1H), 1.30-1.17 (m, 1H), 1.00-0.92 (m, 1H), 0.83-0.72 (m, 1H).
C NMR (CDCls, 100 MHz, 8): 139.1 (d, 1C), 131.7 (d, 1C), 47.5 (d, 1C), 47.3 (u,
1C), 47.2 (d, 1C), 45.3 (d, 1C), 44.9 (d, 1C), 32.8 (u, 1C), 30.8 (u, 1C), 29.5 (u, 1C),
29.3 (u, 1C), 25.1 (u, 1C); HRMS (LIFDI-TOF) m/z: [M]" calcd. for Ci,Hs",
163.1403 found 162.1404.

rel-(1R,2R)-Cycloheptane-1,2-diol (1-10)

0s0Oy4, NMO wOH
/‘\/ >
AgNO3 82% OH

1-1 1-10

N-Methylmorpholine N-oxide monohydrate (115 mg, 0.852 mmol) and 4 wt%
Os0y4 in aqueous solution (125 pL, 20.5 umol) were sequentially added to an ethanolic

solution of trans-cyclohepteneeAgNO; (1-1, 50.0 mL of a 13.1 mM solution in EtOH,
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0.654 mmol) The resulting mixture was allowed to stir for 2 hours at room
temperature. The mixture was diluted with saturated NaHSO3 aqueous solution (50
mL) and filtered, and filtrate was extracted with ethyl acetate (8 % 25.0 mL), and the
organics were combined, dried over MgSO4 and concentrated by rotary evaporation.
Purification by column chromatography with a gradient (0-5%) of methanol in
dichloromethane afforded the title compound (1-10, 70.0 mg, 0.538 mmol, 82%) as a
pale yellow solid, mp 53-54 °C. "H NMR (600 MHz, CDCl3, 0): 3.45-3.40 (m, 2H),
2.61 (brs, 2H), 1.90-1.85 (m, 2H), 1.70-1.62 (m, 2H), 1.55-1.42 (m, 6H). °C NMR
(100 MHz, CDCl3) &: 78.1 (d, 2C), 32.5 (u, 2C), 26.5 (u, 1C), 22.2 (d, 2C); HRMS
(LIFDI-TOF) m/z: [M]" calcd. for C;H;40,", 130.0988 found 130.0975.

(5aR,9aR)-3,3-diphenyl-2,3.4,5,5a,6,9,9a-octahydro-1H-6,9-

methanobenzo|d]silepine (1-13)

Ph_ Ph D H
Si Ph, d
> S
Vi 98% Ph

1-11 1-13

(E)-Si, Si-Diphenyl-5-silacycloheptenee AgNO; (1-11, 0.305 mmol, 1.0 equiv)
was suspended in diethyl ether (2 mL) and ammonium hydroxide (2 mL). The aqueous
layer was extracted with 2x2ml diethyl ether The organics were combined dried with
anhydrous Na,SOy and filtered. Then freshly cracked cyclopentadiene (205 mg, 3.05
mmol, 10.0 equiv) was added to this ether solution of (E)-Si, Si-Diphenyl-5-
silacycloheptene. The mixture was allowed to stir at room temperature for 1 hour.

After reaction, the ether solution was concentrated via rotary evaporation, the residue
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was purified by flash column chromatography (1% Diethyl ether/hexane) to afford the
title compound (1-13, 99.6 mg, 99% yield) as a colorless oil. '"H NMR (400 MHz,
CDCl) 6: 7.50-7.48 (m, 2H), 7.46-7.43 (m, 2H), 7.36-7.29 (m, 6H), 6.11 (dd, J= 5.6,
3.0 Hz, 1H), 5.94 (dd, J = 5.6, 2.8 Hz, 1H), 2.58 (s, 1H), 2.35 (s, 1H), 2.06-1.99 (m,
1H), 1.94-1.86 (m, 1H), 1.61-1.56 (m, 1H), 1.53-1.44 (m, 2H), 1.43-1.36 (m, 1H),
1.34-1.22 (m, 4H), 1.12-1.02 (m, 1H), 0.98-0.93 (m, 1H); °C NMR (100MHz, CDCl;)
9: 138.2 (C), 138.12 (C), 138.05 (CH), 134.2 (CH), 133.2 (CH), 129.04 (CH), 128.98
(CH), 128.03 (CH), 127.97 (CH), 49.3 (CH), 47.98 (CH), 47.93 (CH), 46.89 (CH,),
46.8 (CH), 30.4 (CHy), 28.2 (CH»), 12.9 (CH,), 12.4 (CH;); HRMS (LIFDI-TOF) m/z:
[M]" calculated for Ca3H,6Si" 330.1798, found 330.1798.

rel-2,2'-((1R,25,35,4S)-bicyclo[2.2.1]hept-5-ene-2,3-diyl)bis(ethan-1-ol) (1-16)

H
Ph . ; KH, t-BuOOH, TBAF HO
S DMFITHF . :
Ph 1 Ho/\\“

76%
1-13 1-16

Potassium hydride (494 mg, 6.18 mmol, purchased as a suspension in mineral
oil and rinsed with hexane prior to use) was suspended in DMF (3 mL), and the flask
cooled by an ice bath (0 °C). tert-Butyl hydroperoxide (1.13 mL, 5.5 M in decane, 6.2
mmol) was added dropwise. The mixture was allowed to warm to room temperature.
rel-(5aS,6R,95,9aS)-3,3-diphenyl-2,3,4,5,5a,6,9,9a-octahydro-1H-6,9-
methanobenzo[d]silepine (1-13, 170 mg, 0.515 mmol) in anhydrous DMF (4 mL) was
added to the mixture dropwise. After 10 min, #n-BusNF solution (1.0 M in THF, 2.10

mL, 2.10 mmol) was added. The reaction was heated at 70 °C overnight. After the
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mixture was cooled to room temperature, excessive amount of sodium thiosulfate
pentahydrate (3.00 g, 12.1 mmol) was added. After stirring for 30 min, the resulting
mixture was filtered and solvent was removed by rotary evaporator. The solid residue
was dissolved by dichloromethane and the resulting solution was filtered, and
concentrated by rotary evaporation. Purification by column chromatography with a
gradient (30%-100%) of ethyl acetate in hexanes yielded title compound (1-16, 71.4
mg, 0.396 mmol, 76%) as a white solid, mp 61-63 °C. "H NMR (600 MHz, CDCls, 0):
6.18 (dd, J=5.8, 3.1 Hz, 1H), 5.99 (dd, J=5.8, 2.9 Hz, 1H), 3.80-2.60 (m, 4H), 2.73 (s,
1H), 2.49 (s, 1H), 1.92 (brs, 2H), 1.76-1.62 (m, 3H), 1.49-1.36 (m, 4H), 1.06-1.02 (m,
1H). °C NMR (CDCls, 100 MHz, 8): 137.8 (d, 1C), 133.8 (d, 1C), 62.31 (u, 1C),
63.28 (u, 1C), 47.4 (d, 1C), 46.5 (u, 1C), 45.9 (d, 1C), 43.5 (d, 1C),42.4 (d, 1C), 39.3
(u, 1C), 37.8 (u, 1C); HRMS (LIFDI-TOF) m/z: [M]" calculated for C;;H;30,"
182.1301, found 182.1286.
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Chapter 2

BIOORTHOGONAL TETRAZINE LIGATION IN BIOMATERIALS
DISCOVERY

Work described here has already been published (Zhang, H.; Dicker, K. T.; Xu,
X.; Jia, X.; Fox, J. M., Interfacial Bioorthogonal Cross-Linking. ACS Macro Lett 2014,
3 (8), 727-731. Liu, S.; Zhang, H.; Remy, R. A.; Deng, F.; Mackay, M. E.; Fox, J. M.;
Jia, X., Meter-long Multiblock Copolymer Microfibers Via Interfacial Bioorthogonal
Polymerization. Adv Mater 2015, 27 (17), 2783-90.). It is reprinted in this chapter with
permissions of ACS Macro Letters (Copyright 2014 American Chemical Society) and
Advanced Materials (Copyright 2015 John Wiley & Sons, Inc.).

2.1 Introduction: Click Chemistry in Polymer Synthesis and Material Science

The high selectivity and versatility of “click-type” chemistry has greatly
facilitated the syntheses and functionalization of polymers, and over the past decades
several kinds of click reactions have had huge impact on polymer and materials
science.'™

Ever since first introduced by Sharpless’ and Meldal,"

the copper(I) mediated
alkyne-azide cycloaddition (CuAAC), researchers have been using this powerful tool
to construct a wide range of diverse materials including terminal and pendant
functional polymers, block copolymers, and polymers with complex (star, brush,
dendritic, etc.) architectures, as well as crosslinked gels and networks. Matyjaszewski

reported the syntheses of block copolymers from CuAAC'" where an acetylene azido

terminated polystyrene itself polymerized in a step-growth polymerization (Scheme
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2.1a), forming a triazole-containing polymer with significant amount (17%) of
cyclized byproduct. In the same paper, he demonstrated the polymerization between a
bis-azido-monomer and propargyl ether (Scheme 2.1b) to give polymer with a reduced

amount (7%) of cyclized byproduct.
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Scheme 2.1: Step growth polymerization of ATRP-derived polymers where (a) the
azide and alkyne in the same molecule and (b) the azides and alkynes in
separate molecules."!

This methodology has also been applied to provide poly(ethylene glycol) (PEG)
hydrogel networks by reacting tetraethylene glycol containing four azide groups with
PEG diacetylene in an aqueous environment (Scheme 2.2)."* The crosslinking was
very efficient with as high as 99.8% of the functional groups consumed based on
fluorescence spectroscopy analysis. However, the study also showed the resulting
polytriazole coordinate to copper which made the copper residue a significant issue to

the biocompatible applications.
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Scheme 2.2: Crosslinked PEG hydrogel formed by aqueous CuAAC reaction. '

Instead of creating step-growth linear polymer and crosslinked networks, it is
more common to introduce terminal or pendant clickable functionalities to the
polymer. “Clickable” terminal functionality can be accomplished by using functional
initiators/transfer agents (Scheme 2.3)," or by post-polymerization modification of
end groups(Scheme 2.4)."* On the other hand, “clickable” pendant functionality on the
side-chain of the polymer can be introduced by adopting functional monomers
(Scheme 2.5)," or post-polymerization transformation of backbone functionality

(Scheme 2.6).'°
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Scheme 2.3: RAFT polymerization with azido-functionalized chain transfer agent."
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Scheme 2.5: Synthesis of poly(3-azidopropyl methacrylate) with pendent azide
functionality from azide-containing monomer."
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Scheme 2.6: ATRP of methylacrylate monomer containing trimethylsilyl-protected
alkyne and post-polimerization deprotection.'

2.2 Norbornene-Tetrazine Ligation and Applications in Biomaterials
The recently developed inverse-electron-demand Diels-Alder (IEDDA)
reactions have been widely used in live-cell/animal labeling, drug delivery and pre-

targeted PET imaging.'”'

The advantageous properties of this class of bioorthogonal
reactions also lead to many excited applications in biomaterials discovery including
designing of nanoparticles, biocompatible hydrogel formation and the creation and
fabrication of cell culture scaffolds.”**> Among the many applications, most were

achieved with help of norbornene-tetrazine ligation developed by Weissleder and

Hilderbrand in 2008.
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Scheme 2.7: Norbornene-tetrazine ligation.

In 2014, O’Reilly and coworkers reported nanoparticle formation from single

29

polymer “chain collapse”.” By treating a polymer containing pendant norbornene
functionality with a bis-tetrazine crosslinker, the single polymer chain collapsed
resulting in nanoparticles by norbornene-tetrazine ligation. The nanoparticle formation

proceeded without needs for catalyst or extra reagent, but the heating was required.
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Figure 2.1: Single chain polymer nanoparticles formation via norbornene-tetrazine

ligation Figure reprinted with permission from reference.> Copyright
2014 Royal Society of Chemistry.

Hydrogels are a class of materials consist with hydrophilic polymer chains and

highly porous structures.*® Hydrogels are highly absorbent and can contain a very

large percentage (up to 99% or even higher) of water, yet behave like a solid due to

the three-dimensional crosslinked network. Because of the biocompatibility and

tunable mechanical properties, synthetic hydrogels have been widely used in

constructing/mimicking extracellular matrix (ECM),”’ drug delivery*®*’ and tissue
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engineering applications. In the recent years, there has been a growing interest in

utilizing bioorthogonal reactions in hydrogel formation, fabrication and further
patterning. >

Anseth has created hydrogels using variety of bioorthogonal reactions,
including norbornene-tetrazine ligation, to develop poly(ethylene glycol) (PEG)-based
hydrogels for the creation of cell culture scaffolds.** By using a four-arm PEG-
tetrazine and a cell degradable bis-norbornene crosslinker peptide, a hydrogel can be
formed within 5 minutes. The hydrogel exhibits good cytocompatibility by showing
92% viability in 3D culture of hMSCs in 24 hours. Moreover, the formed hydrogel can
be sequentially patterned via thiol-ene chemistry due to the orthogonality of tetrazine
ligation.

Dove and coworkers reported an interesting one-step preparation of double
network hydrogel using norbornene-tetrazine ligation and thiol-yne chemistry
simultaneously (Figure 2.2C).>* The first level of loose network was formed by
reacting a norbornene-functionalized chitosan with a linear PEG-based bis-tetrazine
crosslinker (Figure 2.2A) while another level of tough network was accomplished by
adding a four-arm tetraalkyne and a linear PEG-dithiol crosslinker (Figure 2.2B). The
formed hydrogel presents good mechanical performance: no fracture or hysteresis
observed after repeated load of compressive stresses of 14 to 15 MPa at 98
compression, and it exhibits good cytocompatibility with excellent cell viability (>

99%) when hMSCs were 3d cultured for 48 hours.
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Figure 2.2: Schematic of double network (DN) hydrogel fabrication.>* Reproduced
with permission, Copyright 2015 American Chemical Society.
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Aside from PEG, Joshi and coworkers reported an alginate-based hydrogel via
norbornene-tetrazine ligation in 2015 (Figure 2.3).>* Tetrazine and norbornene-
functionalized alginates were synthesized separately and covalently crosslinked click
alginate hydrogel were prepared by mixing the two kinds of alginates. Compared to
the previous commonly used alginate hydrogels which were normally prepared from
ionic crosslinking, the covalently crosslinked click alginate hydrogel had improved
cytocompatibility and possessed tunable mechanical properties, which makes it

attractive material to use in tissue engineering applications.
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Figure 2.3: Left: synthesis of tetrazine and norbornene-functionalized alginates. Right:
covalently crosslinked click alginate hydrogel network.** Reproduced
with permission, Copyright 2015 Elsevier.
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2.3 trans-Cyclooctene-Tetrazine Ligation-Enabled Interfacial Crosslinking

Unlike the norbornene-tetrazine ligation in biomaterials discovery, the trans-
cyclooctene-tetrazine ligation had received relatively little attention in the area of
biomaterials research. There had been reports using of TCO in nanoparticle
bioconjugation,” but the TCO-tetrazine ligation has never been used for crosslinking
or polymerization purposes.

Interfacial reactions have been extensively utilized in polymer science, with
the preparation of Nylon as an archetypical example.”*” In the biomaterials realm,
ionically crosslinked alginate hydrogel (microspheres produced by adding alginate
solution into calcium bath) was employed in interfacial cell encapsulation

38,39

purposes,”*” yet the lack of in vivo stability,***'

crosslinking homogeneity** and loss
of mechanical integrity over time limited its development. Bowman and Anseth
showed that enzyme-mediated interfacial radical chain polymerization can be used to
create multilayered PEG-based hydrogel structures with micrometer-scale resolution
and the incorporation of small molecules and nanoparticles into the hydrogel layers
was achieved.®

We envisioned that with excellent bioorthogonality and unparalleled reaction
kinetics, the TCO-tetrazine ligation could be used to crosslink and introduce molecular
patterns into a functional hydrogel system with interfacial reaction kinetics.

Described below is the development of an interfacial bioorthogonal
crosslinking method that can create and patterning hyaluronic acid (HA)-based
hydrogel capsules and channels through a diffusion controlled gelation at the liquid-

gel interface.
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2.3.1 Hyaluronic Acid and Derivatives

The building block we chose hyaluronic acid to carry on the study of
interfacial crosslinking process is Hyaluronic acid. Hyaluronic acid (HA), or
hyaluronan, first isolated from vitreous humor of bovine eyes by Meyer and Palmer in
1934, is a linear polysaccharide consisting of alternating repeats of p-glucuronic acid
and N-acetyl-p-glucosamine (Scheme 2.8). The structure of hyaluronic acid was

determined by Meyer in 1958.*

OH OH
o)
o 9 1o o)
HO O
OH NH /
oél\

p-glucuronic acid ~ N-acetyl-p-glucosamine

Scheme 2.8: Repeating disaccharide unit of hyaluronic acid.

The pK, of the carboxylic acid on HA is 3 to 4. Under physiological conditions
HA is a polyanion associated with counterions, frequently sodium (Na"). Because of
the high hydrophilicity and the abundant negative charge, HA is highly absorbent and
can absorb a large amount of water and expand up to 1000 times its solid volume,
forming a loose hydrated network.*® HA is an essential component of the extracellular
matrix (ECM) and plays important roles in a variety of biological processes including
cellular signaling, wound healing, morphogenesis, and matrix organization.*’

Because its biodegradable and immunoneutral properties, HA and its
derivatives have been widely used clinically in medical products and in cosmetic

reparations over the past decades.**° Separatel , HA has also been recognized as an
prep p Y y g
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attractive building block for the creation and fabrication of biomaterials in recent
years. Various chemical modifications®~* have been applied to HA to transform it
into many physical forms with desirable performance (morphology, stiffness,
bioactivity, etc.). Many of these transformations are accomplished by crosslinking HA

with chemically modified pendant functional groups.

Adipic dihydrazide-
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Azide-functionalized

o ("Clickable ") HA
N-NH2 Thiolated HA

) L —
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HA (HAALD)

n

O

Scheme 2.9: A hypothetical composite structure illustrating representative chemical
modification methods to create HA derivatives with pendant
functionalities for crosslinking purposes.

As illustrated in Scheme 2.9, there are a number of established methods to
create functional HA derivatives. Crosslinked HA hydrogel networks can be formed
by introducing reactive handles (Michael-type addition, hydrazide-aldehyde
condensation, radical polymerization, etc.) on different type HA derivatives and/or
multifunctional crosslinkers. For example, methacrylated HA can be converted to an
elastic hydrogel by radical polymerization using a photoinitiator in the presence of

54,55

light.””” PEG diacrylate can be used to crosslink thiolated HA via a Michael-type

addition,”® and aldehyde-derived HA (HAALD) hydrogels can be formed via
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condensation reaction between hydrazide and aldehyde, with water being the only
byproduct.””®

It is worth mentioning that copper(I) mediated alkyne-azide cyclization
(CuAAC) has been used to produce HA hydrogel. In 2007, Lamanna and coworkers
reported the synthesis of azide and alkyne-functionalized HA where the HA
carboxylates were modified via carbodiimide chemistry either as propargyl amides or
11-azido-triethyleneglycol amides (Scheme 2.10). By mixing the two HA derivatves,
hydrogel can be formed in minutes using 0.01% CuCl as catalyst.”” However, this first

“clicked” HA hydrogel was impractical in clinical research because of the toxicity of

copper catalyst.
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Scheme 2.10: “Clickable” HA modified with pendant alkyne and azide functionalities.

OH
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2.3.2 Preparation of Functionalized Hyaluronic Acid Derivatives, Crosslinkers
and Fluorescent Tagging Agents

The TCO-tetrazine pair I selected are sSTCO and diphenyltetrazine (Scheme
2.11). sTCO is the most reactive dienophile reported to date for TCO-tetrazine ligation

reactions.®®¢!

The diphenyltetrazine we chose exhibits good reactivity towards trans-
cyclooctenes and possesses superior stability in organic solvents and in aqueous
buffered environment. Both compounds can be easily synthesized on multigram scale.

In water at 25 °C, I measured a second order rate constant k> 284,000 M~ s™'. The rate

. .. 62
constant was determined under pseudo first-order conditions.

O\g/nvotg\/NH2

ky 284,000 M- -1

NN DlH H NHB
N N----7, N oc
Y B, O N ol
Ph H >

25 uM 250 uM

Scheme 2.11: Tetrazine-trans-cyclooctene pair selected for this study. The sTCO
derivative was used in 10-fold excess, and stopped flow UV-vis
spectrophotometer was used to monitor reaction progress.

Having selected the building block and the bioorthogonal reaction pair, |
further started the preparation of functionalized HA derivative and corresponding
crosslinker. I chose to attach the tetrazine functionality onto the backbone of HA while

separately prepare a crosslinker molecule with sTCO endgroups.

61



Because of the hydrophobility of diphenyltetrazine moiety and the fact that the
HA is only being soluble in water, I decided to transform the diphenyltetrazine into a
PEG-conjugate (2-3) with terminal amine functionality, then further carry on the
carbodiimide chemistry with carboxylate groups along the HA polymer chains
(Scheme 2.12), affording tetrazine-modified HA (HA-Tz, 2-4) with tetrazine

incorporation percentage of 7%, analyzed by UV-vis spectroscopy and NMR.
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Scheme 2.12: Synthesis of tetrazine-modified HA (HA-Tz, 2-4).(i) 4-nitrophenyl

chloroformate, pyridine, DCM. (ii) O,0’-bis(2-aminoethyl)octadecaethylene glycol,
DIPEA, DCM. (iii)) HA-COONa, EDC, HOBt, DMSO/H,O0.
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Synthesis of the bis-sTCO crosslinker was very straightforward by reacting
sTCO-derived activated carbonate (2-5) with a bis-amino PEG oligomer to give the

water soluble bis-sTCO crosslinker (2-6, Scheme 2.13).
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Scheme 2.13: Synthesis of bis-sTCO crosslinker 2-6.

A fluorescent conjugate, Alexa Fluor® 647-sTCO (2-7) was synthesized
(Scheme 2.14) for visualization purposes and as a proof-of-principle labeling/tagging

agent.
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Scheme 2.14: Synthesis of Alexa Fluor” 647-sTCO conjugate 2-7.

2.3.3 Interfacial Gelation and Hyaluronic Acid (HA) Hydrogel Microspheres
Having all the required materials readily prepared in hand, I moved on to
conduct the interfacial gelation. The protocol of preparing a hyaluronic acid (HA)
hydrogel microsphere is very straightforward: adding droplets of HA-Tz solution (2 wt%
aqueous) into a bath of aqueous solution containing bis-sTCO crosslinker (400 uM),

illustrated schematically in Figure 2.4:
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Figure 2.4: Schematic of the formation of a HA hydrogel microsphere from rapid
interfacial crosslinking.

A thin layer of crosslinked hydrogels shell forms right after when the HA-Tz
droplet makes contact to the crosslinker-containing bath solution, as evidenced by a
colorless layer around the unreacted liquid core (Figure 2.6). Subsequent cross-linking
is controlled by diffusion resulting in the inward advancement of a distinct gel/liquid
interface. The bis-sTCO crosslinker (MW 1253) diffuses across the gel layer readily,
while the high molecular weight HA-Tz (Mv 218 kDa) cannot. Thus, crosslinking
takes place at the inner gel/liquid interface of the microsphere, with the volume of the
un-crosslinked HA-Tz core steadily decreasing as the wall thickness increases. The
whole process can be visually monitored by observing the disappearance of tetrazine
moiety’s pink chromophore (Figures 2.5 and 2.6). It takes a total of 2 hours for the

crosslinker to diffuse all the way thru the HA-Tz droplet, forming a homogeneous,
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transparent, nitrogen bubble-free HA hydrogel microsphere. The wall thickness
increases linearly as function of crosslinking time over 2 hours.

The hydrogel microspheres are fully swollen after the crosslinking, with a
equilibrium swelling ratio of 49 + 2. Kevin Dicker, collaborating graduate student
from the Jia group, performed oscillatory rheology study on the as-synthesized HA
hydrogel microsphere by sandwiching the sample between the parallel plate geometry.
Time sweep experiments (Figure 2.7, top) showed a stable plateau G’ value of 135+ 5
Pa with G” < 10 Pa after the initial decrease during the first 2 to 3 minutes, possibly
because of the compression-induced network stiffening,* followed by network
relaxation. The insensitivity of G’ (Figure 2.7, bottom) to frequency is consistent with

an elastic, covalently crosslinked gel.
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Figure 2.5: A fully crosslinked HA hydrogel microsphere forms from interfacial
gelation in 2 hours.
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Figure 2.6: Top: Series of pictures taken at interval of 6 minutes through a duration of

2 hours when a HA hydrogel microsphere forms. Bottom: Crosslinked
wall thickness as a function of diffusion time.
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Figure 2.7: Rheological properties of interfacially crosslinked microspheres: G’,
elastic modulus; G”, loss modulus.

2.3.4 Spatial and Temporal Controlled (Fluorophore) Tagging within Hydrogel
Microspheres

Diffusion-controlled crosslinking also presented a very simple way to
functionalize microspheres with spatial resolution. I envisioned that by blending
diffusable TCO-conjugates into the crosslinker bath solution at an appropriate ratio
(ratio not too high to compromise the crosslinking density and prevent the formation
of efficient hydrogel networks), corresponding functionalities can be covalently

introduced at the interface. Different functionalities can be introduced into various
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layers by subsequently adopting crosslinker baths contain different kind of TCO
conjugates. The thickness of the resulting “tagged” hydrogel layer would be a function
of crosslinking time (Figure 2.8).

As proof of principle, I synthesized a fluorescent conjugate, Alexa Fluor® 647-
sTCO (2-7) and used it as the “tagging” agent in the interfacial tagging experiments.
Alexa Fluor® 647 is a very strong cyanine dye with a molar extinction coefficient as
high as (approx.) 270,000 cm™ M so the usage of as low as 1 uM of the Alexa Fluor®™

647-sTCO is sufficient for the imaging purpose.
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Figure 2.8: Schematic of interfacial covalent tagging of HA hydrogel microsphere.
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By adding a droplet of HA-Tz (2 wt%) to bis-sTCO crosslinker (400 uM) bath
containing Alexa Fluor® 647-sTCO conjugate (1 uM) and letting the crosslinking
proceed for 30 minutes followed by 90 minutes crosslinking in dye-free bis-sTCO
(400 uM), a hydrogel microsphere with only the outside ring tagged by Alexa Fluor®
647 can be prepared (Figure 2.9A). Alternatively, by simply switching the order and
incubating the HA-Tz droplet first in a dye-free bis-sTCO bath for 1 hour then in a
dye-containing bath, a hydrogel microsphere with only the core tagged can be
prepared (Figure 2.9B). Microspheres tagged in a multilayered fashion can be
achieved by simply alternating the presense/absence of Alexa Fluor® 647-sTCO

conjugate during crosslinking (Figure 2.9 C-E).
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Figure 2.9: Confocal microscopy images of interfacial covalent tagging. (A)
Interfacial crosslinking initially in the presence (30 min) then absence (90
min) of Alexa-TCO gave shell-labeled microspheres. (B) Crosslinking in
the absence (60 min) and then presence (60 min) of Alexa-TCO gave
core-labeled microspheres. (C-E) Onion-like structures by alternating the
presence and absence of Alexa-TCO during the cross-linking procedure:
three-, five-, and seven-layered gels are displayed.

Microspheres with radial gradients of fluorescent tag can be created by
gradually introducing Alexa Fluor” 647-sTCO conjugate into the bis-sTCO bath
during the crosslinking course, which can be simply achieved by the employment of a
syringe pump. A gradient tagged microsphere (Figure 2.10, left) can be prepared by
adding a HA-Tz droplet into bis-sTCO bath while increasing the concentration of
Alexa Fluor® 647-sTCO conjugate from 0 to 0.47 uM using a syringe pump gradually

over the course of 2 hours.
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Figure 2.10: Left: confocal microscopy image of radial gradient covalent tagging;
Right: color intensity across the diameter of the central slice of the

microsphere.

These layered and gradient structures can be prepared without external
triggers®*® or pre-existing templates,” and two independent chemistries® for cross-
linking and patterning purposes are not required. With these tools, we envision use of
bioorthogonal crosslinking for 3D covalent patterning of cell-instructive molecules

that modulate cell adhesion, signaling and differentiation.
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2.3.5 Construction of Water-Filled Hydrogel Channels

Separately, I also proved that the interfacial crosslinking can be used to prepare
water-filled hydrogel channels (Figure 2.11) by a simple injection procedure without
the need for pre-existing templates. When introducing bis-sTCO crosslinker solution
into a bath of HA-Tz with a syringe, a crosslinked wall forms intantly following the
path of the needle. The HA-Tz inside is excluded from penetrating into the channel
due to large size while the crosslinker can diffuse out, therefore the crosslinking front

extents outward and generates water-filled channels.

capillary structure
formed via rapid Liquid
interfacial . :
crosslinking at L
exterior gel-liquid Gel
interface

N N oo

Liquid
exterior

Figure 2.11: Schematic of the formation of a water-filled hydrogel channel from rapid
interfacial crosslinking.

We again used Alexa Fluor® 647-sTCO conjugate as a visualization tool to

monitor the process. A bis-sTCO (2 mM) solution containing Alexa Fluor” 647-sTCO
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conjugate (2 pM) was injected to HA-Tz (2 wt%) bath via syringe. After 1 minute
(Figure 2.12a), the channel wall thickness was 155 + 13 um while free Alexa Fluor®™
647-sTCO and bis-sTCO remained in the interior (here we assume that the bis-sTCO
and Alexa Fluor® 647-sTCO conjugate exhibit a similar rate of diffusion across the
crosslinked shell). After 15 minutes (Figure 2.12b), the wall was 254 + 18 um thick
and the fluorescence inside the channel decreased dramatically. The wall thickness at
30 and 60 minutes (Figure 2.12c) was 262 + 18 um with no significant increase
thereafter because in this case the crosslinker within the lumen of the channel was the

limiting reagent and the wall ceased to thicken when the crosslinker is depleted.

a 1 min b 15 min c 60 min

Figure 2.12: Top and side view of a water-filled hydrogel channel during its
formation in a time course of 1 hour.
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2.3.6 3D Culture of Human Prostate Cancer Cells (LNCaP)

Finally, we investigated if interfacial crosslink-created hydrogel microspheres
could be used to engineer physiologically relevant in vitro tumor model. This part of
work was carried out by my collaborator, Kevin Dicker.

Prostate cancer LNCaP cells suspended in HA-Tz could indeed be
encapsulated in microspheres (Figure 2.13). The level of tetrazine incorporation (7%)
gave soft, elastic gels appropriate for the 3D culture of LNCaP prostate cancer
cells.’”®® Live/dead staining (Figure 2.14) revealed 99 and 98% cell viability at days 1
and 5, respectively, confirming the cytocompatibility of tetrazine ligation. LNCaP
cells initially entrapped homogeneously in a single cell state proliferated readily
(Figure 2.13) and neighboring cell clusters merged within the microsphere. Cells in
individual aggregates displayed rounded, clustered morphology with apparent cortical
organization of actin. Individual microspheres were completely populated by over 200
dispersed tumor aggregates each greater than 50 um (Figure 2.13b), showing great

potential for application in construction of in vitro tumor models.
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Figure 2.13: 3D culture of LNCaP inside interfacial crosslinked hydrogel microsphere.
Confocal images after live/dead staining showing (a) individually
dispersed LNCaP cells at day 2 and (b) dispersed tumoroids at day14. (c)
cell proliferation assay (Trypan Blue exclusion), *p < 0.05.
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Syto 13 Propidium lodide Merge

Figure 2.14: Live/dead staining of LNCaP cells cultured in HA hydrogel
microspheres at day 1 and day 5. Live cells were stained green by Syto
13 and dead cells were stained red by propidium iodide.

2.3.7 Second Generation System for Interfacial Bioorthogonal Crosslinking of
HA Hydrogels

Interfacial bioorthogonal crosslinking described above provides a new way to
facile construction of cell culture matrices as well as tissue engineering scaffolds with
3D covalent patterning of cell-instructive functionality that could potentially modulate
cell adhesion, signaling and differentiation.

Another attractive feature of the interfacial crosslinking method, while also an
important aspect of the design of tissue engineering scaffolds is the ability of tuning

mechanical property on-demand.
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One intuitional idea of creating hydrogel structure with tunable stiffness would
be introducing a “capped” TCO conjugate during the crosslinking course (Figure 2.15)
in a similar fashion of introducing Alexa Fluor® 647-sTCO conjugate in previous
experiments but at much higher loading ratio. Such capped TCO conjugates should be
similar in size and hydrodynamic volume as to the bis-sTCO crosslinker to ensure the
similar rate of diffusion across the crosslinked gel. Ideally, the capping agent will
diffuse through the gel wall and competes with bis-sTCO crosslinker by “capping” the
tetrazine moieties without crosslinking, thus brings in “defects” in the hydrogel
network and leads to compromised crosslinking density and a softer hydrogel. In this

manner, hydrogels with different stiffness distributed in layer can be achieved.

A \

tetrazine-

Slow modified HA
diffusion  # </

Figure 2.15: Schematic of the formation of hydrogel with tunable stiffness by
introducing crosslink defect.
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To accomplish such goal, we need HA-Tz with higher tetrazine modification to
allow certain degree of “crosslinking defect” while still ensure effective gel network.
Higher tetrazine incorporation rate will bring larger space for fine-tuning of stiffness.

However, the current version of HA-Tz is not without limits, the carbodiimide
chemistry between carboxylate groups along the high MW HA polymer chains and the
amino-functionalized PEGylated diphenyltetrazine (Scheme 2.12) was not proved to
be very efficient, 5 equiv. of 2-3 (corresponding to carboxylate groups on HA) was
used in the conjugation to afford merely 7% tetrazine incorporation. Besides the
diamino-functionalized PEG oligomer to overcome the highly hydrophobic
diphenyltetrazine was quite expensive. After the first report of interfacial
bioorthogonal crosslinking, I put a lot effort on increasing the tetrazine incorporation
such as tuning temperature and pH, substitution of PEGs with different sizes, running
reaction in organic solvent after TBA cation exchange, etc. but none was proved to be
effective.

Finally, I decided to move away from the highly hydrophobic
diphenyltetrazine, therefore eliminating the need for expensive diamino-functionalized
PEG oligomer. The methylphenyltetrazine (MPTz) has been widely used in
applications utilizing IEDDA reactions recently, it is more hydrophilic than its
diphenyl analog while possesses comparable reactivity towards trans-cyclooctene
derivatives and is commercially available in forms of amine derivative and N-
hydroxysuccinimide (NHS) ester.

The synthesis of my new version of HA-Tz (HAMPTz) started from

commercially available N-hydroxysuccinimide (NHS) ester which can be transfer to a
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hydrazide, which is readily soluble in DMSO/H,O. The hydrazide derivative was then

subjected to EDC coupling with HA under pH 4.75 to afford HAMPTz (2-9).
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Scheme 2.15: Synthesis of 2™ generation of HA-Tz (HAMPTz, 2-9).

The new synthesis (Scheme 2.15) was much more efficient and economical
compared than before. Only 0.4 equiv. of tetrazine coupling agent (2-8) was needed to
afford tetrazine incorporation percentage as high as 20% (the resulting HAMPTz
tended to precipitate out of reaction mixture when more than 0.4 equiv. of 2-8 was
used), a tunable modification rate of 7% to 20% could be achieved by simply tuning
the equiv. of tetrazine 2-8 between 0.1 and 0.4.

The study towards the applications of HAMPTz was underway and was
conducted in collaboration with Kevin Dicker and Yi Li. The higher tetrazine
percentage indeed brought much better mechanical properties, hydrogel microspheres
were prepared by introducing “capping” agents (Scheme 2.16), producing HAMPTz

gels as much as 50 times stiffer than the original HA-Tz gels.
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In an ongoing study, a variety types of cells were successfully encapsulated in
the HAMPTz hydrogel microspheres and their behavior was studied while cell
instructive signaling peptide sequence conjugate and crosslinker consists of cell

degradable peptide (Scheme 2.16) were introduced interfacially to the cell culture

hydrogel.
bis-sTCO crosslinker mono-sTCO "capper"
O (o} 0]
H H H
: "‘\\O)LN'{’\/OJ\/\NJ\O/"" : : "“\OJLN’{'\/OJ\/\OMe
H 26 H / H 12
“H H “H

cell-degradable bis-dTCO crosslinker cell-binding peptide sequence conjugate

GKRDGPQGIWGQDRKG GKGYGRGDSPG

T@ “gﬁ Lo

Scheme 2.16: Crosslinkers, “capper” agent and conjugates used in HAMPTz hydrogel
fabrication

With help of higher tetrazine modification rate, water-filled channels made of
HAMPTz were successfully acquired. Owing to their superior mechanical properties,
the new generation of hydrogel channels are much more robust and elastic compared
to the original version and can keep their shape during transportation and manipulation
without being broken. As proof of principle, layers of tagging with different
fluorescent conjugates was achieved (Figure 2.16). Ongoing interest lies in using

HAMPTz hydrogel channels as supporting scaffolds for reconstruction of vascular
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tissues by encapsulating and culturing different types of cells in separating layers

throughout the HAMPTz hydrogel channels.

2. BODIPY-sTCO

Figure 2.16: Confocal microscopic image of a HAMPTz hydrogel channel tagged
with three kinds of fluorescent conjugates (Alexa Fluor® 647 in the inner
layer, BODIPY in the middle layer and in the TAMRA outside layer)
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2.4 Multiblock Copolymer Microfibers via Interfacial Bioorthogonal
Polymerization

2.4.1 Multiblock Copolymers Derived from Bioorthogonal Chemsitries

Block copolymers are polymer made up of blocks of different polymerized
monomers that consist of distinct chemical compositions and can exhibit superior
physical, mechanical and biological properties over the properties of individual
building blocks.*

Multiblock copolymers can be synthesized by linking polymeric precursors
carrying complementary functional groups via a step-growth polymerization strategy.
Bioorthogonal reactions provide an attractive approach for the construction of
complex polymers with backbone diversity and complexity. The copper-catalyzed
azide-alkyne cycloaddition (CuAAC) has been used in polymer chemistry.
Matyjaszewski and coworkers used homobifunctional polystyrene prepared by atom
transfer radical polymerization (ATRP) to synthesize step-growth copolymers
(Scheme 2.1)."" Green fluorescent protein (GFP) containing hybrid copolymers have
also been prepared by CuAAC (Figure 2.17)."

Besides CuAAC, radical-mediated thiol/norbornene chemistry has been
employed for the syntheses of mixed polystyrene (PS), poly(ethylene oxide) (PEO),

and poly(dimethyl siloxane) (PDMS) multiblock copolymers.”’
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Figure 2.17: Protein—polymer hybrid multiblock copolymers synthesized by CuAAC
chemistry.” Reproduced with permission, Copyright 2014, John Wiley &
Sons, Inc.

The Jia group has explored utility of CuAAC for the construction of
multiblock copolymers using diverse sets of synthetic and peptide building blocks.”*”
Elastin—mimic hybrid multiblock copolymers consist of poly(#-butyl acrylate),
polystyrene, poly(ethylene glycol) (PEG), and elastin-derived peptides were

successfully synthesized using CuAAC reaction (Figure 2.18).
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Figure 2.18: Elastin—mimic hybrid multiblock copolymers synthesized using CuAAC.
Reproduced with permission, Copyright 2015, Royal Society of
Chemistry.

The inverse-electron-demand Diels-Alder cycloaddition (IEDDA) has been
used to synthesize diblock copolymers. O’Reilly and coworkers demonstrated that
they can synthesize a variety of tetrazine or norbornene-terminal functionalized
polymers including PS, PCL, PVL, PNIPAM and PEG."® Bioorthogonal reaction
between polymer conjugates with counter functionalities lead to corresponding

diblock copolymers.
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There were no reports of using TCO-tetrazine ligation for polymerization
purposes. We envisioned that the superior reaction kinetics of TCO-tetrazine ligation

could make it an attractive tool in polymerization applications.

2.4.2 Interfacial Polymerization

Interfacial polymerization was first reported in two back-to-back papers by
Wittbecker, Morgan and Kwolek in 1959, in which it was describe as “interfacial
polycondensation”.

In their original study in 1959, sebacoyl chloride and hexamethylenediamine
(Scheme 2.17) each dissolved in benzene and water reacted at the immiscible interface,
forming poly(hexamethylene sebacamide) (Nylon-6,10) with high molecular weight.
The most interesting part of this method is that a thin film of polymer can be formed at
the interface if the interface between the two solvent were not disturbed and the film
can be grasped and pulled out of the interface, more polymer can be formed instantly

as the film was removed. A collapsed polyamide “rope” can be drawn out

continuously.
0]
HZN/\/\/\/NHZ + CI)I\/\/\/\/\/\H/CI
0]
interfacial -HCI

polymerization
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Scheme 2.17: Nylon-6,10 synthesized by interfacial polymerization.
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This method has been proved to be particularly suitable for demonstration of
condensation polymerization. The “Nylon rope trick” in which Nylon was produced in
a beaker at room temperature,’’ has been performed in countless polymer chemistry
teaching classes and labs all around the world for decades and is still the basis of a
common classroom experiment.

Classically, interfacial polymerization is based on rapid but poorly selective
reactions,”® thereby excluding the possibility of incorporating biomolecules during the
polymerization. On the other hand, the TCO-tetrazine ligation, as a highly selective
bioorthogonal reaction while possessing extremely rapid reaction kinetics, should
provide an elegant solution towards this question. In the following sections, I describe
the first example of interfacial bioorthogonal polymerization in which multiblock

copolymer fibers a prepared via rapid tetrazine ligation.

2.4.3 Tetrazine and trans-Cyclooctene-Containing Building Blocks

We chose the same sTCO-diphenyltetrazine pair as in the interfacial
crosslinking project and the monomers for interfacial polymerization were prepared
from precursors that are readily available on a multigram scale (Scheme 2.18). A bis-
sTCO monomer (2-10) with a hydrophobic dodecyl spacer was designed to be soluble
in organic solvent, bis-tetrazine monomer (2-11) with hydrophilic
poly(ethyleneglycol) (PEG) spacer was designed to be soluble in aqueous solution.
Separately, another water soluble bis-tetrazine monomer (2-12) containing a dangling
fibronectin-derived cell adhesive peptide and PEG spacers was designed to enable the
modular incorporation of biomolecules onto the multiblock copolymer during the

polymerization. PEG spacers with molecular weights of 7.5 and 3.5 kDa were used to
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prepare monomers 2-11 and 2-12, respectively, providing comparable lengths for

these monomers.
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Scheme 2.18: Chemical structures of monomers for interfaicial polymerization.
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2.4.4 Preparation of Copolymer Microfibers via Interfacial Polymerization

We postulated that the fast reactivity between tetrazine and TCO would enable
interfacial polymerization, with the ability to draw (functionalized) multiblock
copolymer fibers out of the liquid-liquid interface (Figure 2.20).

Several water-immiscible solvents including diethyl ether, ethyl acetate,
hexanes, and toluene were evaluated for the interfacial polymerization procedure. All
successfully gave polymer films at the interface, with ethyl acetate proving most
conducive to fiber production due to its excellent solubility towards bis-sTCO (2-10)
monomer and moderate volatility.

By overlaying an ethyl acetate solution of bis-sTCO (2-10) (3 mL, 3.6 mM)
onto an aqueous solution of bis-Tz (2-11) (3 mL, 0.25 mM), a colorless multiblock
copolymer film (Figure 2.19, left) was formed instantly at the interface between the
two immiscible solutions and polymer fibers (Figure 2.19, right) can be continuously
pulled out of the interface simply by a tweezer (Figure 2.21) and collected on a
rotating frame at 20 RPM. Meter-long microfibers have been collected without
breaking until approximately 70% of bis-Tz (2-11) was consumed, determined by
monitoring the UV absorbance of the aqueous solution. Separately, peptide-containing
microfibers were successfully prepared in the same interfacial fashion by using the Tz-
RGD-Tz monomer (2-13).

Ethyl acetate keeps the polymer film at the interface in a swollen state (as
evidenced in which the dry fibers exhibited much smaller fiber diameters compared to
the freshly drawn fibers), facilitating rapid monomer diffusion towards the polymer

chain ends at the interface.
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Figure 2.19: Close-up photographs showing copolymer film formed at the interface
(left) and copolymer fibers being pulled out of the interface (right).
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Figure 2.20: Schematic of interfacial bioorthogonal polymerization between phase-
separated monomer solutions to produce multiblock copolymer fibers.
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Figure 2.21: Meter-long multiblock copolymer fiber pulled out of aqueous/ethyl
acetate interface from a petri dish by a tweezer.
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2.4.5 Characterizations of Multiblock Copolymer Fibers

The characterizations of multiblock copolymer fibers, together with the
evaluation of the peptide-containing copolymer fibers’ ability to promote cell
attachment and alignment, were conducted in collaboration with Dr. Shuang Liu. In
this section, series of characterizations were performed on the “parent” (2-13) and

peptide-containing (2-14) multiblock copolymer fibers (Scheme 2.19).

PEG]—}fGGk—[PEG
GGWGRGDSPG-NH,

2-13 i 2-14

Scheme 2.19: Chemical structures of “parent” (left) and peptide-containing (right)
interfacial polymerization products 2-13 and 2-14.

2.4.5.1 Molecular Weight Characterization

The polymer fibers were first refluxed in THF to complete dissolve, then
characterized gel permeation chromatography (GPC) using THF as mobile phase and
commercial narrow disperse PEO as standards.

The “parent” polymer product 2-13 has a broad molecular weight distribution
(Figure 2.22, top), as is characteristic for step-growth polymerization. The GPC trace
was deconvoluted into two peaks, both with a Gaussian distribution. The respective
number average molecular weights (M) calculated are 69.0 and 262.5 kDa,

corresponding to an average of 7.5 and 28.7 repeating units, respectively. These values
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are significantly higher than those calculated from previously reported step-growth
polymers prepared from CuAAC or thiol/ene chemistry.

The incorporation of biological peptide did not compromise the polymerization
process, as high molecular weight polymer 2-14 (M, = 235 kDa) was also obtained

using interfacial polymerization (Figure 2.22, bottom)
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Figure 2.22: Top: GPC chromatographs of “parent” multiblock copolymer 2-13 from
interfacial polymerization. Bottom: GPC chromatograph of peptide-
containing multiblock copolymer 2-14 overlaid with PEO standards.
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2.45.2 A Comparison Between Solution and Interfacial Polymerization

A solution polymerization using the equimolar amounts of monomer pair 2-10
and 2-11 (monomers dissolved in THF separately at a concentration of 2.0 mg/mL
were mixed at a molar ratio of 1/1 to give a final monomer concentration of 0.23 mM)
was carried in THF at concentrations comparable to the interfacial procedure and the

subsequent polymerization products were compared (Table 2.1).

— Interfacial Product
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Figure 2.23: Top: Serial photographs showing the time course of solution (THF)
polymerization of 2-10 and 2-11. Bottom: GPC traces of 2-13 produced
by interfacial (black) and solution (blue) polymerization.
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As shown in Figure 2.23 (top), when 2-10 was first added to 2-11, the initially
pink solution instantaneously became colorless, indicating an immediate local
consumption of the pink tetrazine chromophore. Within 3 min in the absence of any
agitation, entire solution was nearly colorless. This is a clear evidence that the reaction
of tetrazine with sTCO is significantly faster than the rate of diffusion. The GPC trace
for the solution phase product (Figure 2.23, bottom) was deconvoluted into four peaks,
with the highest molecular weight fraction having 8—10 repeating units, but
representing only 24% of the polymeric product by integration. A major fraction (59%
by integration) of the solution polymerization product even eluted at a longer retention
time than the monomer 2-11, possibly indicating the formation of cyclic byproducts''

with smaller hydrodynamic volume compared to the monomer.

Table 2.1: GPC analyses of multiblock copolymer 2-13 synthesized by interfacial and
solution phase polymerization

Interfacial Solution
Polymerization |
Strategies Overall Deconvoluted Overall | Deconvoluted Peaks
Peaks
Mn([kDa])1 180.1 69.0 262.5122.0 34 97 11.9 | 76.1
M, ([kDa]) 543.0 105.6
Number of Repeats® | 19.7 7.5 28.7 |24 - 1.1 13 83
PDI 3.0 4.8
Relative Percentage3 100% 45% 55% | 100% 59% 6% 11% | 24%

"The molecular weights (M, and M,,) were calculated from GPC based on PEO
standards; “The molecular weight of the repeating unit in the multiblock copolymer is

calculated as 9142 Da.; *Relative percentages were calculated based on the areas under
the GPC curves
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2.4.5.3 Microscopic Characterizations

Fibers were collected in a consistent and reproducible fashion throughout the
course of polymerization over the entire collecting frame (approximately 2 cm wide,
Figure 2.24A, B). Crosshatched meshes (Figure 2.24D) were collected by simply
changing the axis of rotation of the collecting frame. The collected fibers can be
readily transferred to a glass supported silicone well (Figure 2.24C) for cell culture

purposes (see 2.4.6 for detail).
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Figure 2.24: (A) Copolymer fibers collected on frame; (B, D) Dry fibers visualized
under light microscope; (C) Copolymer fibers secured in a silicone well.
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By rotating fiber orientation relative to polarized incident light, we observed
change of fiber color (Figure 2.25), indicating the fibers are optically birefringent,”
which implies the presence of locally ordered crystalline structures in the fibers, which

were induced during the fiber pulling process.

Figure 2.25: Polymer fibers imaged under polarized light. Fibers were aligned at a
45° angle relative to the polarizer. Fibers appear yellow (left) and blue
(right) because of subtractive and additive interference, respectively.

Scanning electron microscopy (SEM) imaging (Figure 2.26) showed a similar
morphology for “parent” (2-13) and peptide-containing (2-14) copolymer fibers, with
majority of the fibers having diameters in the range of 6—11 pm (Figure 2.27) although
a small population of thicker fibers is also present, possibly due to fiber merging
during the pulling process.

Collectively, these findings illustrate how interfacial bioorthogonal
polymerization can be used to fabricate aligned or woven fibers of uniform diameter

through a simple pulling process.
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Figure 2.26: SEM micrographs of “parent” (left) and peptide-containing (right) fibers.
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Figure 2.27: SEM histogram depicting the size distribution of “parent” multiblock
copolymer fiber 2-13 (The histograms for 2-13 and 2-14 largely overlap).
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2.4.5.4 Thermal, Morphological and Mechanical Characterizations

The polymer fibers were then subjected to thermal analysis. Differential
scanning calorimetry (DSC) experiments revealed broad melting transitions centered
around 53 and 34 °C, respectively (Figure 2.28), indicating a semicrystalline nature of
the polymer fibers. The DSC thermograms of PEG-based bis-tetrazine monomers 2-11
and 2-12 show sharp endotherms at 55 and 43 °C, corresponding to the respective
melting transition of the PEG chains while polymers 2-13 and 2-14 had a broader
melting peak and a lower melting enthalpy (Figure 2.29). the second heating cycle of
the bis-TCO monomer (2-10) did not reveal any melting endotherms. The results
imply that the PEG and the aliphatic blocks contribute to the crystalline and the

amorphous domains of the multiblock copolymers
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Figure 2.28: DSC thermograms of 2-13 and 2-14.
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Figure 2.29: DSC thermograms of top: bis-sTCO monomer 2-10 (1st and 2nd heat
cycles; middle: bistetrazine monomer 2-11 (2nd heat cycle) and bottom:
2-12 (2nd heat cycle) showing the respective melting transitions.
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Finally, atomic force microscope (AFM), operated in PeakForce Tapping mode
was employed for quantitative nanomechanical property mapping (QNM) of the
polymer fibers.**®* The AFM height image for 2-13 fibers (Figure 2.30A) shows a
semicrystalline polymer morphology with lamellar patterns, composed by densely
packed crystalline domains appearing brighter than the surrounding amorphous
interstitials. The uneven fiber surface introduced addition height difference across the
scanned area. The surface of 2-14 fibers (Figure 2.30B) displays a more diffuse

feature, with less discernible crystalline domains.

5.1 nm
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Figure 2.30: AFM height images of copolymer fibers 2-13 (A) and 2-14 (B).

AFM modulus mapping at a nanometer scale provides a measure of the local
mechanical environment that is relevant to cells. The nanomechanical properties of the
multiblock copolymer fibers were extrapolated from the AFM force-separation curves

. . 83.84 . . . . .
using a Hertzian model™"" and taking into consideration adhesive forces.
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Young’s modulus was calculated as 12021 MPa for 2-13 fibers. The
histogram for 2-14 fibers can be curve fitted into two populations with the estimated
modulus of 106+ 12 and 74 £ 5 MPa, respectively (Figure 2.31). The AFM results, in
terms of the surface morphology and nanoscale stiffness, are in good agreement with

our DSC observations regarding the crystallinity of the polymer fibers.
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Figure 2.31: DMT modulus histograms for 2-13 and 2-14 fibers. Experimental data
were curve-fitted with a Gaussian distribution

2.4.6 Evaluation of Peptide-Containing Microfibers’ Ability to Promote Cell
Attachment and Alignment

The peptide-containing copolymer fibers 2-14 were designed to simulate
fibrous proteins found in native extracellular matrices (ECM) to provide biophysical
and biochemical cues to cells. Dr. Shuang Liu evaluated the ability of the copolymer
fibers to promote the attachment and alignment of fibroblast cell (NIH/3T3) and
myoepithelial-like cells which were freshly isolated from healthy human salivary

glands.
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Fibers were immobilized on surface coated with poly(2-hydroxyethyl
methacrylate) (PHEMA) and secured within silicone wells (Figure 2.24C). Fibroblasts
attached to the peptide-containing fibers 2-14, adopted a spindle shape, and oriented
along the fibers 3 hours post seeding. Cells in close contact with the fiber developed
exceptionally long and narrow processes (Figure 2.32B, white arrow) with actin stress
fibers traversing the entire cell body. Those near fiber-anchored cells had a much
smaller cell body and formed cell clusters bridging neighboring fibers. In areas of high
cell density, cells aggregated to form branched and interconnected multicellular
networks, and individual cells within the cluster exhibited a stellate morphology with
no preferential cell orientation. Cells at the edge of the cluster extended short
processes (Figure 2.32C, white arrow) to interrogate their surroundings for potential

contacts even though the substrate in between the fibers is cell-repellent.

Figure 2.32: Confocal images of fibroblasts cultured in the presence of multiblock
copolymer fibers 2-14 with cell-adhesive peptide. F-actin and nuclei were
stained with Phalloidin (red) and DRAQ 5 (blue), respectively.
Fibroblasts were cultured for 3 hours before being imaged with a
confocal microscope.
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The peptide-containing copolymer fibers could also support the attachment of
myoepithelial-like cells. These cells did not attach to the synthetic fibers as rapidly as
did fibroblasts; 24 hours post seeding, cells were loosely anchored on the fibers
(Figure 2.33A), but had not undergone significant spreading. 60 hours post seeding,
cells became more spread out, developed long and narrow lamellipodia and oriented
parallel to the long axis of the fiber (Figure 2.33B, C). In some cases, multiple cells

formed a cohesive blanket enclosing the fiber.

[
100 pm

Figure 2.33: Confocal images of myoepithelial-like cells cultured in the presence of
multiblock copolymer fibers 2-14 with cell-adhesive peptide. F-actin and
nuclei were stained with Phalloidin (red) and DRAQ 5 (blue),
respectively. Cells were cultured for 24 (A) and 60 (B-C) hours before
being imaged with a confocal microscope.

In control experiemtns, when incubated with peptide free fibers 2-13, both
fibroblasts (Figure 2.34A) and myoepithelial-like cells (Figure 2.34B) remained round
in suspension and on the substrate and the majority of unbound cells were washed off

during the fixation process.

105



Figure 2.34: Confocal images of fibroblasts (A) and myoepithelial-like cells (B)
cultured in the presence of multiblock copolymer fibers 2-13 without
cell-adhesive peptide. F-actin and nuclei were stained with Phalloidin
(red) and DRAQ 5 (blue), respectively. Fibroblasts were cultured for 3
hours and myoepithelial-like cells were cultured for 60 hours before
being imaged with a confocal microscope.

Overall, the peptide-containing fibers could be prepared that present
appropriate biochemical signals and topographical features for the anchorage and
alignment of both fibroblasts and myoepithelial-like cells. The microfibers possess
promising application on providing contact guidance for establishing appropriate cell—

matrix and cell—cell interactions.

2.4.7 Crosslinked Hydrogel Fibers
As aresult of being made of high molecular weight linear copolymer chains,

the multiblock copolymer fibers inevitably swell, relax, and the individual polymer
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chains tend to disassociate from each other when immersed in cell culture media
during long-term cell culture (7 days). It is an attractive feature for applications where
backbone dissociation was needed, for example, in drug release or as a degradable
solid scaffold in tissue engineering applications. However, for applications in long-
term cell culture, it is desirable to have more robust fibers

I proposed that a multi-armed monomer could be included in the interfacial
polymerization procedure to provide fibers which are intrinsically crosslinked. Such
fibers should still possess hydrogel-like properties and have better mechanical
performance and stability against dissociation.

We further devised a 3-armed #7i-sTCO monomer/crosslinker (Scheme 2-20)
from commercially available #7is(2-aminoethyl)amine as the hydrophobic building
block in the organic phase for interfacial polymerization. For the hydrophilic block,

we chose to continue using PEG-derived bis-diphenyltetrazine polymer 2-11 and 2-12.

Scheme 2.20: Chemical structure of 3-armed #7is-sTCO (2-15).
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Again, meter-long microfibers were successfully drawn from the interface
(Figure 2.35). The new crosslinked polymer fibers were smaller in diameter and swell
less compared to linear copolymer fiber, possibly due to the tighter crosslinked

structure.

Figure 2.35: Photographs showing (A) phase separation between ethyl acetate and
water solution; (B) crosslinked polymer fiber being drawn out of the
interface.

The morphology change of linear and crosslinked polymer fibers incubated in
water were monitored using optical microscopy (Figure 2.36). Upon incubation at
37 °C for 5 days, linear polymer chains in the fibers relaxed and disassociate from
each other in the semicrystalline structure, fibers swelled further and morphology
changed significantly, results in a bamboo-like morphology (Figure 2.36B). Fibers
start to break in the weak points upon longer incubation, which make them not suitable
for long-term cell culture.

On the other hand, the crosslinked polymer fibers exhibit the same morphology
after incubation for 5, 14 and 21 days (Figure 2.36D-F). All fibers were smooth on the
surface without defects and the diameters did not change significantly over time,

enabling the long-term cell culture.
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Figure 2.36: Surface morphology and stability in DI water of linear and crosslinked
polymer fibers. Optical microscope images of linear polymer fibers
incubated in DI water at day 0 (A) and day 5 (B); crosslinked polymer
fibers incubated in water at 37 °C at day 0 (C) day 5 (D) day 14 (E) and
day 21 (F). Scale Bar: 50 pm.

Further study towards the mechanical performance of crosslinked polymer
fiber and its application on providing contact guidance and induce cell migration are

underway, carried on by Dr. Shuang Liu.
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2.5 Conclusions

In this chapter, I describe the first example of interfacial crosslinking using
bioorthogonal TCO-tetrazine ligation. Bioocompatible hyaluronic acid-based hydrogel
microspheres and channels were generated in a diffusion controlled fashion. These
hydrogels can be covalently tagged with 3D resolution without the help of any
external stimulus or triggers. An in vitro tumor model was achieved by 3D
encapsulation and culture of LNCaP prostate cancer cells.

Separately, based on TCO-tetrazine ligation, a novel interfacial polymerization
strategy was developed for the synthesis of hybrid multiblock copolymer. Meter-long
copolymer fibers were pulled out of interface of two immiscible solutions. The unique
modular approach enables the facile incorporation of functional peptides into the
copolymer to fine-tune its biological properties. A fibronectin-derived peptide was
successfully introduced onto the fibers during the polymerization and dramatically
promoted the attachment and alignment of fibroblasts and myoepithelial-like cells.

Ongoing efforts has been made on the materials, a new generation of HA-Tz,
HAMPTz, was developed to give more room for stiffness fine-tuning of the resulting
hydrogel, while a crosslinked hydrogel fiber was synthesized by employment of 3-
armed #ris-sTCO block, resulting fibers with improved stability and suitable for long-
term cell culture applications.

TCO-tetrazine ligation has emerged as a multifaceted strategy in polymer and
biomaterials discovery, bringing promising results and exhilarating progress. The
versatile materials we developed here will prove useful and become indispensable

elements in the tissue engineering toolbox.
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2.6 Experimental Procedures

2.6.1 General Considerations

All reactions were carried out in glassware that was flame-dried under vacuum
and cooled under nitrogen. (rel-1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-ene-9-ylmethanol
was prepared following a known procedure.”’ 0,0’-Bis(2-aminoethyl)
octadecaethylene glycol (> 95% oligomer purity) and O-(2-Aminoethyl)-O-[2-(Boc-
amino)ethyl] decaethylene glycol (> 90% oligomer purity) were purchased from
Sigma Aldrich. Hyaluronic acid (sodium salt) was a generous gift from Genzyme
Corporation. Dialysis membranes were purchased from Spectrum Labs (MWCO: 10
kDa). All 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids were purchased
from Protein Technologies (Tucson, AZ). 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) was purchased from Advanced
Automated Peptide Protein Technologies (AAPPTEC, Louisville, KY). Rink Amide
resin was ordered from EMD Millipore Corporation (Billerica, MA). Poly(ethylene
glycol) diamine (M,: 7,500 g/mol) and a.-amino, w-carboxyl poly(ethylene glycol)
(My: 3,500 g/mol) were purchased from JenKem Technology USA (Plano, TX).
Poly(2-hydroxyethyl methacrylate) (polyHEMA) was ordered from Sigma-Aldrich
(St. Louis, MO). Flash Chromatography was performed using normal phase Silicycle
silica gel (40-63D, 60A). Deactivated silica gel was prepared by treating silica gel
with EtSiC13*. An APT pulse sequence was used for °C NMR spectra, where
methylene and quaternary carbons appear ‘up’ (u), and methine and methyl carbons
appear ‘down’ (d). The abbreviation ‘app’ stands for ‘apparent.” Other reagents were

purchased from commercial sources without additional purification.
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2.6.2 Experimental Procedures of trans-Cyclooctene-Tetrazine Ligation-
Enabled Interfacial Crosslinking

(4-(6-phenyl-1,2,4,5-tetrazin-3-yl)phenyl)methanol (2-1)
OH

HO
CN

1. NH,NH,,
+ > NN
2. HOAc, NaNO, ,{l\ N

CN 22%

2-1
A dry round-bottomed flask was charged with 4-(hydroxymethyl)benzonitrile (5.80 g,
43.6 mmol), benzonitrile (18.0 g, 175 mmol) and anhydrous hydrazine (21.4 mL, 440
mmol). The flask was equipped with a reflux condenser, and the mixture was heated to
90 °C for 20 h behind a blast shield. The mixture was allowed to cool down to room
temperature and was diluted with ethyl acetate (300 mL), washed twice with H,O (150
mL), and dried over MgSQy,. The solution was filtered and the filtrate was
concentrated under reduced pressure. The residual solid was dissolved in acetic acid
(84 mL), and an aqueous solution of NaNO, (23.2 mL of a 9.40 M solution, 218
mmol) was added at 0 °C via Pasteur pipette. After stirring for 30 min at room
temperature, the mixture was diluted with dichloromethane (300 mL). An aqueous
solution of saturated NaHCO3 was added then carefully added to neutralize the acetic
acid. The mixture was partitioned and the organic phase was washed three times with
saturated NaHCOj; aqueous solution, and then dried over MgSQy, filtered, and

concentrated onto silica gel using a rotary evaporator. Column chromatography using
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a gradient (0-70 %) of acetone in hexanes afforded 2.46 g (9.32 mmol, 22%) of 2-1 as
a purple solid. "H NMR (DMSO-ds, 400 MHz, 5): 8.40-8.60 (m, 4H), 7.58-7.75 (m,
5H), 5.46 (t, J=5.7 Hz 1H), 4.65 (d, J=5.6 Hz, 2H). °C NMR (DMSO-ds, 100 MHz,
8): 163.4 (u, 1C), 163.3 (u, 1C), 147.7 (u, 1C), 132.6 (d, 1C), 132.0 (u, 1C), 130.2 (u,
1C), 129.6 (d, 2C), 127.6 (d, 2C), 127.5 (d, 2C), 127.2 (d, 2C), 62.5 (u, 1C). HRMS
(ESI) [M+H]: caled. for C1sHi3N4O", 265.1084; found 265.1098.

4-nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-yl)benzyl carbonate (2-2)

OH o__0O
e
0 i “NO,

o NO> py
N I N
NN L 83% N" N
Cl (0] N W? N
Ph Ph
2-1 2.2

A dry round-bottled flask was charged with (4-(6-phenyl-1,2,4,5-tetrazin-3-
yl)phenyl)methanol 2-1 (157 mg, 0.595 mmol). Anhydrous dichloromethane (12 mL)
and pyridine (0.12 mL, 1.5 mmol) were added to the flask. A solution of 4-
nitrophenylchloroformate (180 mg, 0.892 mmol) in anhydrous dichloromethane (3
mL) was added to the flask via syringe and the solution was stirred for 2 h at room
temperature. Saturated NH4Cl aqueous solution was added to the mixture and the
layers were separated, and the aqueous layer was extracted twice with
dichloromethane. The organic layers were combined, dried with MgSQOy, filtered, and
concentrated onto silica gel using a rotary evaporator. Column chromatography using

a gradient (30-70%) of dichloromethane in hexanes afforded 0.211 g (0.492 mmol,
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83%) of 3 as a purple solid. '"H NMR (CDCls, 400 MHz, 8): 8.63-8.76 (m, 4H), 8.26-
8.34 (m, 2H), 7.60-7.75 (m, 5H), 7.38-7.46 (m, 2H), 5.43 (s, 2H). *C NMR (CDCl;,
100 MHz, 8): 164.2 (u, 1C) 163.7 (u, 1C) 155.5 (u, 1C) 152.7 (u, 1C) 145.6 (u, 1C)
138.9 (u, 1C) 133.0 (d, 1C) 132.5 (u, 1C) 131.8 (u, 1C) 129.5 (d, 2C) 129.2 (d, 2C)
128.5 (d, 2C) 128.2 (d, 2C) 125.5 (d, 2C) 121.9 (d, 2C) 70.3 (u, 1C). HRMS (ESI)
[M+H]: calcd. for C»H ¢NsOs ", 430.1146; found 430.1154.

Tetrazine-OEG-amine (2-3)

H
o\[(o ~ O\g/N\F/\Otg\/NHQ

0 2o,

N™ N 0] DIPEA N™N
1 ,{l + HZN/{’\/ 1\19/\NH2—> 1] I

N\f 71% Nj?N
Ph Ph
2-2 2-3

A dry round-bottled flask was charged with a solution of O,O0’-bis(2-
aminoethyl)octadecaethylene glycol (141 mg, 0.157 mmol) in anhydrous
dichloromethane (4 mL) and N, N-diisopropylethylamine (DIPEA, 36.5 puL, 0.209
mmol). A solution of 4-nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-yl)benzyl carbonate
(2-2, 45 mg, 0.11 mmol) in anhydrous dichloromethane (6 mL) was added to the flask
via a syringe pump over 3 h. The mixture was then allowed to stir overnight at room
temperature. The solvent was removed with a rotary evaporator and the residue was
washed three times with hexanes. Column chromatography on deactivated silica gel®
using a gradient 30-100% acetone in hexanes followed by 10% methanol in

dichloromethane afforded 88 mg (0.074 mmol, 71%) of 2-3 as a water-soluble purple
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solid. "H NMR (CDCls, 400 MHz, 8): 8.55-8.75 (m, 4H), 7.86-7.99 (br, 2H), 7.50-
7.70 (m, 5H), 5.50-5.61 (br, 1H), 5.21 (s, 2H), 3.91 (m, 2H), 3.59-3.73 (m, 74H), 3.41
(m, 2H), 3.10-3.24 (m, 2H). *C NMR (CDCl;, 100 MHz, 8): 164.1(1C), 163.8(1C),
156.4(1C), 141.8(1C), 132.9(1C), 131.8(1C), 131.4(1C), 129.5(2C), 128.6(2C),
128.2(2C), 128.1(2C), 70.7-70.0(35C), 69.9(1C), 69.7(1C), 66.8(1C), 66.0(1C),
41.1(1C), 40.7(1C). HRMS (ESI) [M+H]: calcd. for CssHosN¢O,;1 ", 1187.6545; found
1187.6541. UV-vis (27.5 uM in Hy0): Apax 300 nm.

HA-Tz (2-4)
H
Ou _NJ ~o NH.
N of
ONa OH (o)
o)
o 9 1o o) ‘ .
RO OH ©
NH BN
A" NN
o) N?N
Ph
N=N 2.3
o )
0 N-N
HN EDC/HOBt
H,O/DMSO
2
SO,
NH OH ONa OH
| o= 0
0 A Ho o |Lo A Ho Q.
Ho OH © Ho OH © 7
NH nx NH n(1-x)
O%\ O)\

2-4 (x = Tz%)
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Hyaluronic acid (30.1 mg, 79.2 pmol) was dissolved in H,O (6.7 mL) ata
concentration of 4.5 mg/mL. Tetrazine-OEG-amine (4) (447 mg, 0.376 mmol)
dissolved in H,O (3.2 mL) was then added dropwise to the HA solution. To this
mixture was slowly added a solution of 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide (EDC) (57.8 mg, 301 umol) in DMSO/H,0 (1:1, 302 uL), followed by a
solution of 1-hydroxybenzotriazole (HOBt) (40.6 mg, 301 pmol) in DMSO/H,0 (1:1,
302 pL). The resulting mixture was stirred at 37 °C for 24 h. The HA derivative was
then precipitated in ice-cold ethanol (100 mL, 10 vol. excess). The precipitates were
then collected by centrifugation at 4,000 rpm for 8 min. The pellet was then re-
dissolved in H,O at approximately 3 mg/mL and exhaustively dialyzed (Spectra 10
kDa MWCO) against H,O. The purified product was lyophilized to afford 29 mg
(0.063 mmol, 80%) HA-Tz as a pink fluffy solid. The product was stored at 4 °C prior

to use.

(rel-1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-ene-9-ylmethanol

hv,PhCO-Me, rt, hex/ether
>
active removal of trans isomer

82%

The continuous flow apparatus described previously was used for the
photoisomerization®, Biotage SNAP cartridges (Biotage part no. FSK0-1107-0050)
was filled with a bed of unmodified silica gel that was topped with 14.5 g of silica gel
which was impregnated with AgNOs(1.45 g, 8.55 mmol). (1R,8S,9R,4Z)-Bicyclo
[6.1.0]non-4-ene-9-ylmethanol(1.00 g, 6.58 mmol) and methyl benzoate (1.80g, 13.2
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mmol) were placed in a quartz flask and dissolved in 500 mL of 1:1 Et;O:hexanes.
Dodecane (1.12g, 6.58 mmol) was also added to the flask to allow for GC monitoring.
The solution was equilibrated through the continuous flow system at a 100 mL/min
flow rate. The solution in the quartz flask was then irradiated (254nm) under
continuous flow conditions (100 mL/min) for 4 hours, at which point GC analysis
indicated that the reaction was complete. The SNAP cartridges were flushed with 400
mL of 1:1 Et,O/hexanes and then dried with compressed air. To the dried silica gel
was sequentially added NH,OH (200 mL) and methylene chloride (200 mL) and the
resulting mixture was filtered. The filtrate was transferred to a separatory funnel and
partitioned. The aqueous layer was extracted twice with methylene chloride. The
organic layers were combined, washed twice with water then dried with magnesium
sulfate and filtered. The solvent was removed with a rotary evaporator, column
chromatography (20% ethyl acetate/hexanes) afforded 820 mg of 7 (82%) (rel-
1R,8S,9R 4E)-Bicyclo [6.1.0]non-4-ene-9-ylmethanol as a colorless oil. 'H and °C

NMR data agreed with the previously reported data.

(rel-1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-ene-9-ylmethyl (4-nitrophenyl) carbonate

(2-5)
_/OH
; NO, Py
R -
69%
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A dry round-bottled flask was charged with (rel-1R,8S,9R,4E)-bicyclo [6.1.0]non-4-
ene-9-ylmethanol (820 mg, 5.39 mmol). Anhydrous dichloromethane (100 mL) and
pyridine (1.09 mL, 13.5 mmol) were added to the flask. A solution of 4-
nitrophenylchloroformate (1.30 g, 6.47 mmol) in anhydrous dichloromethane (14 mL)
was added to the flask via syringe and the solution was stirred for 1 h at room
temperature. Saturated NH4Cl aqueous solution was added to the mixture and the
layers were separated, and the aqueous layer was extracted twice with
dichloromethane. The organic layers were combined, dried with MgSOy, filtered,
solvent was removed using a rotary evaporator. Purification by column
chromatography (5% ethyl actetate/hexanes) yielded afforded 1.18 g (3.72 mmol,
69%) of (rel-1R,8S,9R ,4E)-Bicyclo[6.1.0]non-4-ene-9-ylmethyl (4-nitrophenyl)
carbonate 2-5 as a white solid. 'H and ’C NMR data agreed with the previously

reported data.

“bis-sTCO” (2-6)

0s_0O
T L
o)
_/ NO, . o o
H, H s . , :
J\. o DIPEA T \O)LN’{/\/OEQ/\NJ\O/ ., =
+ HQN’{'\/ ']jg/\NHz—> o H H mn
J 90%

2.5 2-6
A dry round-bottled flask was sequentially charged via syringe with a solution
of O,0’-Bis(2-aminoethyl)octadecaethylene glycol (64 mg, 0.071 mmol) in anhydrous
dichloromethane (2 mL) and N, N-diisopropylethylamine (49.9 uL, 0.29 mmol),
followed by a solution of (1R,8S5,9R,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-

nitrophenyl) carbonate (2-5, 50 mg, 0.16 mmol) in anhydrous dichloromethane (3
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mL). The mixture was stirred overnight at room temperature. The solvent was
removed with a rotary evaporator. Purification by column chromatography using 0-5%
methanol in dichloromethane yielded 80 mg (0.064 mmol, 90%) of bis-sTCO 2-6 as a
water-soluble clear oil. '"H NMR (CDCls, 400 MHz, §): 5.77-5.90 (m, 2H), 5.17-5.31
(m, 2H), 5.04-5.16 (m, 2H), 3.86-3.97 (m, 4H), 3.48-3.68 (m, 72H), 3.50-3.56 (m,
4H), 3.30-3.38 (m, 4H), 2.29-2.38 (m, 2H), 2.12-2.29 (m, 6H), 1.82-1.97 (m, 4H),
0.75-0.88 (m, 2H), 0.47-0.60 (m, 4H), 0.32-0.46 (m, 4H). °C NMR (CDCl;, 100
MHz, 6): 157.0 (u, 2C), 138.5 (d, 2C), 131.4 (d, 2C), 70.7-70.5 (u, 34C), 70.4 (u, 2C),
70.2 (u, 2C), 69.5 (u, 2C), 40.8 (u, 2C), 38.8 (u, 2C), 33.9 (u, 2C), 32.7 (u, 2C), 27.7
(u, 2C), 24.8 (d, 2C), 22.0 (d, 2C), 21.0 (d, 2C). HRMS (ESI) [M+H]: calcd. for
Ce2H113N2023", 1253.7729; found 1253.7745.

Alexa Fluor® 647-sTCO conjugate (2-7)

H2N\ W :

NO, NH |
0.0
o) Y

SO,

0.0
_O0 05 DIPEA, DMAP, DMF
H + Y/ INNF N 56% -

H, /\.H N _
f f 058
N
7 058 03
i >
Alexa Fluor® 647
2-5

2-7

SO,

(1R,8S,9R,4E)-Bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl) carbonate
(2-5, 1.3 mg, 4.2 pmol) was added to a vial that contained Alexa Fluor” 647

hydrazide, tris(triethylammonium) salt (1.0 mg, 0.83 pmol). A DMF solution (200 pL,
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anhydrous) containing N, N-diisopropylethylamine (215 pg, 1.67 umol) and 4-
dimethylaminopyridine (DMAP, 50 pg, 0.41 umol) was added to the vial. The mixture
was stirred overnight at ambient temperature and was purified with reverse phase
HPLC, generating 0.49 mg (47 umol, 56%) of 2-7 as a blue solid. MS and HPLC

analyses indicated that the purity of a compound with a mass of 1047 Da. was >98%.

Determination of percent tetrazine incorporation in HA-Tz.

The percent tetrazine incorporation in HA-Tz was determined collectively by UV-vis
and 'H NMR analyses. UV-vis quantification was based on the tetrazine absorption at
Amax 300 nm employing Beer-Lambert law. Using an aqueous solution of compound 4
at a concentration of 27.5 uM as the standard (Figure 2.37, top), the molar extinction
coefficient of the tetrazine moiety (e7:) was determined as 3.2 x 10 L Mol cm™.
Taking into consideration the change of the molecular weight for HA disaccharide
repeats after tetrazine incorporation, the degree of tetrazine incorporation in HA-Tz
was calculated as 7% (Figure 2.37, bottom). By 'H NMR, the degree of modification
was analyzed by comparing the integration between the aromatic protons (7.4-8.4

ppm) to that the acetamido moiety of the N-acetyl-d-glucosamine residue of HA.
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Figure 2.37: UV-vis spectra of aqueous solutions of (top) compound 2-3 at a
concentration of 27.5 uM and (bottom) HA-Tz 2-4 at a concentration of
0.153 g/L. In both measurements, a UV cuvette with a path length of 1
cm was used.

Determination of molecular weight and solution viscosity and rheological

characterization were carried out by Kevin Dicker as described in reference®.
Preparation of hyaluronic acid (HA) hydrogel microspheres

HA-Tz and bis-TCO were separately dissolved in PBS at a concentration of 2

wt% and 400 puM, respectively. To prepare HA microspheres, HA-Tz was dropped via
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a 25G syringe into a 500 pL solution of bis-sTCO solution in a 48 well plate (BD
Falcon™). The interfacial crosslinking was allowed to occur at 37 °C for 2 hours
without any agitation. The bis-sTCO solution was then replaced with fresh PBS. The
gel particles were dehydrated in graded ethanol solutions and vacuum dried. The
swelling ratio, reported as an average of three repeats, was determined as the ratio of
the initial weight of the wet gel to the weight of the dry product. The microsphere wall
thickness was measured by capturing an image of the microsphere during crosslinking
every 3 minutes for the 2 hour gelation period. The wall thickness was then quantified
by using imagelJ to measure the thickness of the crosslinked wall of the microsphere as

a function of time.

Preparation of water-filled HA hydrogel channels

To prepare crosslinked hydrogel channels while simultaneously monitoring the
channel formation via confocal microscopy, a glass cylinder (I.D. =5 mm, h = 10
mm), mounted onto an imaging chamber (Lab-Tek™), was filled with ~200 uL. HA-
Tz (2 wt%). A syringe containing 2 mM bis-sTCO and 2 pM Alexa-sTCO was
inserted to the bottom of the HA-Tz-filled cylinder. The syringe was pulled out of the
cylinder while injecting ~ 30 puL of the solution, leaving behind a liquid channel. The
channel was monitored and imaged for 60 minutes using a Zeiss 510 NLO confocal

microscope (Carl Zeiss, Maple Grove, MN).
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Selective interfacial tagging

Selective interfacial tagging was achieved by timed exposure of the
crosslinking HA-Tz droplet, originally dissolved in PBS at 2 wt%, to aqueous baths of
bis-sTCO (400 uM) alone or bis-sTCO (400 uM and 1 pM Alexa-sTCO) in an
alternating fashion. The total exposure time was maintained at 2 hours to ensure
complete gelation. For example, alternating exposure of the HA-Tz droplet to the dye-
free and dye-containing baths for 15 min each for 3 cycles, followed by a 30-min
exposure to the dye-containing bath resulted in a crosslinked microsphere with 7
distinct layers. To tag the microspheres with Alexa-sTCO in a gradient fashion, HA-
Tz was dropped into a bis-sTCO bath (1 mL, 400 uM) and Alexa-sTCO was added to
the bath using a syringe pump gradually over the course of 2 hours, reaching a final
concentration of 0.47 uM. A control experiment was performed by dropping 2 wt%
HA-Tz into bath of 400 uM bis-sTCO and 0.47 uM alexa-sTCO and allowed to
crosslink for 2 hours. Upon completion of the tagging experiment, the bath was
replaced with PBS and the gels were images using a Zeiss 510 NLO confocal

microscope.

Interfacial cell encapsulation and 3D culture was carried out by Kevin Dicker as

described in reference®.
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2.6.3 Experimental Procedures of Multiblock Copolymer Microfibers via
Interfacial Bioorthogonal Polymerization

bis-sTCO monomer
T
O NO

+ HZNWNHZ

3\

2

<o H'b
DIPEA g,H o B

—_— o

94%

2-5 2-10

A dry round-bottom flask was sequentially charged via syringe with a solution
of 1,12-diaminododecane (143 mg, 0.72 mmol) in anhydrous dichloromethane (10
mL) followed by triethylamine anhydrous (400 pL, 2.87 mmol) and a solution of
(1R,8S,9R ,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl) carbonate (2-5, 500
mg, 1.58 mmol), prepared following a known procedure, in anhydrous
dichloromethane (2 mL). The mixture was stirred overnight at room temperature,
diluted with dichloromethane (30 mL) followed by exhaustive aqueous wash (8x30
mL). The organic layer was dried with MgSOy, filtered and then the solvent was
removed with a rotary evaporator. Purification by column chromatography using 10%
ethyl acetate in hexanes yielded bis-sTCO 2-10 (376 mg, 0.66 mmol, 94%) as a white
solid. 'H NMR (600 MHz, CDCls, 8): 5.83-5.90 (m, 2H), 5.07-5.15 (m, 2H), 4.62 (s,
2H), 3.90-3.96 (m, 4H), 3.12-3.18 (m, 4H), 2.34-2.39 (m, 2H), 2.30-2.18 (m, 6H),
1.96-1.87 (m, 4H), 1.52-1.45 (m, 4H), 1.33-1.23 (m, 16H), 0.79-0.90 (m, 2H), 0.60-
0.50 (m, 4H), 0.46-0.38 (m, 4H). °C NMR (CDCl;, 100 MHz, 5): 156.9 (u, 2C), 138.5
(d, 2C), 131.4 (d, 2C), 69.5 (u, 2C), 41.1 (u, 2C), 38.8 (u, 2C), 33.9 (u, 2C), 32.7(u,
2C), 30.2 (u, 2C), 29.7 (u, 4C), 29.4 (u, 2C), 27.8 (u, 2C), 26.9 (u, 2C), 24.9 (d, 20),
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22.1(d, 2C), 21.0 (d, 2C). HRMS (ESI) [M+H]: calcd. for C34Hs7/N,O4", 557.4313
found 557.4310.

PEG-based bis-tetrazine monomer (2-11)

(@) (0]
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(@] NO Ph

N
N ] JOJ\
O.__N o
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h PEG M, = 7500 65% PEG M, = 7500 [N
o N‘N/)\Ph
2-2 2-11

A dry round-bottom flask was sequentially charged with a solution of PEG
diamine (M, 7,500 g/mol, 1.00 g, approx. 0.13 mmol) in anhydrous dichloromethane
(20 mL) followed by triethylamine (74.2 pL, 0.53 mmol). 4-Nitrophenyl 4-(6-phenyl-
1,2,4,5-tetrazin-3-yl)benzyl carbonate (229 mg, 0.53 mmol) was added to the flask.
The mixture was then allowed to stir overnight at room temperature. The reaction
mixture was divided into 8 centrifuge tubes each containing ethyl ether (50 mL). The
crude product was obtained by precipitation followed by centrifugation (5,000 rpm, 6
min). Crude PEG bis-tetrazine was purified with reverse-phase high-performance
liquid chromatography (HPLC) on a Waters preparative HPLC (Waters, Milford, MA)
equipped with a fraction collector and UV-vis detector using a Phenomenex”™ C18
Column (100 A, 5 um, 250 x 21.2 mm) at 25°C. A water/acetonitrile gradient as
solvent system and a flow rate of 10 mL/min were used and the tetrazine chromophore
(absorbance at 300 nm) was used to monitor the product elution. Crude products were
dissolved in water and a 2 mL solution was injected each time. Collected fractions
were lyophilized using a -80°C freeze dryer (Labconco, Kansas City, MO) and stored

in -20°C freezer. Analytical HPLC was used to characterize the purity of molecules on
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a Shimadzu HPLC instrument with a Phenomenex® C18 Column (100 A, 5 pm, 250 x
4.6 mm) at 40°C with a flow rate of 1 mL/min. The elution gradient started from 95%
A and 5% B for 3 min and ramped to 20% A and 80% B in 97 min. HPLC purification
afforded monomer 2-11 (700 mg, approx. 0.086 mmol, 65%) as a pink solid. An
analytical HPLC chromatogram of 2-11 is shown in Appendix B. The major peak
represented 99% of the integrated HPLC trace, monitored at either 254 or 300 nm. 'H
NMR (CDCl;, 600 MHz, 6): 8.69-8.63 (m, 8H), 7.75-7.60 (m, 10H), 7.68-7.59 (m,
2H), 5.53 (s, 2H) 5.24 (s, 4H), 3.85-3.80 (m, 4H), 3.73-3.55 (m, approx. 680H), 3.47-
3.40 (m, 8H). >C NMR (CDCls, 100 MHz, 8): 164.1(2C), 163.8(2C), 156.4(2C),
141.8(2C), 132.9(2C), 131.8(2C), 131.4(2C), 129.4(4C), 128.6(4C), 128.2(4C),
128.1(4C), 70.7 (major PEG carbons), 70.4(2C), 70.1(2C), 66.0(2C), 41.1(2C).

The synthesis and characterization of fibronectin-derived peptide

KGGKGGWGRGDSPG was carried out by Dr. Shuang Liu as described in

reference®’.
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Peptide-containing bis-tetrazine monomer (2-12)
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The purified peptide was used to prepare peptide-containing bis-tetrazine (2-
12). A dry round-bottom flask was charged with a solution of PEG amino acid (M,
3,500, 300 mg, approx. 0.086 mmol) in anhydrous dichloromethane (6 mL) and
triethylamine (47.7 puL, 0.34 mmol). 4-Nitrophenyl 4-(6-phenyl-1,2,4,5-tetrazin-3-
yl)benzyl carbonate (2-2, 73.5 mg, 0.17 mmol) was added to the flask. The mixture
was then allowed to stir overnight at room temperature. The reaction mixture was
divided into 3 centrifuge tubes each containing ethyl ether (40 mL). The crude product
was obtained by precipitation, followed by centrifugation (5,000 rpm, 6 min). The
material was then re-dissolved in anhydrous dichloromethane (4 mL), and to this
solution was added N-hydroxysuccinimide (NHS, 19.7 mg, 0.17 mmol) and N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCI, 32.9 mg, 0.17
mmol). The crude NHS ester was precipitated by adding diethyl ether (~120 mL), and

the resulting suspension was allowed to stir overnight at room temperature. After
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centrifugation (5,000 rpm, 6 min), the crude NHS ester was dissolved in anhydrous
DMF (6 mL), and sequentially added were the purified peptide (46 mg, 0.034 mmol)
and triethylamine (18.9 pL, 0.14 mmol). The Tz-PEG-NHS ester was used in excess
(2.5 fold) relative to the peptide to ensure a complete substitution of the two lysine
residues. The mixture was then allowed to stir overnight at room temperature. The
crude peptide-containing monomer 2-12 was precipitated by adding diethyl ether
(~120 mL), followed by centrifugation (5,000 rpm, 6 min). Monomer 2-12 was
purified and analyzed using the same methods described above for monomer 2-11.
HPLC purification afforded monomer 2-12 (100 mg, approx. 0.011 mmol, 33%) as a
pink solid. The purity of 2-12 was analyzed by HPLC. The major peak represented
99% of the integrated HPLC trace, monitored at either 254 or 300 nm. Structure of

monomer 2-12 was confirmed by '"H NMR spectrum analysis.

Interfacial polymerization

bis-sTCO (1) was dissolved in ethyl acetate at a concentration of 3.6 mM and
the bis-tetrazine monomer (2a or 2b) was dissolved in water at a concentration of 0.25
mM. To a 60-mm diameter petri dish was added the aqueous solution (3 mL) of the
appropriate bis-tetrazine monomer (2a or 2b). The solution of 1 (3 mL) in ethyl
acetate was carefully poured over the aqueous phase without disturbing the interface.
Upon contact, a polymer thin film formed at the interface. The thin film was grasped
gently using sharp tweezers and was connected to a collecting frame that was driven
by a motor at a speed of 20 rpm for continuous fiber collection. As controls, solution
polymerizations were carried out in THF with a 1:1 sTCO/Tz molar ratio. In one

experiment (referred to as ‘solution polymerization 1’ in Figure S6 and Table S1), the
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reaction was carried out by adding 1 (0.069mL of 3.6 mM THF solution) to 2a (1 mL
of 0.25 mM THEF solution), giving a final concentration of 0.23 mM. In a second
experiment (designated as ‘solution polymerization 2’ in Figure S6 and table S1), the
reaction was carried out by adding 1 (0.139 mL of 3.6 mM THF solution) to 2a (1 mL
of 0.50 mM THEF solution), giving a final concentration of 0.44 mM. GPC was used to

analyze the solution polymerization products as displayed in Figure S6.

The following experiments were carried out by Dr. Shuang Liu as described in
reference:®’

Gel permeation chromatography (GPC) analysis

Optical birefringence

Differential scanning calorimetry (DSC)

Atomic force microscopy (AFM)

Cell culture and immunostaining
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Chapter 3

CATALYTIC TURN-ON OF BIOORTHOGONAL TETRAZINE LIGATION

Work described here has already been published (Zhang, H.; Trout, W. S.; Liu,
S.; Andrade, G. A.; Hudson, D. A.; Scinto, S. L.; Dicker, K. T.; Li, Y.; Lazouski, N.;
Rosenthal, J.; Thorpe, C.; Jia, X.; Fox, J. M., Rapid Bioorthogonal Chemistry Turn-on
through Enzymatic or Long Wavelength Photocatalytic Activation of Tetrazine
Ligation. J Am Chem Soc 2016, 138 (18), 5978-83.). It is reprinted in this chapter with
permissions of Journal of American Chemical Society (Copyright 2016 American

Chemical Society).

3.1 Previous Bioorthogonal Chemistry Turn-on Methods

There has been a growing interest in inducing bioorthogonal reactivity using
external stimulus, especially using light as trigger. The use of photo-triggered
bioorthogonal reactivity can provides opportunities of spatial and temporal control
during the labeling process.'™ In 2006, Popik and coworkers discovered that the
cyclopropenones can be photodecarbonylated in a two-photon process (Scheme 3.1),
generating “clickable” alkynes that are reactive towards azides.* In further study,
they reported selective labeling of live cells by in-situ photo-triggered click chemistry
based on masked dibenzocyclooctynes (Scheme 3.2).° Azide-tagged cells were placed
in medium containing biotinylated cyclopropenone and exposed to 350 nm light while

the cells in the control group were kept in dark, subsequent treatment with an avidin-
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fluorophore conjugate showed selective cell labeling while low fluorescence

intensities were measured in the control group.
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Scheme 3.1: Photodecarbonylation of cyclopropenones.
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Scheme 3.2: Photochemical initiation of SPAAC.

Lin and coworkers developed a photo-induced 1,3-dipolar cycloaddition
reaction between tetrazoles and alkenes. Reactive nitrile imine dipoles can be photo-
generated from diaryltetrazoles for efficient cycloaddition reactions with alkenes to

1,7,8

form fluorescent pyrazoline cycloadducts (Scheme 3.3).""" Extraordinarily rapid
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reaction kinetics as high as k> 10* M™' s™ have been achieved when strained alkenes
(e.g. 3,3-disubstituted cyclopropenes’ or spiro[2.3]hex-1-enes'’) were used. This

“photoclick chemistry” has been applied in peptide side chain crosslinking,''

modification of proteins in vitro,'* visualization of proteins in living cells,”" as well
p p g
as in situ hydrogel formation.'*"
Y
1 N A hv AN _Ar2
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Scheme 3.3: Photoactivated 1,3-dipolar cycloaddition reaction.

One advantage of Lin’s method was that the tunable photoactivation
wavelength. The initial photoclick chemistry was performed under irradiation band
centered at 302 nm or 365 nm. UV light in these regions may pose considerable
phototoxicity to living cells. Fortunately, further improvements have been made by
tailoring the substitutions on tetrazole precursors. A series of tetrazoles with different

photoactivation wavelengths were developed.'®'®
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Scheme 3.4: Tetrazoles with variable photoactivation wavelengths.

Compared to UV and near UV light which has limited ability to penetrate
tissue and has issues of phototoxicity,"” red and near-IR light is more physiology-
friendly and can deeply penetrate tissues to several centimeters.”’ However, there had
been no reports on directly using red or near-IR light to activate bioorthogonal
reactivity. There are studies in which cyclopropenone and tetrazole-based photoclick
chemistries were activated by two-photon near-IR irradiation. While two-photon
methods provide excellent spatial resolution, their practical applications were limited
by the very small focal volumes. Near-IR photodecaging processes have been
described based on cyanine,”’ BODIOY? and phthalocyanine dyes,** but these

methods suffer from relatively slow decaging kinetics.

3.2 Dihydrotetrazine (DHTZz) and Its Role in Tetrazine Synthesis
Besides the numerous applications in bioorthogonal chemistry and biomedical

research, s-tetrazines have seen significant applications in the areas of coordination

25-27 h 28,29 30-32
9

chemistry, explosive materials researc and natural product synthesis.
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The most convenient method for tetrazine synthesis was introduced in the last
century via the addition of hydrazine to aromatic nitriles, forming symmetric or
asymmetric dihydrotetrazine intermediate, followed by oxidation to yield tetrazine

33-35

products (Scheme 3.5).

N,H HNT SN O] N™SN
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Scheme 3.5: Classical tetrazine synthesis.

Recently, Devaraj and coworkers reported a metal catalyzed tetrazine synthesis
method in which nickel or zinc triflates were used to catalyze the formation of
dyhidrotetrazine, which were subsequently oxidized by nitrous acid (Scheme 3.5).*
The method is successful for alkyl substituted tetrazines, which were challenging to

prepare by alternate routes.

CN 5 mol% Ni(OTf),
NHoNH, ,'N\(\©
60 °C, 24h N" W
? ~
NaNO,, HCI @\)\N

95%

Scheme 3.6: Representative example of Devaraj’s tetrazine synthesis.
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As shown above, all these s-tetrazine synthesis involve the preparation and
oxidation of dihydrotetrazine precursors. Commonly, nitrous reagents (e.g. HONO,
NaNQ) are used in the oxidation. There are also reports in which CrO;* and
DDQ’** were used as oxidation agents for converting dihydrotetrazine into tetrazine.
Dr. Selvaraj from our group demonstrated that phenyliodonium diacetate (PIDA) can
be utilized as a mild and effective oxidant for aryl and alkyl dihydrotetrazine
oxidation.”® Very recently, Hu and coworkers described the synthesis of alkyl tetrazine
derivative from gem-difluoroalkenes under aerobic conditions at room temperature in

which they used air to oxidize the dialkyl-dihydrotetrazine intermediates.*'

3.3 Catalytic Turn-on of Tetrazine Ligation from Latent Dihydrotetrazine
Dihydrotetrazines are not reactive towards strained dienophile (e.g. trans-
cyclooctene, cyclooctyne, norbornene, etc.). We envisioned that dihydrotetrazines
could be utilized as latent precursors for later “turn-on” of bioorthogonal reactivity
(Figure 3.1) if it were possible to identify controllable and physiology-friendly

oxidation methods.
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Figure 3.1: Turn-on of bioorthogonal reactivity thru controllable oxidation of
dihydrotetrazine.

3.3.1 Choosing the Appropriate Dihydrotetrazine/Tetrazine Pair

Our work started by choosing a suitable dihydrotetrazine (DHTz) and tetrazine
(Tz) pair that would be stable in both oxidation states. The stability of DHTz and Tz
largely depends on the substitution on the core structure, dihydrotetrazines substituted
by electron withdrawing groups possess good stability towards background oxidation
but the corresponding tetrazines are too reactive toward water and other nucleophiles.
On the other hand, when substituted by electron donating groups, the oxidized
tetrazines will have excellent stability in aqueous condition while the corresponding

dihydrotetrazine being too readily oxidized even when exposed in air (Figure 3.2).
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Figure 3.2: Identification of a DHTz/Tz pair with high stability.

We chose the dipyridyl-DHTz/Tz pair for good stability in both oxidation
states and the investigations of the stability of the redox pair using UV-vis
spectroscopy were conducted in collaboration with graduate student William Trout.

Dihydrotetrazine 3-1 and 3-3 are highly resilient toward background
oxidation, as a 35 uM solution, 3-1 in MeOH was shown to retain 99% and 98% of the
DHTz oxidation state after 1 and 2 h, respectively in UV-vis analysis (Figure 3.3A).
Aqueous solutions of 3-1 were handled in glassware that had been first rinsed with 2.0
mM EDTA in PBS to remove adventitious metal impurities and 99% and 96% DHTz
integrity were obtained in PBS buffer in the dark after time periods of 0.5 and 2.5 h,
respectively (97% and 94% after 1 and 2 h when in ambient light). Dipyridyl-tetrazine
derivative have been described previously and used broadly for applications in nuclear
medicine and cell imaging. In PBS buffer at 25 °C tetrazine 3-3 (800 uM) shows 98%
and 83% fidelity after 2 and 24 h, respectively (Figure 3.3B).
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Figure 3.3: (A) Oxidative stability of 3-1 in dark in PBS monitored by recording
absorbance at 0, 0.5 and 2.5 hours. (B) Hydrolytic stability of 3-3 in PBS
at 25 °C was monitored every 20 minutes at 525 nm.

3.3.2 Electrochemical Characterization of Oxidation of Dihydrotetrazine

The electrochemical oxidation of 3-1 in phosphate buffer was performed by

Gabriel Andrade, graduate student from the Rosenthal group at the University of

Delaware. The voltammogram displays a single peak centered at 0.02 V.

Under mildly oxidizing conditions (0.18 V relative to Ag/AgCl), a 1.1 mM

solution of 3-1 visually turned pink (Figure 3.4, left) and the oxidation to 3-3 proceeds

cleanly with an isosbestic point at 303 nm as monitored by UV-vis (Figure 3.4, right).
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Figure 3.4: Left: aqueous solution of 3-1 (1.1 mM) undergoes a visible color change
from pale yellow to pink, indicating the formation of tetrazine. Right:
spectral change during electrochemical conversion of 3-1 (blue trace)
(1.1 mM) to 3-3 (red trace).

3.3.3 Long Wavelength Photocatalytic Activation of Tetrazine Ligation

I started the photocatalytic oxidation experiment from applying Ru(bpy);(PF)2
to multiblock copolymer fiber contains DHTz (this part of studies will be elaborate in
detail later in chapter 3.4), preliminary result with the use of 1 mM of Ru(bpy)s(PFs)2
and a 200W incandescent bulb was positive: the activated fibers were visually pink
and after treatment of Alexa Fluor® 647-sTCO solution I can observe the fiber turing
blue (color of Alexa Fluor® 647 dye) under light microscope. However, later attempts
to confirm and characterize the photocatalytic oxidation of DHTz small molecules
were unsuccessful because the strong absorption of 1 mM Ru(bpy)s(PFe), which
overlaped with absorption of DHTz.

Following on my initial success with Ru(bpy);(PFs),, William Trout joined
this project and studied other photo sensitizers. Several photosensitizers were found to

catalyze the oxidation of 3-1 to 3-3 in the presence of long wavelength visible light.
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Of those studied, methylene blue was considered an attractive sensitizer because of its
low molecular weight, low toxicity, good solubility and the absorption spectrum (Amax
665 nm) that extends to the near-IR.*

Dipyridyl-dihydrotetrazine 3-1 has maximum absorption in the UV-vis
spectrum at 292 nm, and the oxidized tetrazine 3-3 at 325 nm with a less intense peak
at 525 nm, thus these signature absorptions were used to analyze and quantify the
redox transformation. Experiments were conducted at 25 °C in a thermostated cuvette
with stirring capability and an interchangeable single top-mounted LED. A custom 3D
printed light fixture was used to mount the LED directly above the cuvette and block
ambient light.

In the photooxidation experiment, irradiation of dihydrotetrazine 3-1 (21 uM)
with a single 660 nm LED (9.1 mW/cm?) in the presence of methylene blue (4 uM) in
pH 7.4 PBS caused conversion to tetrazine 3-3 with quantitative yield within 200 s
(Figure 3.5B). The same isosbestic point at 303 nm was observed during the course of
photooxidation (Figure 3.5D). The light dependence of the methylene blue catalyzed
oxidation was demonstrated by turning the LED on and off (Figure 3.5C). Similar
light dependent on/off behavior was exhibited with either rose bengal or

carboxyfluorescein with irradiation centered at 528 nm.
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Figure 3.5: (A) Methylene blue catalyzed photooxidation of 3-1 to 3-3. (B) After the
onset of irradiation, reaction progress was monitored every 30 s at 325
nm, which increased with formation of 3-3, and 292 nm, which decreased
upon consumption of 3-1. (C) The reaction progress requires irradiation
and stalls when the LED is turned off. (D) The photooxidation of 3-1 to
3-3 displays an isosbestic point at 303 nm

Both methylene blue and rose bengal are known 'O, sensitizers, and we
therefore queried the influence of a 'O, quencher on the oxidation rate of 3-1. Neither
the methylene blue nor the rose bengal catalyzed photooxidations are impeded by the
addition of 60 mM NaNj.

Besides methylene blue, rose bengal and carboxyfluorescein discussed above,
other sensitizers found to be capable of catalyzing photooxidation of dihydrotetrazine
to tetrazine include acridine orange, coomassie brilliant blue, rhodamine B, BODIPY,

safranin and phenol red.
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3.3.4 Enzymatic Activation of Tetrazine Ligation

As a complement to these photooxidation reactions, we observed that
horseradish peroxidase (HRP) can efficiently catalyze the oxidation of 3-1 in the dark
at low enzyme concentration.

HRP is an enzyme extensively used in biochemical assays by oxidizing
phenols and other organic substrates.”** While H,O, is typically required as the
terminal oxidant, HRP can oxidize certain substrates (e.g., indole-3-acetic acid,
NADH,"" and hydroquinones*®) in the absence of peroxide.

The addition of HRP (15 nM) to a peroxide-free solution of 3-1 (30 uM) in
PBS led to the rapid formation of 3-3 (Figure 3.6). Again, an isosbestic point at 303
nm was observed during the enzymatic oxidation. The formation of 3-3 was
significantly slowed down in the presence of 2 mM H,O, and was near baseline in the
presence of H,O, but absence of HRP (Figure 3.6B). It was observed that the
oxidation of 3-1 by HRP follows Michaelis-Menten kinetics, with K, = 1.0 x 1074 M,
ke =27 s ', and kea/Kin = 2.7 x 10° M "5,

Neither cytochrome ¢ nor hemoglobin were effective catalysts of DHTz
oxidation, with only slow conversion of 3-1 to 3-3 even with heme concentrations that
were nearly 3 orders of magnitude higher than that used with HRP. The addition of
superoxide dismutase (SOD, 770 nM) does not suppress the rate of the oxidation of 3-

1 by HRP, providing evidence that superoxide is not responsible for the oxidation.
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Figure 3.6: (A) Horseradish peroxidase catalyzed oxidation of 3-1 to 3-3. (B)
Enzymatic oxidation is most efficient in the absence of peroxide and is
suppressed upon addition of peroxide. Hydrogen peroxide without
catalyst is not an effective oxidant of 3-1.

3.4 Dihydrotetrazine-Incorporated Multiblock Copolymer Fibers

We envisioned that the light and enzyme-catalyzed reactions developed above
will be promising tools to functionalize the polymeric materials, especially in a post-
synthetic modification. The multiblock copolymer fiber generated from interfacial
polymerization (described in chapter 2) developed earlier from our group™® is an ideal
platform to test out the “turn-on” of tetrazine ligation reactivity.

The modular approach enabled us to incorporate cell-instructive molecules
(e.g. RGD sequence) onto the polymer chain during the process of polymerization and
the resulting microfibers exhibited dramatic increase in the ability to promote cell
attachment and alignment. However, fabrication of protein-containing fibers was not
achieved due to the possibility of protein denaturation by the required organic solvent
and the large amount of protein conjugates that would be required for an interfacial

polymerization.
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We hypothesized that dihydrotetrazine-containing copolymer fibers can be
prepared in a similar interfacial polymerization approach by adopting a
dihydrotetrazine-containing monomer (Figure 3.7, top). The dihydrotetrazine
functionality can be subsequently activated by light or enzyme-catalyzed oxidation
conditions, affording tetrazine functionality and enabling further modification

including conjugation of protein derivatives (Figure 3.7, bottom).
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Figure 3.7: Top: Schematic representation of interfacial polymerization with a
dihydrotetrazine-derived monomer. Bottom: Schematic representation of
copolymer fiber activation and subsequent conjugation.
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3.4.1 Dihydrotetrazine-Containing Block Monomer and Preparation of
Dihydrotetrazine-Containing Copolymer Fibers

I sought to introduce the dihydrotetrazine functionality into the aliphatic bis-
sTCO monomer and keep using the hydrophilic bis-tetrazine monomer 2-11 described
in chapter 2. A building block monomer 3-5 contains two sTCO and one dipyridyl-
dihydrotetrazine was derived from 1,3-diamino-2-propanol. Notably, compound 3-5
was readily purified stored and handled without special precautions, indicating the
good stability of dipyridyl-dihydrotetrazine towards background oxidation.

I again used Alexa Fluor® 647-sTCO conjugate 2-7 as a visualization molecule
for small molecule tagging, a Clover’’-sTCO conjugate was prepared for the
experiment of post-synthetic protein modification, a fibronectin-derived RGD-sTCO
conjugate was also synthesized, structures of monomers and tagging agent used in the

experiment are included in figure 3.8.
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Figure 3.8: Monomers 2-11 and 3-5 were used for interfacial polymerization. sSTCO
conjugates of the green fluorescent protein variant Clover (3-7), the dye
Alexa Fluor”® 647 (2-7), and an RGD peptide (3-6) were used to modify
the fibers.

Following a similar procedure described before (Chapter 2), meter-long,
mechanically robust polymer fibers were continuously pulled from the liquid-liquid
interface without breakage. The DHTz-containing fibers were collected and dried
affixed onto pre-cleaned glass slides using adhesive silicon isolators where further

activation and subsequent modifications were conducted.

3.4.2 Post-Synthetic Activation of Bioorthogonal Reactivity
To examine the postsynthetic activation and modification of the DHTz-

containing fibers, the fibers were generally immersed in 100 uM sensitizer in PBS and
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irradiated with a simple incandescent bulb for 5 min. After irradiation, the fibers were
rinsed and then allowed to react with an sTCO conjugate for 1 min, and rinsed again.
Methylene blue was used to activate fibers toward conjugations of Clover-sTCO or
RGD-sTCO, and in Alexa Fluor® 647-sTCO conjugation experiments, rose bengal
was used due to the spectral overlap of the Alexa Fluor® 647 with methylene blue.

Fibers that were activated and modified with Alexa Fluor” 647-sTCO and
Clover-sTCO were characterized by confocal microscope. The confocal images
showed clear labeling by Alexa dye (Figure 3.9-10) and Clover protein (Figure 3.14-
15) localized to the exterior of the fibers which were also illustrated by the confocal Z-
stack images (Figure 3.18). The control experiments illustrated that dye conjugation
was not efficient if the sensitizer (Figure 3.12-13, 16-17) or light (Figure 3.11) was
excluded.

HRP-catalyzed oxidation of dihydrotetrazines can also be used to activate
fibers toward bioconjugation (Figure 3.19-20); however, in this instance photocatalytic

activation is faster and more efficient.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Sample 3 ) A
Fluorescence Channel Visible Channel Dual Channel

Figure 3.9: Confocal images of Alexa Fluor® 647 tagging experiment: positive sets.
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Sample 4 .
Fluorescence Channel Visible Channel

Sample 5
Fluorescence Channel Visible Channel Dual Channel

Sample 6 (at 40X magnification)
Fluorescence Channel Visible Channel Dual Channel

Figure 3.10: Confocal images of Alexa Fluor® 647 tagging experiment: positive sets.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Figure 3.11: Confocal images of Alexa Fluor® 647 tagging experiment: control sets
without light.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Sample 3
Fluorescence Channel Visible Channel Dual Channel

Figure 3.12: Confocal images of Alexa Fluor® 647 tagging experiment: control sets
without sensitizer.
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Sample 4
Fluorescence Channel Visible Channel Dual Channel

Sample 5
Fluorescence Channel Visible Channel Dual Channel

Sample 6
Fluorescence Channel Visible Channel Dual Channel

Figure 3.13: Confocal images of Alexa Fluor™ 647 tagging experiment: control sets
without sensitizer.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel

Sample 3
Fluorescence Channel Visible Channel

:;OO un.w

Figure 3.14: Confocal images of Clover protein tagging experiment: positive sets.
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Sample 4
Fluorescence Channel Visible Channel Dual Channel

Sample 5
Fluorescence Channel Visible Channel

Sample 6
Fluorescence Channel Visible Channel Dual Channel

Figure 3.15: Confocal images of Clover protein tagging experiment: positive sets.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Sample 3
Fluorescence Channel Visible Channel Pual Channel

Figure 3.16: Confocal images of Clover protein tagging experiment: control sets
without sensitizer.
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Sample 4
Fluorescence Channel \Visible Channel 'Dual Channel

Sample 5
Fluorescence Channel Visible Channel Dual Channel

Figure 3.17: Confocal images of Clover protein tagging experiment: control sets
without sensitizer.

Figure 3.18: Reconstructed confocal z-stack images of activated fibers that were
conjugated with Alexa Fluor® 647-sTCO (Left) and Clover-sTCO
(Right).
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Sample 3
Fluorescence Channel Visible Channel Dual Channel

Figure 3.19: Confocal images of oxidizing DHTz-microfibers by horseradish
peroxidase (HRP): positive sets.
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Sample 1
Fluorescence Channel Visible Channel Dual Channel

Sample 2
Fluorescence Channel Visible Channel Dual Channel

Sample 3
Fluorescence Channel Visible Channel Dual Channel

Figure 3.20: Confocal images of oxidizing DHTz-microfibers by horseradish
peroxidase (HRP): control sets without HRP
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The photocatalytic activation of tetrazines was also employed in the post-
synthetic modification of the fibers with peptidic cues that promote cell adhesion and
contact guidance. RGD-sTCO was conjugated to activated fibers through tetrazine
ligation, and the resulting fibers were immobilized in silicone wells coated with
poly(2-hydroxyethyl methacrylate) to eliminate cellular adhesion to the culture wells.
Cell culture experiments conducted by Dr. Shuang Liu showed fibroblasts selectively
attached to RGD-tagged fibers and elongated along the long axis of the fibers,
adopting a healthy fibroblastic morphology (Figure 3.21). Cell attachment and
spreading was not observed in control experiments (Figure 3.22-24) where the
sensitizer and/or the RGD-sTCO were excluded. These studies demonstrate the ability
to functionalize biomimetic fibers with molecules that can enable visualization or

promote cell adhesion.
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Figure 3.21: Confocal images of RGD peptide tagging experiment: positive sets.
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Figure 3.22: Confocal images of RGD peptide tagging experiment: control sets
without sensitizer.
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Figure 3.23: Confocal images of RGD peptide tagging experiment: control sets
without sensitizer.
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Figure 3.24: Confocal images of RGD peptide tagging experiment: control sets
without RGD or sensitizer.
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3.5 Conclusions

In this chapter, I described a novel method in which near-IR light or HRP
enzyme can be used to activate rapid bioorthogonal reactivity catalytically. This was
achieved by catalytic conversion of an unreactive, latent dihydrotetrazine to reaction-
ready tetrazine functionality.

Series of long wavelength photosensitizers were found to catalyze the
oxidation of DHTz to Tz effieciently in the presence of light and air. Horseradish
peroxidase (HRP) was found to catalyze the oxidation at nanomolar concentrations in
absence of peroxide. Our methods can provide a milder and more physiology-friendly
way to “turn-on” rapid tetrazine ligation reactivity with great promise in extending to a
wide range of applications in materials, cellular, and in vivo systems.

Moreover, based on the previous bioorthogonal interfacial polymerization
developed from our group, I successfully incorporated DHTz functionality onto the
copolymer fibers, which can be activated postsynthetically by either light or an HRP
enzyme. Conjugations with small molecule fluorophores, cell-instructive peptide
sequences and fluorescent proteins were accomplished, providing a new tool for
modulating the cell adhesive properties of a biomaterial.

Future directions include pursuing of more stable DHTz/Tz pairs and exploring
further applications in cell imaging, pretargeted prodrug activation and tissue

engineering.
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3.6 Experimental Procedures

3.6.1 General Considerations

All reactions were carried out in glassware that was flame-dried under vacuum
and cooled under nitrogen. THF was purified by distillation from Na/benzophenone.
Flash Chromatography was performed using normal phase Silicycle silica gel (40-
63D, 60A). An APT pulse sequence was used for °C NMR spectra, where methylene
and quaternary carbons appear ‘up’ (u), and methine and methyl carbons appear
‘down’ (dn). (1R,8S,9R,4E)-bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl)
carbonateSl, (rel-1R,8S,9R 4E)-Bicyclo [6.1.0]non-4-ene-9-ylmethyl-N-
2maleimidoethyl carbamate,’’ 6-(6-(pyridin-2-y1)-1,4-dihydro-1,2,4,5-tetrazin-3-
yl)pyridin-3-amine,** 6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-amine*’ and
((1R,8S,9r,E)-bicyclo[6.1.0]non-4-en-9-yl)methyl zerz-butyl
(3,6,9,12,15,18,21,24,27,30,33-undecaoxapentatriacontane-1,3 5-diy1)dicarbamate52(3-
12) were prepared following known procedures. Other solvents and reagents were

purchased from commercial sources without additional purification.

3.6.2 Synthetic Procedures

4-0x0-4-((6-(6-(pyridin-2-yl)-1,4-dihydro-1,2,4,5-tetrazin-3-yl)pyridin-3-

yD)amino)butanoic acid (3-1)
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To a dry round-bottom flask was added 6-(6-(pyridin-2-yl)-1,4-dihydro-
1,2,4,5-tetrazin-3-yl)pyridin-3-amine(200 mg, 0.79 mmol),*” succinic anhydride (400
mg, 4.00 mmol) and anhydrous THF (8 mL). The mixture was refluxed for 24 hours at
60 °C and then cooled by an ice bath. The precipitate was filtered and sequentially
washed by THF (2 mL) and ethyl acetate (3x3 mL) and dried to yield the title
compound 3-1 (251 mg, 0.71 mmol, 90%) as an orange solid. 'H NMR (400 MHz,
DMSO-ds, 8): 12.20 (br, 1H), 10.47 (s, 1H), 8.95 (s, 1H), 8.89 (s, 1H), 8.82 (d, J=2.4
Hz, 1H), 8.71 — 8.58 (m, 1H), 8.14 (dd, J = 8.8, 2.5 Hz, 1H), 8.01 — 7.85 (m, 3H), 7.53
(ddd, J= 6.9, 4.8, 1.6 Hz, 1H), 2.63 (t, J = 6.6 Hz, 2H), 2.54 (t, J = 6.9 Hz, 2H). "°C
NMR (100 MHz, DMSO-dg, 8): 173.83 (u, 1C), 171.10 (u, 1C), 148.67 (dn, 1C),
147.36 (u, 1C), 146.42 (u, 1C), 146.15 (u, 1C), 141.43 (u, 1C), 138.75 (dn, 1C),
137.48 (dn, 1C), 137.33 (u, 1C), 126.55 (dn, 1C), 125.38 (dn, 1C), 121.49 (dn, 1C),
121.02 (dn, 1C), 31.07 (u, 1C), 28.63 (u, 1C). HRMS (LIFDI) [M]: calcd. for
C16H1sN705", 353.1236 found 353.1277.

5-0x0-5-((6-(6-(pyridin-2-yl)-1,4-dihydro-1,2,4,5-tetrazin-3-yl)pyridin-3-

y)amino)pentanoic acid (3-2)
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To a dry round-bottom flask was added 6-(6-(pyridin-2-yl)-1,4-dihydro-
1,2,4,5-tetrazin-3-yl)pyridin-3-amine(1.87 g, 7.39 mmol),* glutaric anhydride (1.01 g,
8.87 mmol) and anhydrous THF (70 mL). The mixture was refluxed for 24 hours at 60
°C and then cooled by an ice bath. The precipitate was filtered on a Buchner funnel
and sequentially rinsed by THF (10 mL) and ethyl acetate (3%10 mL) and dried to
yield the title compound 3-2 (2.16 g, 5.89 mmol, 80%) as a orange solid. '"H NMR
(600 MHz, DMSO-ds, 6): 12.22 (br, 1H), 10.40 (s, 1H), 8.95 (s, 1H), 8.90 (s, 1H),
8.81 (d,J=2.4 Hz, 1H), 8.67 — 8.58 (m, 1H), 8.16 (dd, J = 8.8, 2.5 Hz, 1H), 8.02 —
7.85 (m, 3H), 7.53 (ddd, J= 6.9, 4.8, 1.6 Hz, 1H), 2.42 (t,J= 7.4 Hz, 2H), 2.29 (t, J =
7.3 Hz, 2H), 1.89 — 1.76 (m, 2H). °C NMR (100 MHz, DMSO-ds, 8): 174.25 (u, 1C),
171.68 (u, 1C), 148.66 (dn, 1C), 147.35 (u, 1C), 146.42 (u, 1C), 146.15 (u, 1C),
141.45 (u, 1C), 138.91 (dn, 1C), 137.47 (dn, 1C), 137.31 (u, 1C), 126.69 (dn, 1C),
125.37 (dn, 1C), 121.45 (dn, 1C), 121.02 (dn, 1C), 35.36 (u, 1C), 32.96 (u, 1C), 20.24
(u, 1C). HRMS (LIFDI) [M]: caled. for C7H;7N;03", 367.1393 found 367.1403.

4-0x0-4-((6-(6-(pyridin-2-yl)-1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)butanoic
acid (3-3)
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This synthesis was carried out by William Trout as described in reference.™

2,5-dioxopyrrolidin-1-yl 5-0x0-5-((6-(6-(pyridin-2-yl)-1,4-dihydro-1,2.4,5-

tetrazin-3-yl)pyridin-3-yl)amino)pentanoate (3-8)

(6] (0] (0] (0]
HN)]\/\/U\OH HN)I\/\/U\O'N
B [ °
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NP NH \]\;N):o M N7 NH
HN._ N 80% HN_ N
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. | S |
3-2 3-8

To a dry round-bottom flask was added 3-2 (200 mg, 0.54 mmol), N-
hydroxysuccinimide (125 mg, 1.09 mmol), N-(3-dimethylaminopropyl)-N -
ethylcarbodiimide hydrochloride (209 mg, 1.09 mmol) and anhydrous DMF (2 mL).
The mixture was stirred for 1 hour at room temperature. DMF was removed by rotary
evaporation at 50 °C using an efficient vacuum pump (<1 torr). The crude product was
dissolved in acetone and then concentrated onto silica gel. Purification by column
chromatography using a gradient (10%-70%) of acetone in hexanes yielded 202 mg
(0.44 mmol, 80%) of the title compound 3-8 as an orange solid. "H NMR (600 MHz,
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CDCls, 8): 8.61 (d, J=2.5 Hz, 1H), 8.57 (dd, J= 4.8, 1.4 Hz, 1H), 8.53 (s, 1H), 8.48
(s, 1H), 8.31 (s, 1H), 8.20 (dd, J = 8.8, 2.6 Hz, 1H), 8.10 — 7.96 (m, 2H), 7.78 — 7.70
(m, 1H), 7.35 (dd, J = 7.5, 4.9 Hz, 1H), 2.97 — 2.90 (m, 4H), 2.76 — 2.70 (m, 2H), 2.55
—2.50 (m, 2H), 2.28 — 2.19 (m, 2H). *C NMR (100 MHz, CDCl;, 8): 170.70 (u, 1C),
169.86 (u, 2C), 168.44 (u, 1C), 148.53 (dn, 1C), 147.60 (u, 1C), 146.91 (u, 1C),
146.48 (u, 1C), 142.80 (u, 1C), 139.32 (dn, 1C), 136.86 (dn, 1C), 136.26 (u, 1C),
127.29 (dn, 1C), 125.02 (dn, 1C), 121.75 (dn, 1C), 121.35 (dn, 1C), 35.47 (u, 1C),
29.94 (u, 1C), 25.80 (u, 2C), 21.41 (u, 1C). HRMS (LIFDI) [M]: calcd. for
C21HoNgOs", 464.1557 found 464.1541.

bis(((E)-bicyclo[6.1.0]non-4-en-9-yl)methyl) (2-hydroxypropane-1,3-
diyl)dicarbamate (3-9)

OYO | N

2 o, o1 SO
H,,, - ,\H + HzN/\(\NHz —>TEA . _,-“ \O H/\(l)?\” O/ l'.‘. .

H OH DCM < ; 'H H* < >
@ 87% 3-9

A dry round-bottom flask was sequentially charged via syringe with a solution
of 1,3-diamino-2-propanol (120 mg, 1.33 mmol) in anhydrous dichloromethane (20
mL) followed by anhydrous triethylamine (744 pL, 5.37 mmol) and (1R,8S,9R 4E)-
bicyclo[6.1.0]non-4-en-9-ylmethyl(4-nitrophenyl) carbonate(930 mg, 2.93 mmol).”!
The mixture was stirred overnight at room temperature, diluted with dichloromethane
(30 mL) followed by exhaustive aqueous wash (5x50 mL). The organic layer was

dried with MgSOy, filtered and then the solvent was removed with a rotary evaporator.
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Purification by column chromatography first using 10% ethyl acetate in hexanes then
switching to 30% acetone in hexanes yielded the title compound 3-9 (520 mg, 1.16
mmol, 87%) as a colorless oil. "H NMR (600 MHz, CDCls, 6): 5.82 (ddd, J=16.1,
9.3, 6.1 Hz, 2H), 5.29 (br, 2H), 5.12 (ddd, J = 16.1, 10.6, 3.4 Hz, 2H), 3.94 (d, /= 6.3
Hz, 4H), 3.74 — 3.80 (m, 1H), 3.47 (br, 1H), 3.35 — 3.15 (m, 4H), 2.39 — 3.32 (m, 2H),
2.30 —2.24 (m, 4H), 2.24 — 2.14 (m, 2H), 2.00 — 1.86 (m, 4H), 0.90 — 0.78 (m, 2H),
0.60 — 0.50 (m, 4H), 0.45 — 0.36 (m, 4H)."”C NMR (100 MHz, CDCl;, 8): 158.26 (u,
2C), 138.49 (dn, 2C), 131.43 (dn, 2C), 71.10 (dn, 1C), 70.11 (u, 2C), 43.82 (u, 2C),
38.78 (u, 2C), 33.89 (u, 2C), 32.70 (u, 2C), 27.76 (u, 2C), 24.69 (dn, 2C), 22.14 (dn,
20), 21.12 (dn, 2C). HRMS (LIFDI) [M]: calcd. for C,5H33N,0s5", 446.2781 found
446.2791.

bis(((E)-bicyclo[6.1.0]non-4-en-9-yl)methyl) (2-(((4-nitrophenoxy)carbonyl)

oxy)propane-1,3-diyl)dicarbamate (3-10)

H

BN )]\ /Y\ J\ / )]\
SN ~
@ @ Pyridine g \/\N @
ol C
o NO; 66%
J@f 3
CI)]\O
A dry round-bottled flask was charged with 3-9 (500 mg, 1.12 mmol).

Anhydrous dichloromethane (30 mL) and pyridine (0.23 mL, 2.80 mmol) were added
to the flask. A solution of 4-nitrophenylchloroformate (271 mg, 1.34 mmol) in
anhydrous dichloromethane (4 mL) was added to the flask via syringe and the solution

was stirred for 1 h at room temperature. Saturated aq. NH4Cl was added to the mixture

and the layers were separated, and the aqueous layer was extracted twice with
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dichloromethane. The organic layers were combined, dried with MgSO, and filtered,
and the solvent was removed using a rotary evaporator. Purification by column
chromatography (10% to 30% ethyl actetate/hexanes) yielded 450 mg (0.74 mmol,
66%) of the title compound 3-10 as a white solid. "H NMR (600 MHz, CDCl;, 8): 8.28
(d,J=9.2 Hz, 2H), 7.41 (d, J=9.2 Hz, 2H), 5.85 (ddd, /= 16.0, 9.3, 6.2 Hz, 2H),
5.41 -5.22 (m, 2H), 5.11 (ddd, J=16.8, 10.5, 3.9 Hz, 2H), 4.83 — 4.75 (m, 1H), 3.96
(d, J=6.5Hz, 4H), 3.79 — 3.17 (m, 4H), 2.40 — 2.30 (m, 2H), 2.30 — 2.15 (m, 6H),
2.01 -1.80 (m, 4H), 0.90 — 0.75 (m, 2H), 0.62 — 0.48 (m, 4H), 0.45 — 0.35 (m, 4H).
C NMR (100 MHz, CDCl, 8): 157.49 (u, 2C), 155.51 (u, 1C), 151.85 (u, 1C),
145.59 (u, 1C), 138.45 (dn, 2C), 131.41 (dn, 2C), 125.48 (dn, 2C), 122.00 (dn, 2C),
76.95 (dn, 1C), 70.19 (u, 2C), 40.06 (u, 2C), 38.75 (u, 2C), 33.86 (u, 2C), 32.67 (u,
2C), 27.73 (u, 2C), 24.69 (dn, 2C), 22.14 (dn, 2C), 21.13 (dn, 2C). HRMS (LIFDI)
[M']: caled. for C3H4N3Oq", 611.2843 found 611.2837.

bis(((E)-bicyclo[6.1.0]non-4-en-9-yl)methyl) (2-(((2-aminoethyl)carbamoyl)

oxy)propane-1,3-diyl)dicarbamate (3-11)
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+

N> NH2 3-11

A dry round-bottom flask was sequentially charged via syringe with
ethylenediamine (218 pL, 3.27 mmol) followed by a solution of 3-10 (100 mg, 0.16

mmol) in anhydrous dichloromethane (4 mL). The solution was stirred for 1 h at room
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temperature, diluted with dichloromethane (15 mL) and followed by exhaustive
aqueous washes (5x30 mL). The organic layer was dried with MgSQOy, filtered and
concentrated down with a rotary evaporator to afford the title compound 3-11 (80 mg,
92% crude yield) as a pale yellow solid. The crude product was carried to the next step

of synthesis without further purification.

bis(((E)-bicyclo[6.1.0]non-4-en-9-yl)methyl) (2-(((2-(5-0x0-5-((6-(6-(pyridin-2-yl)-
1,4-dihydro-1,2,4,5-tetrazin-3-yl)pyridin-3-yl)amino)pentanamido)ethyl)
carbamoyl)oxy)propane-1,3-diyl)dicarbamate (3-5)
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To a dry round-bottom flask was added 3-11 (39 mg, 73.3 pumol), 3-8 (25 mg,
53.9 umol) and a solution of triethylamine (17 uL, 0.12 mmol) in dichloromethane (2
mL). The mixture was stirred for 1 hour under room temperature and then
concentrated onto silica gel using a rotary evaporator. Purification by column
chromatography using a gradient (20%-70%) of acetone in hexanes yielded the title

compound 3-5 (37 mg, 42.0 umol, 77%) as an orange solid. '"H NMR (400 MHz,
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MeOH-d,, 8): 8.85 (d, J = 2.4 Hz, 1H), 8.64 (dt, J= 5.0, 1.3 Hz, 1H), 8.16 (dd, J=8.7,
2.6 Hz, 1H), 8.06 (d, J= 7.9 Hz, 1H), 8.01 (d, J= 8.7 Hz, 1H), 7.89 (td, J= 7.7, 1.7
Hz, 1H), 7.48 (ddd, J=17.5, 4.9, 1.1 Hz, 1H), 5.85 (ddd, J=16.2, 9.3, 6.2 Hz, 2H),
5.11 (ddd, J=16.6, 10.2, 3.7 Hz, 2H), 4.75 — 4.65 (m, 1H), 4.02 — 3.79 (m, 4H), 3.43
—3.27 (m, 4H), 3.27 — 3.12 (m, 4H), 2.54 — 2.44 (m, 2H), 2.39 — 2.28 (m, 4H), 2.28 —
2.11 (m, 6H), 2.08 — 1.97 (m, 2H) 1.98 — 1.80 (m, 4H), 0.94 — 0.79 (m, 2H), 0.68 —
0.49 (m, 4H), 0.49 — 0.35 (m, 4H)."?C NMR (100 MHz, MeOH-d, 8): 175.67 (u, 1C),
174.17 (u, 1C), 159.44 (u, 1C), 158.42 (u, 2C), 149.82 (dn, 1C), 148.86 (u, 1C),
148.32 (u, 1C), 148.06 (u, 1C), 143.49 (u, 1C), 140.85 (dn, 1C), 139.19 (dn, 2C),
138.51 (u, 1C), 138.26 (dn, 1C), 132.18 (dn, 2C), 128.34 (dn, 1C), 126.36 (dn, 1C),
122.62(dn, 1C), 122.39(dn, 1C), 73.76(dn, 1C), 70.60(u, 2C), 42.28(u, 1C), 41.47(u,
1C), 40.32 (u, 2C), 39.68 (u, 2C), 36.85 (u, 1C), 36.10 (u, 1C), 34.67 (u, 2C), 33.64 (u,
2C), 28.55 (u, 2C), 25.96 (dn, 2C), 23.26 (dn, 2C), 22.63 (u, 1C), 22.21 (dn, 2C).
HRMS (ESI) [MH ]: calcd. for C4sHgoN11Os ', 882.4626 found 882.4635.
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3.6.3 DHTz-Containing Copolymer Fiber Fabrication Experiments

Preparation of DHTz-microfibers
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Interfacial polymerization was conducted in accord with our previously
described procedure.*” The DHTz-containing bis-sTCO monomer 3-5 was dissolved in
ethyl acetate at a concentration of 1.2 mM. The known PEG-based bis-tetrazine
monomer 2-11 was dissolved in water at a concentration of 0.15 mM. To a 60-mm
diameter petri dish was added 3 mL of the aqueous solution of the bis-tetrazine
monomer 2-11. The solution of 3-5 (3 mL) in ethyl acetate was carefully added over
the aqueous phase without disturbing the interface. Upon contact, a polymer thin film
formed at the interface. The thin film was grasped gently using sharp tweezers and the
fiber that was pulled from the interface was connected to a collecting frame that was
constructed of copper wire. The fiber was collected by manually rotating the frame.
The microfibers were dried affixed onto pre-cleaned glass slides using adhesive silicon

isolators (Purchased from Grace Bio-Labs, product #665301).

180



To ‘cap’ any unreacted tetrazine endgroups from the monomer 2-11, the fibers
were treated with the water soluble sTCO derivative 3-12°% (shown below, synthesized
following a known procedure). Thus, to a silicon isolator containing DHTz-enriched
microfibers was added PBS solution of 3-12 (1 mM). The microfibers were allowed to
soak in the solution for 1 minute before the capping solution was removed. The

microfibers were then rinsed using PBS solution for 3 times.
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3-12

Alexa Fluor® 647 tagging experiment and control experiments

To silicon isolator containing DHTz-functionalized microfibers was added a
PBS solution of rose bengal (100 uM). The microfibers were allowed to soak in the
solution for 5 minutes before rose bengal solution was removed. The microfibers were
then rinsed three times with PBS buffer (~3x200 pL). The red microfibers were then
immersed in PBS solution and irradiated with a 200-watt incandescent lamp for 5
minutes followed by rinsing with three portions of PBS buffer (~3x200 uL). The
microfibers were then treated with a PBS solution of Alexa Fluor® 647-sTCO (1 uM)
for 1 minute followed by rinsing with three portions of PBS buffer (~3x200 pL).
Samples were imaged with a Zeiss LSM 5 Live DuoScan high-speed confocal
microscope (Carl Zeiss, Maple Grove, MN).

Control without light: The procedure was identical to that described above,

except that the fibers were prepared in a dark room without exposure to light.
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Control without sensitizer: The microfibers were immersed in PBS buffer
and irradiated with a 200-watt incandescent lamp for 5 minutes and subsequently
rinsed three times with PBS buffer (~3%200 pL). The microfibers were then treated
with a PBS solution of Alexa Fluor” 647-sTCO (1 pM) for 1 minute followed by three
rinses with PBS buffer (~3x200 pL). Samples were imaged with a Zeiss LSM 5 Live

DuoScan highspeed confocal microscope (Carl Zeiss, Maple Grove, MN).

Clover protein tagging experiment and control experiment

In a silicon isolator, DHTz-functionalized microfibers were immersed in a PBS
solution of methylene blue (100 uM) and irradiated with a 200-watt incandescent lamp
for 5 minutes. The microfibers were then rinsed with three portions of PBS buffer
(~3%200 pL) and treated with a PBS solution of Clover-sTCO (5 uM) for 1 minute
followed by rinsing with three portions of PBS buffer (~3%x200 pL). Samples were
imaged with a Zeiss LSM 5 Live DuoScan high-speed confocal microscope (Carl
Zeiss, Maple Grove, MN).

Control without sensitizer: The microfibers were immersed in PBS solution
and irradiated with a 200-watt incandescent lamp for 5 minutes followed by rinsing
with three portions of PBS buffer (~3%x200 pL). The microfibers were then treated by
PBS solution of Clover-sTCO (5 uM) for 1 minute followed by rinsing with three
portions of PBS buffer (~3x200 puL). Samples were imaged with a Zeiss LSM 5 Live

DuoScan high-speed confocal microscope (Carl Zeiss, Maple Grove, MN).

Oxidation of DHTz-microfibers by horseradish peroxidase (HRP)
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To silicon isolator containing DHTz-microfibers was added a PBS solution of
HRP (10 uM). After the microfibers had been immersed in the solution for 1 hour,
they were rinsed with three portions of PBS buffer (~3%200 pL). The microfibers were
then treated with a PBS solution of Alexa Fluor® 647-sTCO (1 uM) for 1 minute
followed by rinsing with three portions of PBS buffer (~3%x200 pL). Samples were
imaged with a Zeiss LSM 5 Live DuoScan high-speed confocal microscope (Carl
Zeiss, Maple Grove, MN).

Control without HRP: The microfibers were submerged in PBS solution for 1
hour followed by PBS solution rinsing for 3 times. The microfibers were then treated
by PBS solution of Alexa Fluor® 647-sTCO (1 uM) for 1 minute followed by rinsing
with three portions of PBS buffer (~3x200 pL). Samples were imaged with a Zeiss
LSM 5 Live DuoScan high-speed confocal microscope (Carl Zeiss, Maple Grove,
MN).

RGD peptide tagging experiment and control experiments

DHTz-microfibers were affixed to a silicone well (9 mm diameter) supported
on a poly(2-hydroxyethyl methacrylate) (pHEMA)-coated 1-well Nunc® chamber
using silicone isolators (Grace Bio-Labs, product #665301). The fibers were immersed
in a solution of methylene blue (100 M) in PBS, and then irradiated with a 200-watt
incandescent lamp for 5 minutes followed by rinsing with three portions of PBS buffer
(~3%200 pL). The microfibers were then immersed in a PBS solution of RGD-sTCO
(10 uM) for 1 min followed by rinsing with three portions of PBS buffer (~3x200 pL).

Control without sensitizer: In a silicone well, the DHTz-microfibers were

immersed in PBS buffer and irradiated with a 200-watt incandescent lamp for 5
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minutes followed by rinsing with three portions of PBS buffer (~3x200 uL). The
microfibers were then immersed in a PBS solution of RGD-sTCO (10 uM) for 1 min
followed by rinsing with three portions of PBS buffer (~3x200 pL).

Control without RGD: The DHTz-microfibers were immersed in a solution
of methylene blue (100 uM) in PBS, and irradiated with a 200-watt incandescent lamp
for 5 minutes followed by rinsing with three portions of PBS buffer (~3x200 pL).

Control without RGD or sensitizer: The DHTz-microfibers were immersed
in PBS and irradiated with a 200-watt incandescent lamp for 5 minutes followed by

rinsing with three portions of PBS buffer (~3x200 pL).

Cell culture and confocal imaging

Fibroblasts (NIH 3T3, ATCC, Manassas, VA) were maintained in DMEM
media supplemented with 10% fetal bovine serum (FBS) and 1% Pen-Strep
(Invitrogen, Carlsbad, CA). DHTz-microfibers were affixed to a silicone well (9 mm
diameter) supported on a poly(2-hydroxyethyl methacrylate) (pHEMA)-coated 1-well
Nunc® chamber using silicone isolators (Grace Bio-labs, Bend, OR). The fibers were
washed with sterile PBS and cell culture media three times respectively before being
sterilized under UV for 15 minutes. A 200 uL suspension of cells with a density of 0.5
x 10° cells/mL was added into each well and cultured at 37°C for 20 hours before
confocal imaging under transmitted light. Samples were imaged with a Zeiss LSM 5

Live DuoScan high-speed confocal microscope (Carl Zeiss, Maple Grove, MN).
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Appendix C

SPECTRAL DATA FOR CHAPTER 3
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'H NMR (600 MHz, CDCls)
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'H NMR (600 MHz, CDCls)
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'H NMR (600 MHz, CDCls)
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H NMR (400 MHz, MeOD)
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3C NMR (100 MHz, MeOD)
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